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resumo 
 

 

Os plásticos tornaram-se ubíquos em ambientes marinhos e são considerados 
um dos mais preocupantes contaminantes emergentes atualmente. Os 
oceanos e ecossistemas costeiros concentram detritos plásticos, que em 
última instância sedimentam devido a processos de biofouling. No entanto, 
apenas um número restrito de estudos se debruçaram sobre os efeitos de 
nanoplásticos (definidos como partículas com tamanho inferiores a 100 nm) 
em invertebrados marinhos. Os poliquetas são importantes espécies 
bentónicas que influenciam o ciclo biogeoquímico de nutrientes e a 
disponibilidade de contaminantes. Estes organismos são espécies-chave em 
ecossistemas estuarinos e normalmente habitam em sedimentos, estando 
desta forma expostos a contaminantes presentes na água e nos sedimentos. 
Tendo em conta a necessidade de haver mais estudos no que diz respeito às 
potenciais consequências ambientais dos nanoplásticos e a sensibilidade e 
relevância ambiental do poliqueta Hediste diversicolor, esta dissertação teve 
como objetivo estudar os efeitos de nanoplásticos nesta espécie. Por 
conseguinte, a primeira tarefa desta dissertação incluiu uma revisão da 
literatura cujo foco foram os efeitos de fármacos, nanopartículas e plásticos em 
H. diversicolor. Após a revisão da literatura, foram analisados o 
comportamento e distribuição de nanoplásticos de polistireno (PS NPs) (100 
nm) em água salgada, bem como os efeitos destas partículas ao nível do 
comportamento, parâmetros bioquímicos e capacidade de regeneração em H. 
diversicolor. 
No geral, os resultados demonstraram que os PS NPs tenderam a 
agregar/aglomerar e sedimentar em água salgada, tornando-os mais 
disponíveis para organismos bentónicos. Após 28 dias de exposição de H. 
diversicolor a PS NPs, os organismos demonstraram alterações 
comportamentais e em parâmetros bioquímicos, como a atividade da enzima 
colinesterase (ChE), principalmente nas concentrações mais baixas (0.005-0.5 
mg/L). As alterações nos padrões comportamentais podem ter consequências 
ecológicas que afetam o ciclo de nutrientes e a fauna bentónica. Foram ainda 
observados danos relacionados com o stress oxidativo, como a carbonilação 
proteica, que demonstrou uma maior sensibilidade à contaminação por PS 
NPs do que a peroxidação lipídica (LPO). 
A exposição a PS NPs demonstrou que estas partículas comprometem 
significativamente a capacidade de regeneração de H. diversicolor, 
especialmente nas concentrações mais altas (0.05-5 mg/L), onde os 
organismos regeneraram 23.8 a 28.9% menos que o controlo. Este efeito pode 
ter impactos na manutenção da população, uma vez que os organismos 
podem priorizar a regeneração à reprodução. 
Globalmente, os dados obtidos nesta dissertação demonstram que os NPs 
podem ter impactos consideráveis em organismos bentónicos, enfatizando a 
necessidade de se efetuar mais estudos com o objetivo de avaliar os 
potenciais efeitos e mecanismos de ação destas partículas em organismos na 
base de teias tróficas. As consequências da presença destas partículas 
poderão ser consideravelmente mais elevadas tendo em conta que estas 
partículas já demonstraram ter efeitos de “cavalo de Troia”, promovendo a 
incorporação de outros poluentes ambientais. 
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abstract 

 

Plastics became ubiquitous in marine environments and have been considered 
emerging contaminants of concern. Oceans and coastal environments 
concentrate plastic debris, which ultimately can sediment due to factors like 
biofouling processes. Nonetheless, only a limited number of studies have 
focused on invertebrates and nanoplastics (defined as particles of sizes smaller 
than 100 nm). Polychaetas are important benthic species that influence the 
biogeochemical cycle of nutrients and the availability of contaminants. They are 
key species in estuarine ecosystems, usually living in the sediments and being 
exposed to the contaminants present in the sediments and in the pore water. 
Considering the need for more information on the potential environmental 
consequences of nanoplastics and sensitivity and ecological relevance of 
Hediste diversicolor, this dissertation aimed to study the effects of nanoplastics 
on this species. Thus, the first task of this dissertation included a review of the 
literature focusing on the effects of pharmaceutical drugs, nanoparticles and 
plastics in H. diversicolor. After the literature review, the behavior and 
distribution of polystyrene nanoplastics (100 nm) (PS NPs) in seawater were 
assessed, as well as the effects on behavior, biochemical endpoints and 
regenerative capacity of the polychaeta H. diversicolor. 
Overall, the results demonstrated that PS NPs tended to 
aggregate/agglomerate and sediment in seawater making them more available 
to benthic organisms. H. diversicolor, exposed to PS NPs for 28 days via water, 
presented altered burrowing activity and biochemical endpoints, like 
cholinesterase (ChE) activity, mainly at lowest concentrations tested (0.005-0.5 
mg/L). The detected alterations in behavior may have ecological consequences 
affecting nutrient cycling as well as have an impact on intra-sediment fauna. 
Oxidative damage like protein carbonylation was observed, demonstrating a 
higher sensitivity to PS NPs contamination than lipid peroxidation (LPO). 
Exposure to PS NPs also demonstrated that these particles compromise the 
regenerative capacity of H. diversicolor, mainly at higher concentrations (0.05-5 
mg/L), where organisms regenerated less than control (between 23.8 and 
28.9%). This effect may have impacts on population maintenance, since 
Organisms may prioritize regeneration over reproduction. 
Overall, the data obtained in this dissertation demonstrates that NPs may have 
a considerable impact on benthic organisms, emphasizing the need of further 
studies aiming to assess the potential effects and mechanisms of action of 
these particles in organisms at the base of food webs. The consequences of 
the presence of NPs may be considerably higher considering that these 
particles have been demonstrated to play a “trojan horse” effect promoting the 
incorporation of other environmental pollutants. 
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Chapter I – General introduction 

Plastic production has been increasing over the years. In the 1960’s, reported 

levels were around 0.5 million tons, reaching over 348 million tons in 2017. 

Plastics, being synthetic polymers derived, essentially, from fossil fuel, have 

countless applications: from biomedical uses to cosmetics to everyday objects, like 

water bottles, plastic containers and bags (Avio et al., 2017; da Costa, 2018; da 

Costa et al., 2016; Li et al., 2016; Oliveira et al., 2019; de Sá et al., 2018). These 

polymers are also made to be very durable, able to withstand UV radiation and be 

resistant to the action of microorganisms (Gigault et al., 2018; Rios Mendoza et 

al., 2018). However, due to the durability and resistance of plastics, decades are 

needed for them to show signs of degradation. This aspect has serious 

environmental consequences, particularly for marine organisms. In the ocean, 

plastics have become ubiquitous, able to be confounded for prey, providing shelter 

to organisms, entangling organisms, thus limiting movements and or growth, and 

possibly killing them, and allowing organisms to drift to other habitats, promoting 

the dispersion of invasive species and/or pathogenic microorganisms (Bordbar et 

al., 2018; Casabianca et al., 2019; da Costa et al., 2016; Laganà et al., 2019; 

Ribeiro et al., 2019; Rios Mendoza et al., 2018; de Sá et al., 2018). As such, plastic 

particles are nowadays considered emerging pollutants of concern (Rios Mendoza 

et al., 2018). These contaminants may be defined as new natural or synthetic 

compounds, but also those that have been detected recently in natural 

environments as the result of more advanced detection methods, and that have 

the potential to lead to grave consequences to ecosystems and human health 

(Barreto et al., 2018; Dey et al., 2019), such as is the case with pharmaceutical 

drugs, nanoparticles and now plastics.Plastics are made of different polymers and 

thus may have varying densities; for example, polystyrene (PS), used for 

eyeglasses frames and isolation (PlasticsEurope, 2018), among other uses, has a 

density between 1.04 to 1.11 g/cm3; whilst polyethylene (PE), used for toys and 

reusable bags (PlasticsEurope, 2018), among other uses, has a density between 

0.93 to 0.98 g/cm3. It is this difference in density that determines where in the water 

column plastics can be found, since plastics with densities higher than that of 

seawater (1.025 g/cm3) tend to sink. 
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The distribution of the plastic particles in the water column is very important, 

influencing the degradation processes to which they are exposed. Plastics in the 

euphotic zone, the first 200 meters in open ocean, will be affected by several 

processes like: UV radiation, wave and wind action, and microorganisms action 

(Avio et al., 2017; Li et al., 2016). The plastics deeper in the water column will be 

less affected by abiotic factors and, therefore, will degrade slower, given that 

different processes are involved (Avio et al., 2017; Li et al., 2016). Regardless of 

the location of the plastics in the water column, they are expected to sediment to 

the bottom due to biofouling processes (Oliveira & Almeida, 2019) and their 

degradation process is expected to be slower in aquatic environments. 

As macroplastics (defined as particles of sizes higher than 5 mm) degrade, they 

become brittle and start to break down into smaller pieces: micro- (MPs; sizes 

between 5 mm and 100 nm) and nanoplastics (NPs; sizes below 100 nm) (da 

Costa, 2018; Oliveira & Almeida, 2019; de Sá et al., 2018). The definition of the 

size range of NPs is  not consensual among the scientific community, as some 

authors consider NPs those particles smaller than 1000 nm (Gigault et al., 2018). 

MPs may be ranked in to two main classes: primary and secondary. Primary 

MPs are those purposefully manufactured with small dimensions used, for 

example, in cosmetics or to manufacture other plastics (da Costa, 2018; da Costa 

et al., 2016; Ferreira et al., 2019). Due to their small size they can easily be 

released into the environments, bypass filters in water treatment plants and be lost 

during shipping. Secondary MPs result from the degradation of macroplastics and 

are considered the main source of MPs in the oceans (da Costa et al., 2016; 

Ferreira et al., 2019; Nel & Froneman, 2018). Considering NPs, these particles can 

also be manufactured deliberately with sizes ranging from 1 to 100 nm or be the 

result of the degradation of MPs. They can be found in cosmetics, like exfoliating 

creams and toothpastes, and can be used for 3D printing, for example (da Costa, 

2018; da Costa et al., 2016; Ferreira et al., 2019). In high ionic strength media like 

seawater NPs tend to aggregate/agglomerate, which augments their density and 

increases sedimentation of these particles (Brandts et al., 2018; Browne et al., 

2007; Gigault et al., 2018; Silva et al., 2019; Tallec et al., 2019), and may interact 
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with organic or inorganic compounds and form aggregates of different stabilities 

(Gigault et al., 2018). 

Both these types of debris can have serious impacts along the food web. A 

decrease in size promotes increased bioavailability allowing them to affect 

organisms at the base of the food web and thus possibly impact all other organisms 

in the trophic web. A very important and dangerous aspect of NPs is that there is 

evidence that these particles may be capable of passing through the blood-brain 

barrier (Ribeiro et al., 2019; Shen et al., 2019). 

Most of the information currently available of the consequences of plastic debris 

on marine animals is related to vertebrates, with fewer studies reporting effects on 

marine invertebrates, by comparison. 

For vertebrates problems related with ingestion and entanglement are the most 

frequently reported for macroplastics. Ingestion can cause a blockage of the 

digestive system, create a false sense of satiation, without providing nutrients, and 

eventually lead to the death of the animal. Entanglement can be just as serious 

and affect the health of the animal: it can cause lacerations, which can become 

infected; reduce fitness; the extra weight can cause lagging and lead to the animal 

taking longer to hunt their prey, thus exposing it to predators for longer periods of 

time; the animal may be incapable of removing the plastic and possibly tighten it 

around its neck; among other possible scenarios that may cause the death of the 

animal (Avio et al., 2017; Fossi et al., 2012; Harrison et al., 2007; Ivar do Sul et al., 

2014; Li et al., 2016). 

Previous studies on the effects on MPs on marine organisms revealed they 

cause a decrease in feeding rate and reproduction in zooplankton, which may 

affect organisms along the food web (Lee et al., 2013); induce genotoxicity and 

neurotoxicity in fish and mussel species (Brandts et al., 2018; Oliveira et al., 2013); 

promote behavioral changes (de Sá et al., 2015) and endocrine disruption in fish 

(Rochman et al., 2014). A study revealed that MPs cause a reduction in the 

available energy in Arenicola marina, and an increase in respiration, possibly due 

to the increase of the oxidative stress, in Mytilus edulis (Van Cauwenberghe et al., 

2015). It is also important to note that larval stages of M. galloprovinciallis are also 

affected, which can possible affect the success of the next generation. 
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When it comes to NPs there is very little information about its effects on 

organisms (Oliveira & Almeida, 2019). An important aspect about NPs is the 

extreme difficulty in quantifying and characterizing this type of plastics in the 

natural environment. This is a serious handicap as it limits the understanding of 

the consequences of  the presence of NPs in the environment (Brandts et al., 2018; 

da Costa, 2018; da Costa et al., 2016; Ferreira et al., 2019; Gigault et al., 2018; 

Oliveira et al., 2019; Oliveira & Almeida, 2019; Ribeiro et al., 2019). Thus, it is 

highly relevant to provide data to allow understanding of the potential effects and 

behavior of NPs in seawater. Studying NPs is important since they can affect the 

organisms at the base of the food webs. There are already some data 

demonstrating that NPs may affect the immune response and factors associated 

to oxidative stress in marine organisms like the mussel M. galloprovinciallis 

(Brandts et al., 2018). However, there are major gaps in knowledge in terms of 

how NPs interact with benthic organisms. In this perspective, the present work 

aimed to assess the effects of NPs on the polychaeta Hediste diversicolor. 

Polychaetas are benthic worms present in every marine habitat, from shallow 

estuaries to abyssal depths (among others Dorgham et al., 2014; Ravara et al., 

2017; Scaps, 2002). These organisms are often the most abundant group of 

organisms in benthic communities, and also key species in estuarine and coastal 

food webs. Since polychaetas live in the sediments, they are maximally exposed 

to contaminants both in the sediments and the pore water (Dean, 2008). The 

polychaeta H. diversicolor, commonly called ragworm, lives in muddy sediments 

in shallow intertidal ecosystems along the northern European and American coasts 

(Scaps, 2002). This species creates burrows in the sediment, allowing for sediment 

oxygenation and thus a more diverse benthic fauna, and influences the cycle of 

nutrients and the availability of contaminants. The burrowing activity of this 

polychaeta can thus potentially increase the reach of contaminants, such as 

plastics, to other organisms, as they are mixed further into the sediment (Scaps, 

2002). Moreover, this species has economic importance as natural resource, being 

intensively harvested as fresh bait in sport fishing as well as being used in 

aquaculture (Scaps, 2002).  
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However, H. diversicolor reproduces only once in its life (Abrantes et al., 1999; 

Banta & Andersen, 2003; Scaps, 2002), so exposure to contaminants may 

potentially havegreat repercussions in the ecosystem. H. diversicolor creates 

borrows, mixing the sediment and thus promoting substrate oxygenation and the 

resuspension and distribution of nutrients as well as contaminants (Banta & 

Andersen, 2003; Scaps, 2002). This bioturbation activity is important for organisms 

that live inside the sediment and are dependent on this behavior (Scaps, 2002).  

Similarly to other polychaeta species (Bely, 2006), H. diversicolor can 

regenerate the posterior part its body, which still retains movement for some time, 

even without the head. To the best of the authors’ knowledge there has been no 

study on the effects of NPs on H. diversicolor. 

Thus, the aim of this study was to understand the impacts of PS NPs on Hediste 

diversicolor in terms of behavior, several biochemical parameters, such as 

neurotoxicity, energy metabolism, oxidative stress and damages to cell membrane 

and proteins, and regeneration. The present dissertation was divided into five 

chapters. Chapter I is the current general introduction. In chapter II, it is presented 

a review of the literature on emergent contaminants (pharmaceutical drugs, 

nanoparticles and micro(nano)plastics) with H. diversicolor as the focus species. 

In chapters III and IV will be presented a study on the chronic effects of PS NPs 

on the behavior and biochemical parameters (III), and on the regenerative capacity 

(IV) of the polychaeta H. diversicolor. Chapter V comprises the final considerations 

and future perspectives. 

Chapter II, entitled “The use of Hediste diversicolor in the study of emerging 

contaminants”, critically analyzes relevant results of studies on H. diversicolor and 

emerging contaminants. 

Chapter III, entitled “Behavior and biochemical responses of the polychaeta 

Hediste diversicolor to polystyrene nanoplastics”, and chapter IV, entitled “Do 

nanoplastics impact the ability of the polychaeta Hediste diversicolor to 

regenerate?” describe the effects of polystyrene nanoplastics (PS NPs) (100 nm) 

on H. diversicolor on several levels (behavior, biochemical parameters and 

regeneration).  
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Abstract 

For years research has been focusing on the contamination of aquatic 

environments to better understand effects on ecosystems and its species and 

to help promote increased environmental health. Benthic organisms, in 

particular, are considered potential targets since sediments act as sources and 

sinks for the various environmental contaminants. This review presents relevant 

information on the effects of pharmaceutical drugs, metal-based nanoparticles 

(< 100 nm) and micro(nano)plastics, three types of emerging contaminants, on 

the polychaeta Hediste diversicolor, a key species in estuarine and coastal 

ecosystems. Available data demonstrates that these contaminants promote 

alterations in burrowing activity, neurotransmission and damage related 

parameters. Considering the characteristics of this polychaeta, such as 

regeneration, it becomes of great importance to use this species in future 

studies involving environmental contaminants. 

 

 

 

Keywords: polychaeta, drugs, nanoparticles, plastics, bioindicator 

 

 

 

Highlights 

Hediste diversicolor is a good model for the study of emerging contaminants. 

Exposure to emerging contaminants induced oxidative stress. 

Emerging contaminants affected burrowing behavior on H. diversicolor. 

Studies on the effects of plastic contamination in marine invertebrates are 

scarce. 
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1. Introduction 

The contamination of aquatic environments has, for many years, been the 

focus of intense research in order to understand the deleterious impact in the 

ecosystems (Borgwardt et al., 2019; Halpern et al., 2015) and to provide 

information to legislators in terms of needed actions. The available research 

point to sediments as particular targets for accumulation of contaminants and to 

act as a source of contamination throughout the food web (Herrero et al., 2018; 

Wilkinson et al., 2018). In this perspective, species inhabiting the sediments of 

reservoirs and estuaries, like polychaetas, can be valuable tools to assess the 

impact of contaminants including emerging contaminants of concern like small 

plastic particles, pharmaceuticals and nanoparticles (Lewis & Watson, 2012; 

Silva, Oliveira, Valente, et al., 2019; Wilkinson et al., 2016). Recent studies have 

been using Hediste diversicolor as a biological model in ecotoxicity studies 

addressing the impact of contaminants like pharmaceuticals (Nunes et al., 2016; 

Pires et al., 2016), metals, polycyclic aromatic hydrocarbons (PAHs), 

polychlorinated biphenyls (PCBs), pesticides (Dean, 2008; Gomiero et al., 2018) 

and micro(nano)plastics (Gomiero et al., 2018; Muller-Karanassos et al., 2019; 

Silva, et al., 2019a) due to their sensitivity and quick response to contamination. 

The present review aims to present information on laboratorial and field studies 

addressing the problem of environmental contamination, in terms of emerging 

contaminants, using H. diversicolor as the model species, emphasizing the 

importance of this model, relevant endpoints that may be addressed, and future 

applications.  

 

 

1.1. Habitat 

Hediste diversicolor (O.F. Müller, 1776), commonly called ragworm, is a 

polychaeta species belonging to the phylum Annelida, family Nereididae. This 

species lives in shallow marine and brackish water ecosystems, in muddy 

sands, but can also be found in gravel, clay and even turf (Scaps, 2002), having 

a wide distribution in the North temperate zones of the Atlantic, in European 

(from the Baltic Sea to Morocco, Mediterranean, Black and Caspian Seas) and 

North American coasts (Fauvel, 1923; Scaps, 2002). 
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1.2. Biology 

H. diversicolor reproduces only once in its lifetime and presents sexes 

separated throughout their life cycle (Dales, 1950; Scaps, 2002). The immature 

organisms have a reddish-brown color that changes to green upon maturation. 

Females become dark green and males have a lighter grass-green color due to 

the production of sperm (Andries, 2001; Dales, 1950; Durou & Mouneyrac, 

2007; Fidalgo e Costa et al., 2006). These organisms reach maturity after one 

to two years, although in the natural environment it has been shown that 

individuals can live up to three years before spawning (among others Abrantes 

et al., 1999; Möller, 1985; Nithart, 1998; Olive & Garwood, 1981; Scaps, 2002). 

This species presents a high tolerance to salinity variations. However, at 

salinities lower than 10% of normal seawater salinity, osmoregulation and 

viability of offspring is compromised due to larval sensibility (Scaps, 2002; 

Smith, 1955, 1956). 

H. diversicolor plays a key role in the ecosystems it inhabits, influencing the 

biogeochemical cycle of nutrients, sediment oxygenation and (endo-)benthic 

fauna (Banta & Andersen, 2003; Davey, 1994; Gerino & Stora, 1991; Gillet, 

2012; Olsgard et al., 2003; Rosa et al., 2008). They create U- or Y-shaped 

burrows, in which they live, only leaving it to search for food (Dales, 1950; 

Esselink & Zwarts, 1989; Kristensen & Mikkelsen, 2003). The body size and 

seasonal variance of water temperature influence the depth of the burrow 

(Esselink & Zwarts, 1989; Scaps, 2002). The ragworms are highly territorial 

concerning their burrows, carefully constructing them to avoid contact with 

others. 

H. diversicolor is omnivorous and may act as a predator, actively searching 

for food, or as a deposit-feeder, by capturing food within the mucous secretions 

it produces (Fauchald & Jumars, 1979; Reise, 1979; Riisgård & Larsen, 2010). 

This species is highly predated by small fishes, birds, shrimps and larger crabs 

(Evans et al., 1979; Scaps, 2002). Predators may take only part of this animal 

and H. diversicolor has the ability to regenerate the posterior part of its body, as 

do other polychaeta species (Bely, 2006). However, few studies have focused 

on the repercussions of environmental contamination on this capacity. 

In addition to their ecological importance, H. diversicolor is also one of the 

polychaeta species to be used as fish bait in recreational fishing and in 
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aquaculture, in an integrated multitrophic approach (Bellan, 1964; Fidalgo e 

Costa et al., 2003; Pombo et al., 2018; Scaps, 2002; Wang et al., 2019). 

 

 

2. Ecotoxicological studies 

The easy laboratorial maintenance, broad tolerance to temperature, salinity 

and oxygen levels and quick response to environmental stressors, like metals 

make this species a good potential biological model for toxicological studies 

(Banta & Andersen, 2003; Dhainaut & Scaps, 2001; Giangrande, 1997; Gomes 

et al., 2013; Kristensen, 1983; Neuhoff, 1979; Oglesby, 1969; Scaps, 2002; 

Wolff, 1973). However, so far, little is known about their response to emerging 

contaminants. In this context, emerging contaminants are defined as new 

natural or synthetic compounds but also those recently detected in the 

environment due to new detection methods and compounds only recently 

categorized as contaminants, and that have the potential to cause harm to 

ecosystems and human health (Barreto et al., 2018; Dey et al., 2019). In this 

review the focus will be centered on pharmaceuticals, nanoparticles (e.g. metal-

based nanoparticles) and micro(nano)plastics, which have attracted an 

increasing number of studies aiming to assess their environmental impact. 

 

2.1. Pharmaceutical drugs 

Pharmaceutical drugs are substantially used not only for human medicine but 

also veterinarian, with aquaculture and livestock production the biggest 

contributors to their environmental release (Gomes et al., 2019; Hird et al., 

2016). These compounds may reach aquatic environments in their native state 

(parental compound) or in the form of active secondary metabolites. Ineffective 

treatment of waste waters by sewage plants has been classified as a major 

cause for their environmental presence. Pharmaceuticals are expected to be 

persistent enough to reach the target site before becoming inactive and this 

constitutes a problem once these compounds reach the environment (Oliveira 

et al., 2018). Although most pharmaceuticals are designed to act on specific 

metabolic pathways, they may display unforeseen effects to non-target 

organisms, especially to invertebrates (Gomes et al., 2019; Hird et al., 2016; 

Maranho et al., 2015; Oliveira et al., 2018). 
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Acetylsalicylic acid (ASA) is among the oldest and most commonly prescribed 

analgesics worldwide (Mahdi et al., 2006) being frequently detected in effluents 

and natural environments around the world in concentrations in the µg/L range 

and in sediments, in Europe, was found with a concentration of 9.49 µg/kg 

(Ebele et al., 2017). This drug has been previously reported to cause histological 

alterations and oxidative stress in Salmo trutta fario (Nunes et al., 2015). 

Recently, the effects in terms of biochemical and histological biomarkers of this 

pharmaceutical on H. diversicolor has been assessed by Gomes and colleagues 

(2019) after acute (96h) and chronic (28 days) exposures. The study revealed 

an alteration of antioxidant parameters after 96h although no peroxidative 

damage was reported (250 mg/L), which may indicate that organisms were 

capable of counteracting the effects of the drug (Gomes et al., 2019). These 

organisms demonstrated the ability to alter the levels of mucous production 

upon chronic exposure, as a result of increased mucous cells (Gomes et al., 

2019). Although this increased mucous may constitute a good defense against 

some chemicals, it may lead to a heightened susceptibility to other 

contaminants, such as micro- and nanoparticles, that organisms may have 

difficulties expelling (Revel et al., 2018). 

Ibuprofen is a commonly prescribed non-steroidal anti-inflammatory drug 

(NSAID) and as such can be frequently found in the environment. In Europe it 

was found with concentrations ranging from 8 ng/L up to 3.5 µg/L (Ebele et al., 

2017). In order to assess the effects ibuprofen has in marine organisms, 

Maranho et al. (2014, 2015) exposed the common ragworm to concentrations 

ranging from 0.05 to 500 ng/g of sediment for 14 days. Maranho et al. (2014) 

reported increased activity of dibenzylfluorescein dealkylase (DBF), a phase I 

enzyme linked to the cytochrome P450 3A4 (CYP3A4). Acetylcholinesterase 

(AChE) activity, an enzyme frequently used to assess effects on 

neurotransmission, increased in the highest concentration tested (500 ng/g), 

which may reflect processes of apoptosis (Zhang et al., 2012; Zhang et al., 

2002). Peroxidative damage assessed as lipid peroxidation (LPO) was reported 

in 5 ng/g despite the lack of effects on enzymes associated with antioxidant 

defenses. DNA damage increased in organisms exposed to ibuprofen via spiked 

sediment. Following studies by Maranho and colleagues (2015) demonstrated 

that an energy related parameter (mitochondrial electron transport (MET)) was 
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significantly decreased in 5 ng/g and the activity of an enzyme related to 

inflammation (cyclooxygenase (COX)) was significantly decreased in all 

concentrations (0.05 to 500 ng/g). 

Carbamazepine (CBZ) is a frequently used antiepileptic drug found in 

concentrations between 53 ng/L and 6.3 µg/L in the water (among others 

Claessens et al., 2013; Ebele et al., 2017; Metcalfe et al., 2003; Ternes, 1998). 

Studies performed by Maranho et al. (2014) demonstrated that antioxidant 

enzymes respond to the exposure of CBZ, after exposing ragworm specimens 

to concentrations ranging from 0.05 to 500 ng/g of sediment. Results revealed 

that concentrations of 0.05, 50 and 500 ng/g increased the activity of glutathione 

peroxidase (GPx), responsible for catalyzing the reduction of hidrogen peroxide 

(H2O2) into water and oxygen, and glutathione S-transferase (GST), involved in 

the biotransformation of compounds (Oliveira et al., 2008). However, glutathione 

redutase (GR) activity, responsible for reducing oxidized glutathione to reduced 

glutathione, and that plays a major role in the reactions of GPx and GST 

(Bompart et al., 1990; Oliveira et al., 2009), was slightly inhibited in most 

concentrations (0.5 to 500 ng/g). Nonetheless, LPO was significanlty increased 

in the highest concentration (500 ng/g). Subsequent studies by Maranho et al. 

(2015), testing the same concentrations, reported a significant increase in 

energy related parameters in the two lowest (0.05 and 0.5 ng/g) and two highest 

concentrations (50 and 500 ng/g). CBZ was reported to interfere with the activity 

of COX in all concentrations (0.05 to 500 ng/g). 

Pires et al. (2016) also exposed H. diversicolor for 28 days to CBZ (0.3 to 9.0 

µg/L) but the via of exposure was the water. Nonetheless, authors reported 

similar results to Maranho et al. (2014). Markers of oxidative stress (the ratio 

between reduced (GSH) and oxidized (GSSG) glutathione, GSH/GSSG) 

demonstrated a decrease in activity, possibly leading to the increase in cell 

membrane damage (measured by LPO levels), in all studied concentrations 

(0.3, 3.0, 6.0 and 9.0 µg/L). Enzymes related to biotransformation were also 

increased in all concentrations. Energy related parameters, revealed a 

concentration-dependent alteration: the electron transport system (ETS) 

demonstrated an increase and glycogen content decreased, demonstrating that 

organisms used their energy reserves for cell functions.  



The use of Hediste diversicolor in the study of emerging contaminants 

18 
 

Caffeine, the most consumed stimulant in the world, found in concentrations 

from ng/L up to 500 µg/L in water (among others Metcalfe et al., 2003; Smith et 

al., 2015) and 7.21 µg/kg in sediments (Ebele et al., 2017), was demonstrated 

to affect parameters related to oxidative stress (Pires et al., 2016). Authors 

chronically exposed the common ragworm to three caffeine concentrations 

(from 0.5 to 18 µg/L) and found an increase in catalase activity (3.0 and 18.0 µg 

of caffeine/L). However, the GSH/GSSG ratio was found significantly lower in 

all analyzed concentrations (0.5 to 18 µg/L). Oxidative stress (superoxide 

dismutase (SOD)) demonstrated an increase although GSH/GSSG ratio 

decreased. Energy related parameters were found to have similar responses to 

those reported, by the same authors, when organisms were exposed to CBZ. 

Biotransformation-related enzymes, GST and CYP3A4, were only significantly 

increased in the highest concentration (18.0 µg/L). 

Authors Pires and colleages (2016) also evaluated the effectes of the 

combined exposure to caffeine and CBZ on H. diversicolor. Similarly to results 

reported for the individual exposures, oxidative stress enzymes, such as SOD 

and catalase, were found to be highly responsive to contaminantion. SOD was 

found to increase, while catalase and the GSH/GSSG ratio decreased in both 

concentrations tested (0.3 µg CBZ/L + 0.5 µg caffeine/L and 6.0 µg CBZ/L + 3.0 

caffeine/L), which demonstrated an increase in the overall oxidative stress. 

However, LPO levels were found to have a concentration-dependent decrease. 

GST and CYP3A4 also demonstrated a concentration-dependent decrease. 

Organims exposed to both contaminants exhibited an increase in ETS but a 

decrease in glycogen content. 

Cisplatin, or c -diammine-dichloroplatinum II, is one of the most prominent 

and widely used platinum-based anti-cancer drugs, in which 28±4% of platinum 

complexes is excreted and 40% in the form of monoaquacisplatin (Arnesano & 

Natile, 2009; Gómez-Ruiz et al., 2012; Vermorken et al., 1986). When 

investigating the effects of this drug on the polychaeta H. diversicolor, by 

exposing organisms to concentrations between 0.1 and 100 ng/L, Fonseca and 

colleagues (2017) found that the highest concentration of cisplatin (100 ng/L) 

had the most severe effects. Authors reported an impaired burrowing activity in 

the highest concentration, with organisms unable to fully burrow. Despite results 

demonstrating an increase in AChE activity in the lowest concentrations (0.1 
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and 10 ng/L), which may indicate cell apoptosis, a strong inhibition of this 

enzyme was reported in 100 ng/L, possibly explaining the impairment in 

burrowing. As with the previous pharmaceuticals reviewed here, oxidative stress 

enzymes demonstrated altered responses when organisms were exposed to 

cisplatin, in this case in 100 ng/L. SOD and catalase were significantly 

decreased, while GPx was found to have an increased activity. Damage to cell 

membranes, reported through increased LPO levels, was found in the highest 

concentration of cisplatin tested (100 ng/L). Biotransformation enzyme GST 

demonstrated a decreased activity when organisms were exposed to the 

highest concentration. 

Another drug used in cancer treatments, and among the oldest and most 

routinely prescribed, is cyclophosphamide (CP) (Buerge et al., 2006; Česen et 

al., 2016; Gilard et al., 1994). About 80% of the dose taken is excreted as 

metabolites, frequently ending in aquatic environments where it can impact non-

target organisms (Bagley et al., 1973; Steger-Hartmann et al., 1996). In order 

to study the effects of CP on invertebrates, Fonseca and colleagues (2018) 

exposed H. diversicolor specimens to concentrations between 10 and 1000 ng/L 

for 14 days. An important yet not often analyzed parameter is the behavior. As 

for cisplatin, authors reported an impairment in burrowing activity between 10 

and 500 ng/L in organisms exposed to CP. However, this alteration in behavior 

was not accompanied by neurotoxic effects (AChE). As previously reported to 

other drugs, enzymes related to oxidative stress are very responsive. Although 

SOD activity was significantly lower in the two highest concentrations (500 and 

1000 ng/L), catalase activity was increased only in 10 and 500 ng/L. GST activity 

was significantly decreased from 100 to 1000 ng/L. LPO reflected the oxidative 

damage caused by CP in concentrations between 100 and 1000 ng/L. In 

organisms exposed to CP, regardless of concentration, an increase in DNA 

damage was found. 

One of the most commonly used contraceptive methods is the pill, which 

frequently contains synthetic estrogen, 17α-Ethinylestradiol (EE2). EE2 is one 

of the most potent estrogenic substances released into the environment, which 

can affect non-target species (Miyagawa et al., 2016). EE2 has been found in 

sewage sludge in concentrations of 48.1 µg/kg (Ebele et al., 2017). To 

understand the effects of EE2 in marine invertebrates, Maranho et al. (2014, 



The use of Hediste diversicolor in the study of emerging contaminants 

20 
 

2015) exposed for 14 days the polychaeta H. diversicolor to sediment spiked by 

this drug (0.01 to 100 ng/g). An enzyme related to the phase I of the metabolism, 

ethoxyresorufin O-deethylase (EROD), was found to be the main enzyme to 

degrade EE2, demonstrating an increase in activity in concentrations between 

0.01 and 10 ng/g. Enzymes related to oxidative stress  (GST, GR and GPx) 

analyzed by the authors were shown not to be very responsive to contamination 

by EE2. Nonetheless, LPO levels increased in the lowest concentration tested 

(0.01 ng/g), which may indicate an inability to prevent damage when exposed 

to low concentrations of EE2. An increase in AChE activity was reported in the 

lowest concentrations (0.01 to 1 ng/g), indicating that low concentrations of EE2 

may promote cell apoptosis (Maranho et al., 2014). Later studies performed by 

Maranho et al. (2015) demonstrated that EE2 inhibited, in all concentrations 

(0.01 to 100 ng/g), COX activity, an enzyme related to the anti-inflammatory 

process,. 

Cases of depression have increased over the years (WHO, 2017) and a 

highly prescribed selective serotonin reuptake inhibitor (SSRI) used in these 

cases is fluoxetine (Hird et al., 2016). As such, fluoxetine is persistingly found 

in the environment  due to ineficient clearing in sewage plants (Arnold et al., 

2014; Gardner et al., 2012), similarly to what happens with other drugs. This 

pharmaceutical has been found in concentrations between 2.5 and 109.2 ng/L 

in aquatic environments (Fekadu et al., 2019). Authors Hird and colleagues 

(2016) investigated the effects of this drug on the commom ragworm, exposing 

specimens for 72 hours to concentrations between 10 and 500 µg/L in the water, 

and 0.01 and 2.5 µg/g in the sediment. Fluoxetine was reported to be more 

bioavailable to organisms in the sediment treatment. However, regardless of 

treatment similar responses were reported. Polychaetas presented increased 

seratonin levels, which has various impacts at cell and individual levels. 

Organisms demonstrated altered metabolic homeostasis, reduced lipid stores 

and decreased feeding ability, which led to weight loss. Consequently, this can 

have repercussions at population level since smaller organisms may originate a 

smaller offspring, which may lead to a decrease of sediment bioturbation, 

affecting other organisms that depend of this activity. 

Maranho et al. (2014) also studied the effects of fluoxetine on this polychaeta 

by exposing organisms for 14 days to concentrations varying between 0.01 and 
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100 ng/g. Despite the lack of significant alterations on the oxidative stress 

related enzymes analyzed (GST, GPx and GR), peroxidative damage (LPO) 

was reported for 100 ng/g. A phase I enzyme (EROD) increased activity in all 

tested concentrations (0.01 to 100 ng/g) and AChE activity was significantly 

increased in the two highest concentrations (10 and 100 ng/g). 

Propranolol is a β-blocker commonly used to treat, among others, heart 

diseases. Similarly to what happens with other highly prescribed drugs, 

propranolol is frequently found in waste water and natural environments, where 

it can be detected in concentrations ranging from 8 ng/L to 0.59 µg/L in water 

and 3.37 µg/kg in sewage sludge (Ebele et al., 2017). In order to understand 

the effects of this drug on the polychaeta H. diversicolor, Maranho and team 

(2014, 2015) exposed specimens to sediments spiked with concentrations 

between 0.05 to 500 ng/g for 14 days. Phase I enzymes (EROD and DBF) 

related to biotransformation of pharmaceuticals were negatively correlated. 

EROD activity was significantly increased in exposed organisms, while DBF had 

lower activity than control. Of the analyzed anti-oxidant enzymes (GST, GR and 

GPx), only GST was responsive to contamination from propranolol (0.5, 5 and 

500 ng/g), LPO levels demonstrated peroxidative damage to cell membranes 

(0.05-5 ng/g). Lipid reserves were overall increased, a reported side effect of 

propranolol (England et al., 2014). COX activity was inhibited in all tested 

concentrations (0.05-500 ng/g). 

 

Sediments act as sink, concentrating contaminants, and pharmaceuticals are 

no exception. Sulfamethoxazole, carbamazepine, triclosan and ciprofloxacin 

have been found to be more persistent in sediments that in water (Ebele et al., 

2017). Such findings suggest that (endo-)benthic species are persistently 

exposed to pharmaceuticals.  

The majority of pharmaceutical drugs analyzed in the scope of this review 

affect important biochemical parameters on H. diversicolor. Damages to cellular 

membranes and altered biochemical parameters, such as mitochondrial 

respiration and glycogen content, have a deleterious effect in cellular 

homeostasis. In addition to lower energy production/reserves, oxidative stress 

and AChE increase may contribute to behavioral changes, since an increase in 

AChE may be related to slower movements and thus lead to alterations in 
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behavior. The lack of behavioral data concerning pharmaceutical drugs reveals 

to be a major deficiency in the field, preventing a global assessment of the 

impact of this type of contaminant in (endo-)benthic organisms. 

 

2.2. Nanoparticles  

Nanoparticles (NPs) are defined as particles with at least one dimension 

between 1 to 100 nm (ASTM, 2012). NPs found in the environment can originate 

from multiple sources since these products are added to several everyday items 

like paints, sunscreen and cosmetics (Baker et al., 2014), but ash and desert 

dust are natural sources of NPs (Baker et al., 2014). These can enter marine 

systems directly, via areal deposition, effluents, dumping and run-off, or 

indirectly, via river systems (Baker et al., 2014). 

Silver nanoparticles (Ag NPs) can be found in a number of products used in 

the everyday life, such as deodorants, cosmetics, textiles, detergents, among 

others (Baker et al., 2014; Mcgillicuddy et al., 2017). These particles can also 

be part of the sewage sludge that is later used as fertilizer, leading to run-off of 

NPs to aquatic environments (Mcgillicuddy et al., 2017). As these particles find 

their way to marine ecosystems, they can sediment and affect (endo-)benthic 

organisms. 

Various studies have focused on the effects of Ag NPs on polychaetas. Buffet 

and colleagues (2014a) analyzed the effects of the chronic exposure to soluble 

Ag and Ag NPs (10 µg/L) on H. diversicolor. Results pertaining to enzymes 

related to the immune system (laccase-type phenoloxidase (PO) and acid 

phosphatase (AcP)) were demonstrated to have increased activities in both 

treatments, which highlights the danger to the health of organisms exposed to 

NPs. Soluble Ag and Ag NPs were found to promote increased activities of the 

analyzed enzymes involved in defense mechanisms, leading to increased 

oxidative damage in the soluble Ag treatment. Caspase 3-like (CSP 3-like) has 

a central role in the apoptotic process and when organisms were exposed to 

either Ag form its activity was increased, which demonstrates that Ag promotes 

cellular instability. Burrowing activity was reduced in both treatments. 

Cong and team (2014) tested the effects of sediments spiked with two sizes 

of Ag NPs (20 and 80 nm) and soluble Ag, with concentrations between 5 and 

100 µg/g, on the common ragworm. Analogously to the results reported for other 
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NPs, Ag NPs promoted burrowing impairment, especially Ag NP20. This study 

also demonstrated that a parameter related to cell function, lysosomal 

membrane stability (LMS), had a concentration-dependent decrease, which 

shows a great lysosomal toxicity of all the Ag forms analyzed. Similarly to results 

yielded in previous studies by the same authors, both Ag forms induced DNA 

damage. Such results may be more severe in smaller, and thus possibly 

younger, polychaetas since Cong and colleagues (2014) reported that bigger 

worms accumulated less Ag per body weight than smaller worms, 

demonstrating that size influences uptake and bioaccumulation. 

Quantum dots (QDs) are a special class of NPs as they are nanoparticles 

with a heavy metal core (Pawar et al., 2018). Cadmium-based QDs (Cd QDs) 

are used, for example, in medical imaging and solar energy (Hardman, 2006). 

Between 14 and 15% of Cd in Cd QDs is released into the water, where they 

exert high toxicity levels. In order to understand the effects of cadmium sulfide 

(CdS) QDs, Buffet and team (2014b) analyzed the behavior and biochemical 

parameters of H. diversicolor specimens after 14 days exposure to 10 µL/L of 

CdS QDs and soluble Cd. Authors demonstrated that these particles, also 

promote movement impairment, both via water and dietary exposure, which may 

have ecological consequences. Analyzed oxidative stress parameters (catalase 

and GST) were demonstrated to be affected by CdS QDs, increasing their 

activities, and an enzyme related to the apoptotic process (CSP) had an 

increased activity in the waterborne and dietary treatments. Both Cd forms 

revealed a high bioaccumulation in tissues. 

Carbon nanotubes (CNTs) are rolled up sheets of graphene and can be 

single-walled or have multiple concentric circles, known as multi-walled CNTs 

(MWCNTs) (Lawal, 2016). MWCNTs are considered one of the most interesting 

nanomaterials in nanotechnology due to its many chemical and physical 

properties (Lawal, 2016). The heightened interest may lead to environmental 

risks, since aquatic environments are the end destination for various 

contaminants, as well as human health risks. 

De Marchi and colleagues (2018) analyzed how the effects of salinity 

changes and MWCNTs (0.10 and 1.00 mg/L) affected the common ragworm. 

Results demonstrated that several parameters were concentration-dependent, 

regardless of salinity. Analyzed parameters related to energy were overall 
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decreased, with the exception of ETS, which increased, potentially denoting an 

allocation of energy to defenses. Oxidative stress enzymes analyzed (SOD, 

catalase, GPx and GST) predominantly demonstrated an increase in activity, 

indicating the attempt of the organism to counteract oxidative damage. 

Nonetheless, LPO levels increased, particularly in salinity 28. Although 

burrowing behavior was not analyzed, a decrease on AChE activity was 

observed, which suggests that MWCNTs may affect behavior. 

De Marchi et al. (2019) evaluated the chronic (28 days) impact of MWCNTs, 

pristine and carboxylated (-COOH), in combination with an ocean acidification 

model (pH 7.60) on H. diversicolor. Pristine and functionalized MWCNTs 

induced neurotoxicity in both concentrations tested, patent by the decrease in 

AChE activity. Functionalized MWCNTs have an increased toxicity manifested 

through the increase in lipid peroxidation and activation of SOD compared to 

pristine MWCNTs. The authors hypothesize that the oxidative stress may be 

due to the higher solubilization conferred by the functionalization of MWCNTs. 

The low pH tested (7.60) exacerbated these results and promoted a greater 

toxic effect of these particles, demonstrating a diminished metabolic rate. 

Copper oxide nanoparticles (CuO NPs) are commonly used as bacteriocides 

and can be found in aquatic environments (Zhou et al., 2006). These particles 

have a low dissolution rate and potentially high toxicity for organisms. 

Authors Buffet and colleagues (2011) analyzed the effects on behavioral and 

biochemical parameters of H. diversicolor specimens exposed for 7 days to CuO 

NPs and soluble Cu (10 µg/L). Results demonstrated that oxidative stress 

related enzymes, catalase and GST, activities were significantly higher in 

organisms exposed to NPs. Despite NPs toxicity, these particles did not cause 

behavioral alterations even though soluble Cu induced burrowing impairments. 

Subsequent studies by Buffet and collegues (2012a) analyzed the effects of 

CuO NPs and soluble Cu (10 µg/L) on the polychaeta H. diversicolor after 21 

days exposure. Results demonstrated that Cu bioaccumulation was dependent 

on form, with uptake being higher in organisms exposed to CuO NPs. Oxidative 

stress endpoints (GST and LPO) analyzed were very responsive to CuO NPs. 

CSP was triggered by CuO NPs. 

In order to analyze the effects of sediments spiked with CuO NPs, Thit and 

team (2015) exposed the polychaeta H. diversicolor to with three shapes of NPs 
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(spindles, rods and spheres) and soluble Cu (7-140 µg/g). Authors 

demonstrated that soluble Cu affects organisms more than CuO NPs. Although 

CuO NPs appeared to be accumulated in the gut of exposed organisms, these 

particles had little effect on bioaccumulation, behavior or mortality, regardless 

of the shape and size of the NPs. However, soluble Cu was more bioavailable 

to organisms, and thus accumulated in the tissues. Soluble Cu was 

demonstrated to promote concentration-dependent impairment in burrowing, in 

which organisms spent less time inside the sediment. 

Zinc oxide NPs (ZnO NPs) are widely used for a variety of applications: from 

improving toughness in polymers to products such as cosmetics and 

sunscreens (Jiang et al., 2018). For that reason, Buffet and team (2012b) 

analyzed the impact of these particles on H. diversicolor by exposing organisms 

to spiked sediments (3 mg/Kg) for 16 days. Authors reported a significantly 

increased activity of GST, despite other enzymes related to oxidative stress 

(catalase and SOD) showing no significant alteration. Nonetheless, LPO levels 

were increased in organisms exposed to ZnO NPs. Apoptosis-related enzyme 

CSP 3-like was decreased. Although no neurotoxicity (AChE) was found due to 

the exposure to the studied NPs, an impairment the burrowing behavior was 

also demonstrated. 

 

Many of the NPs analyzed in this review impact behavior, which can cause 

severe ecological problems, but they also impact important biochemical 

parameters. Behavioral alterations may have serious impacts on the ecosystem, 

as organisms may not only be unable perform their function in the system but 

also be more available to predators, risking population maintenance. Moreover, 

other organisms are dependent on the burrowing behavior of H. diversicolor 

either for food or oxygen, and slower polychaetas may have negative impacts 

on (endo-)benthic organisms. Metals in NPs are highly bioaccumulated in the 

tissues of organisms, which may interfere with functions of cells. GST and anti-

oxidant defense catalase activities are frequently impacted by these 

contaminants, as well as CSP 3-like activity. Overall, data shows that these 

organisms are sensitive to different forms of NPs and have proven the 

importance of the nature of the xenobiotic (ionic versus NP) on the effects. 

 



The use of Hediste diversicolor in the study of emerging contaminants 

26 
 

2.3. Micro(Nano)Plastics 

Plastics are synthetic polymers based in organic polymers, usually fossil fuel, 

and are cheap and easy to manufacture. There is a wide array of plastic 

polymers, such as polystyrene (PS) and polyethylene (PE). They have become 

a part of products used in the everyday life, from packaging to cosmetics (Avio 

et al., 2017; de Sá et al., 2018), since plastic production began, in the 1950’s 

(Avio et al., 2017; Eriksen et al., 2014; Li et al., 2016; PlasticsEurope, 2017, 

2018). One of the most concerning problems about plastic is its slow 

degradation process. In aquatic environments, where they have become 

ubiquitous across the globe (Bergmann et al., 2017; Eriksen et al., 2014; Waller 

et al., 2017), biotic and abiotic degradation processes are slower. Plastics are 

thus available to marine organisms, who may confuse them for food. Moreover, 

plastics can become brittle and break down over time, big plastic items 

originating microplastics (< 5 mm) and eventually nanoplastics (1-100 nm) 

(Oliveira & Almeida, 2019). Microplastics (MPs) and nanoplastics (NPs) can 

agglomerate/aggregate in seawater, leading to increased sizes and densities, 

which in turn leads to their sedimentation (Gigault et al., 2018; Oliveira & 

Almeida, 2019; Revel et al., 2018; Tallec et al., 2019). Such behavior in marine 

environments allows these contaminants to possibly affect (endo-)benthic 

fauna. Despite the increased focus on this contaminant, there are few studies 

focused on the effects of micro(nano)plastics on marine invertebrates, 

especially (endo-)benthic organisms. 

Recent studies by Revel et al. (2018) analyzed the acute (96h) and chronic 

(10 days) effects of the combined exposure of H. diversicolor to PE and 

polypropylene (PP) MPs in water and sediment matrices. The most relevant 

data in this study was the higher accumulation of waterborne MPs in the guts of 

organisms when compared to those exposed to spiked-sediments in both 

exposure periods. Organisms exposed via water demonstrated an increase in 

mucous production, leading to an increased difficulty in expelling the particles, 

while those exposed via sediment had the contrary response. In both 

treatments, authors demonstrated a decrease in cell viability and a decrease 

tendency in the activity of enzymes related to the immune system, AcP and PO. 

Plastics can adsorb and concentrate contaminants existent in natural 

environments (Oliveira et al., 2019), including PAHs, which tend to accumulate 
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in sediments in aquatic environments (Gomiero et al., 2018). An example of 

PAHs is benzo(a)pyrene (B[a]P), which is mutagenic and carcinogenic. Among 

the most frequently used plastics worldwide is polyvinyl chloride (PVC), used for 

window frames and pipes, for example. PVC is denser than seawater and sinks 

to the ocean floor, where it can expose (endo-)benthic organisms to 

contaminants. 

In order to understand the single and combined effects of sediment spiked 

with B[a]P and PVC on the common ragworm, Gomiero and colleagues (2018) 

exposed organisms for 10 and 28 days, to 5 µg/L of B[a]P and two 

concentrations of PVC (200 and 2000 particles/Kg of sediment). Results 

demonstrated that the combination of B[a]P and plastics had a time- and dose-

dependent accumulation, which further highlights the dangers of plastics to 

marine organisms. In organisms exposed only to B[a]P, cell function parameters 

mitochondrial (MtO) and LMS activities were reduced. These parameters (MtO 

and LMS) also demonstrated a reduction in activity in the combined treatment, 

as well as increased cell membrane damage. An analysis of immune system 

parameters (phagocytosis assay and MtO) revealed a depression in the immune 

response in organisms exposed to pre-incubated PVC. Contrary to the results 

found in the combined exposure, virgin PVC particles stimulated the immune 

system, which may be due to the presence of natural occurring microorganisms 

in the sediments that may colonize virgin PVC particles (Zettler et al., 2013). 

Oxidative status in the cell was increased in the combined exposure, although 

catalase activity was only increased at the 10 days exposure period. DNA 

damage was significantly higher in organisms exposed to B[a]P and pre-

incubated PVC. 

A significant number of published studies focuses on laboratory experiments 

to understand effects of various contaminants on organisms. Muller-Karanassos 

et al. (2019) focused on analyzing environmental samples of sediment and H. 

diversicolor specimens exposed to anti-fouling paint particles (APPs). APPs are 

composed of plastics with different metals associated to them (Muller-

Karanassos et al., 2019; Turner et al., 2008a; Turner & Rees, 2016). Those 

particles can still leach their biocidal metals not only to the water but also to 

sediments, where they accumulate (Soroldoni et al., 2018; Thomas et al., 2003; 

Turner et al., 2008b). 



The use of Hediste diversicolor in the study of emerging contaminants 

28 
 

Authors Muller-Karanassos and colleagues (2019) analyzed sediment 

samples from two estuaries in the UK, one heavily impacted by marinas and 

boatyards, and abandoned boats, thus more impacted by APPs, and another a 

clean reference site (control). Results demonstrated that organisms had high 

concentrations of copper (Cu), zinc (Zn), tin (Sn) and lead (Pb) in their tissues. 

Similarly to what was reported by Revel and collegues (2018), organisms had 

APPs of varied sizes and chemical compositions in their guts, related to a non-

selective ingestion of the particles. 

Very few studies have focused on the effects of NPs on marine invertebrates, 

particularly polychaetas. Recently Silva et al. (2019a) evaluated the chronic 

effects of PS NPs on H. diversicolor by exposing organisms to concentrations 

between 0.005 and 50 mg/L. Results demonstrated an increase in burrowing 

time in the lowest concentrations (0.005-0.5 mg/L) as well as an overall 

decrease in AChE activity in exposed organisms. Antioxidant enzymes were 

found to be less responsive than expected. Activity of SOD was increased from 

0.05 to 50 mg/L, however the rest of the enzymes related to oxidative stress 

analyzed (GST, catalase and non-protein thiols (NPTs)) were reported to have 

concentration-dependent decreases. Oxidative damage measured as protein 

carbonylation, which was possibly a better biomarker to evaluate oxidative 

damage induced by PS NPs, was significantly increased from 0.005-50 mg/L. 

Subsequent studies by Silva et al. (2020) demonstrated that exposure to PS 

NPs (0.0005-5 mg/L) significantly decreased the regenerative capacity of H. 

diversicolor exposed to 0.005-5 mg/L. 

 

There is a big gap in knowledge when it comes to understanding the effects 

of plastic particles on marine invertebrates. An even bigger gap is related to 

comprehending the interaction of plastics with contaminants known to exist in 

marine habitats and their combined effects on marine organisms. Efficient 

methodologies to evaluate the concentrations of NPs in the oceans have yet to 

be created, but it is still important to understand how invertebrates, who are at 

the base of food webs, react to them, since they can accumulate along the food 

webs. 
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3. Conclusion 

In this review were analyzed studies with H. diversicolor referring to nine 

pharmaceutical drugs, five types of nanoparticles, and five plastic polymers. 

These studies have shown that the polychaeta H. diversicolor is very responsive 

to these emerging contaminants and thus a good biological model to assess the 

effects of contaminants expected to reach the estuarine/marine environments. 

Among the most frequently affected biochemical endpoints are oxidative 

stress related endpoints, and behavior. These are important biomarkers to 

assess, although behavior related parameters should be more often analyzed 

considering its ecological importance. Alterations in the behavior of these 

organisms, as a result of contamination, can have serious consequences to the 

ecosystem function, possibly leading to alterations in (endo-)benthic diversity 

due to a reduction in sediment oxygenation. Future studies should include 

environmentally relevant endpoints of behavior to allow a more comprehensive 

understanding of the effects of contaminants. Among the endpoints scarcely 

evaluated on H. diversicolor but with promising results is regeneration. This 

endpoint can also provide relevant data on potential impacts on population 

dynamics. Moreover, in vitro cell culture using cells from these organisms may 

allow a better understanding of regeneration mechanisms as well as the impact 

of xenobiotic exposure on this ability. 

No studies have, so far, addressed how contaminants can affect offspring in 

terms of number of organisms generated, organisms’ size, and even if the 

offspring has an altered sensitivity to the contaminants to which the parents 

were exposed. The study of the effects on these endpoints can considerably 

improve the knowledge of the consequences of long-term environmental 

exposure. 

There is a large gap in knowledge concerning the effects of plastic 

contamination on invertebrates, despite plastic pollution being a concerning 

problem. Few studies have analyzed the effects of small plastic particles on 

polychaetas and fewer focused on NPs, even though plastic particles tend to 

sediment over time and can thus affect (endo-)benthic organisms. This lack of 

studies may be associated with the difficulty in quantification and 



The use of Hediste diversicolor in the study of emerging contaminants 

30 
 

characterization of particles. Detection methods are still unable to allow 

accurate identification and quantification of small plastic particles in water and 

sediment matrices. Considering the recent findings of studies with nanoplastic 

particles (e. g. Silva et al., 2019a), it becomes highly relevant to perform studies 

with behavior, which is a very sensitive endpoint. This approach may include 

feeding, avoidance of contaminated sediments, among others. Considering that 

in the environment organisms are exposed to a variety of contaminants, future 

studies should consider combined effects of more than one contaminant as they 

may interact and modulate toxic responses. This aspect is particularly relevant 

for nanoparticles that have their characteristics influenced by their surrounding 

environment (e.g. presence of contaminants, products of metabolism, pH, 

nutrients and organic matter). The ability of organisms to depurate 

environmental contaminants should also be assessed, since it has been already 

demonstrated that H. diversicolor specimens in clean sediment are able to expel 

environmental contaminants like microplastic particles, when exposed via 

spiked-sediment. 

The available studies show that this species can be a valuable tool to assess 

the effects of environmental contaminants. It may be expected that, ethical 

considerations regarding the use of vertebrate organisms associated with 

sensitivity, low laboratory maintenance requirements and environmental 

relevance make these organisms widely used in the field of Ecotoxicology.  
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Abstract 

Plastic debris has been reaching the world’s oceans since it started being 

used. Multiple studies have been addressing the effects of microplastics in 

various organisms but, despite the increased scientific awareness, there is still 

a significant gap in knowledge when it comes to small-sized plastic particles of 

sizes below 100 nm. The aim of this study was to understand the effects of 

waterborne 100 nm polystyrene nanoplastics (PS NPs) on the marine 

polychaeta Hediste diversicolor, a keystone species in intertidal and coastal 

environments, in terms of behavior, neurotransmission, oxidative status, energy 

metabolism and oxidative damage. Results of PS NPs characterization showed 

an aggregation/aggomeration along the time and with increasing 

concentrations. Results also revealed a considerable impact of PS NPs on 

ecologically relevant endpoints like cholinesterase (ChE) and burrowing, but no 

increases in most of the parameters associated with oxidative stress. Protein 

carbonylation was found to be more sensitive to PS NPs effects than lipid 

peroxidation. Behavioral alterations by PS NPs may affect nutrient cycling and 

intra-sediment fauna. The data revealed in this study highlighted the potential 

consequences of NPs to benthic organisms and the need for further studies. 

 

 

 

Keywords: burrowing, biomarkers, nanoplastics, invertebrate, effects 

 

 

 

Highlights: 

Polychaetas were exposed to waterborne 100 nm polystyrene nanoplastics 

(PS NPs). 

PS NPs exposure increased burrowing time and impaired cholinesterase 

activity. 

PS NPs can induce oxidative damage namely though increased protein 

oxidation. 
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1. Introduction 

Cost effective and easily modeled into different shapes, plastics are 

synthesized to have industry attractive properties, like resistance to 

microorganisms’ action (da Costa, 2018). In 2017, its production reached 348 

million tons (PlasticsEurope, 2018) as a result of a wide array of applications 

from packaging to cosmetics and biomedical applications, often single-use 

items that are easily discarded (Avio et al., 2017; da Costa, 2018; da Costa et 

al., 2016; Li et al., 2016; de Sá et al., 2018). Consequently, it becomes a great 

problematic given that plastics frequently converge in aquatic environments, 

especially the ocean, where they are not easily degradable, making them 

emerging pollutants (Rios Mendoza et al., 2018). 

Biotic and/or abiotic processes lead to plastics breaking down, originating 

smaller particles called microplastics (MPs) (of sizes between 1 and 5 mm) and 

nanoplastics (NPs). The definition of NPs is not yet consensual, with some 

authors defining NPs as particles with sizes below 1000 nm (Gigault et al., 

2018), and others defining them as having sizes below 100 nm, as defined for 

other particles like metallic NPs (Gigault et al., 2016; Lambert & Wagner, 2016; 

Thit et al., 2015). In this study the authors considered NPs to be particles with 

sizes below 100 nm, according to Oliveira & Almeida (2019). However, small 

plastic particles (micro and nano) are being employed in different applications 

(e.g. cosmetics, paints and biomedical products) which the known end-

destination is the environment. In saltwater, NPs tend to aggregate which 

augments their density and increases sedimentation of these particles (Brandts 

et al., 2018a; Browne et al., 2007; da Costa et al., 2016; Gigault et al., 2018; 

Oliveira & Almeida, 2019). Even particles with a density lower than seawater 

are expected to ultimately sink as a result of processes like biofouling, which 

makes them settle into sediments (Oliveira & Almeida, 2019). 

Polystyrene (PS) plastics are among the most produced worldwide and thus 

can be found in a variety of products from single-use packaging and plastic 

cups, to eyeglasses frames, to building insulation (PlasticsEurope, 2018). The 

low reuse rate of the materials of this polymer results on its widespread 

presence in the aquatic environment (Eriksen et al., 2014). 

The majority of the available studies on the effects of plastics in marine 

organisms have focused on planktonic and pelagic organisms but concerning 
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benthic organisms, like polychaetas, there is a considerable lack of information 

(Ferreira et al., 2019; de Sá et al., 2018). Furthermore, most of the available 

studies are focused on particles of sizes higher than 1000 nm. However, smaller 

particles may become more bioavailable and cause grave problems to marine 

organisms, as they can affect organisms at the base of the food webs and thus 

impact others at higher trophic levels (Ferreira et al., 2019; Oliveira & Almeida, 

2019). Recent studies have demonstrated the ability of waterborne nanoplastics 

to affect biota. Some examples include immunological responses in fish 

(Brandts et al., 2018b), impairment of microalgae growth, and lethality of rotifers 

(Ferreira et al., 2019; Venâncio et al., 2019). Concerning benthic organisms, 

there is a considerable lack of information in terms of effects, despite the 

knowledge that micro- and nanoplastics will tend to sediment in the water 

column. Studies performed by Revel et al. (2018) with polyethylene and 

polypropylene microplastics demonstrated an increase in mucus production in 

Hediste diversicolor and higher bioaccumulation when these particles were 

waterborne.  

Thus, the present study aimed to study the effects of waterborne nanoplastics 

on benthic organisms like polychaetas. Considering that nanoplastics tend to 

aggregate/agglomerate in the marine environment, they may impact organisms 

like H. diversicolor, that are exposed to harmful materials both in the sediments 

and the pore water. Polychaetas are marine worms who live in every marine 

habitat, from shallow estuaries to abyssal depths (among others Dorgham et al., 

2014; Ravara et al., 2017; Scaps, 2002), often being the most abundant group 

of organisms in benthic communities (Dorgham et al., 2014). They are key 

species in estuarine and coastal food webs (Thit et al., 2015). H. diversicolor 

mixes the sediments promoting substrate oxygenation and the resuspension 

and distribution of nutrients and contaminants (Banta & Andersen, 2003; Scaps, 

2002) and thus plays a significant role in marine systems. Effects on these 

organisms were assessed in terms of burrowing activity and biochemical 

endpoints associated with neurotransmission, energy metabolism and oxidative 

status in H. diversicolor. 
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2. Methods and Materials 

2.1. Test organisms 

H. diversicolor specimens were collected from a reference site of the Aveiro 

Lagoon, Portugal (40.6331ºN, -8.7367ºW) (Pires et al., 2016). Organisms were 

maintained in glass aquaria with artificial seawater (pH 8.00 and salinity 28), 

and sediment (at a ratio of 3:1), during 2 weeks for acclimation to laboratory 

conditions on a temperature-controlled room (19±1oC), under continuous 

aeration. During this period, organisms were fed ad libitum every 2-3 days with 

commercial fish food (Protein 46.0%, Lipids 11.0%). Water was changed twice 

a week. 

 

2.2. Nanoplastics synthesis and characterization 

Polystyrene (PS) nanoplastics were prepared by miniemulsion 

polymerization of styrene with sodium dodecyl sulphate as a stabilizer as 

described by Brandts et al. (2018b). Particles were characterized in ultrapure 

water and test medium (artificial seawater, salinity 28), assessing hydrodynamic 

size by Dynamic Light Scattering (DLS) and zeta potential (Zetasizer Nano ZS, 

Malvern). Morphological characterization was performed by Transmission 

Electron Microscopy (TEM) (Hitachi, H9000 NAR) (Fig. 1).  

PS NPs size and number of particles were analyzed by DLS after 1, 24 and 

72 hours of nanoplastics exposure. Water samples were collected from the top, 

medium and bottom areas and analyzed independently over time. 
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2.3. Experimental design 

After acclimation, polychaetas were exposed for 28 days to different 

concentrations of PS NPs (0, 0.005, 0.05, 0.5, 5, 50 mg/L), with 21 organisms 

randomly selected per experimental condition. Three 1 L replicate tanks were 

used per condition. For each condition, the corresponding aquaria were filled 

with artificial seawater and sediment (2:1). The water was renewed every 3 

days, to remove products of metabolism, and NPs concentrations were re-

established. Organisms were fed ad libitum every 2-3 days with commercial fish 

food. 

At the end of the exposure period, five organisms were randomly selected 

and used for burrowing tests and the remaining were frozen at -80ºC for 

biochemical analysis. 

 

2.4. Burrowing assay 

Organisms of each test condition were submitted to burrowing tests. Five 

specimens of each condition were carefully placed in separate 250 mL glass 

containers, filled with artificial seawater and 5 centimeters of clean sediment. 

The position of the polychaetas was recorded in video to assess the time at 

which they were fully burrowed. Results were then expressed for each condition 

as the mean time (min) that organisms needed to completely burrow in the 

sediment. 

Fig. 1. Transmission electron microscopy (TEM) image of polystyrene 

nanoplastics (PS NPs). 
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2.5. Biochemical analysis 

For biochemical measurements, samples were homogenized in 0.1 M 

Potassium Phosphate Buffer (pH 7.4). Homogenates were separated into three 

aliquots: one for lipid peroxidation assessment; another for Cholinesterase  and 

Electron Transport System, which was centrifuged for 3 minutes, at 3300g, at 

4oC; and the rest of the sample was centrifuged for 20 minutes, at 10000g, at 

4ºC, for Post-Mitochondrial Fraction (PMS) isolation (Oliveira et al., 2015). 

Total protein content was determined according to the Biuret method 

(Robinson & Hogden, 1940) and as performed by Freitas et al. (2015), using 

bovine serum albumin (BSA) as standard. Absorbance was read at 540 nm and 

results were expressed as milligram per FW.  

 

2.5.1. Neurotransmission 

For biochemical measurements, samples were homogenized in 0.1 M 

Potassium Phosphate Buffer (pH 7.4). Homogenates were separated into three 

aliquots: one for lipid peroxidation assessment; another for Cholinesterase  and 

Electron Transport System, which was centrifuged for 3 minutes, at 3300g, at 

4oC; and the rest of the sample was centrifuged for 20 minutes, at 10000g, at 

4ºC, for Post-Mitochondrial Fraction (PMS) isolation (Oliveira et al., 2015). 

Total protein content was determined according to the Biuret method 

(Robinson & Hogden, 1940) and as performed by Freitas et al. (2015), using 

bovine serum albumin (BSA) as standard. Absorbance was read at 540 nm and 

results were expressed as milligram per FW.  

 

2.5.2. Energy related parameters 

The Electron Transport System (ETS) activity was measured according to the 

King and Packard (1975) methodology with the modifications presented by 

Coen and Janssen (1997), as performed by Pires et al. (2016). Absorbance was 

read in a microplate reader at 490 nm every 25 seconds for 5 minutes. The 

amount of formazan formed was calculated using Ɛ = 15,900 M-1 cm-1 and the 

results expressed as nanomole per minute per milligram of protein. 

Glycogen (GLY) content was quantified by the phenol-sulphuric acid method, 

following the procedure described by DuBois et al. (1956) and as performed by 
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Freitas et al. (2015). Absorbance was read in a microplate reader at 492 nm and 

results were expressed as milligram per milligram of protein. 

 

2.5.3. Antioxidant defenses 

Non-protein thiols (NPT) levels were determined by the method of Sedlak & 

Lindsay (1968) as adapted by Parvez et al. (2003) and described by Oliveira et 

al. (2010). Absorbance was read at 412 nm and results were expressed in 

nanomoles per milligram of protein. 

Superoxide Dismutase (SOD) activity was determined based on the method 

described by Beauchamp & Fridovich (1971) as performed by Pires et al. 

(2016). SOD activity was measured spectrophotometrically in a microplate 

reader at 560 nm, after 20 min of incubation, at 25oC. Results were expressed 

as nanomole per minute per milligram of protein. 

Catalase (CAT) activity was determined according to the procedure 

described by Oliveira et al. (2010), adapted to the microplate. Absorbance was 

read at 240 nm (25°C). Results were expressed as micromoles of H2O2 

consumed per minute per milligram of protein (ɛ = 43.5 M-1 cm-1). 

Glutathione S-Transferases (GST) activity was determined following the 

method described by Habig et al. (1974), adapted to the microplate as 

performed by Freitas et al. (2015). Absorbance was read at 340 nm for 5 

minutes. Results were expressed in nanomole per minute per milligram of 

protein (ɛ = 9.6 x 103 M-1 cm-1). 

Glutathione Peroxidase (GPx) activity was determined based on the indirect 

method of Paglia and Valentine (1967), as performed by De Marchi et al. (2018). 

Absorbance was read at 340 nm for 5 minutes. Enzyme activity results were 

expressed in nanomole per minute per milligram of protein (ɛ = 0.00622 µM-1 

cm-1). 

 

2.5.4. Oxidative damage endpoints 

Lipid Peroxidation (LPO) was measured according to the method of Buege 

and Aust (1978), as performed by Paul-Pont et al. (2016), by quantifying 

spectrophotometrically thiobarbituric acid reactive substances (TBARS) at 532 

nm. Levels were calculated using the molar extinction coefficient of MDA (ɛ = 

1.56 × 105 M−1 cm−1) and expressed as nanomole per milligram of protein. 
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Protein Carbonylation (PC) levels were assessed by the quantification of 

carbonyl groups (CG) through the 2,4-Dinitrophenylhydrazine (DNPH) alkaline 

method described by Mesquita et al. (2014) with modifications described by 

Udenigwe et al. (2016). Absorbance was read at 450 nm and results were 

expressed as nanomoles of CG per milligram of protein (ɛ = 22,308m M-1 cm-1). 

 

2.6. Statistical Analysis 

For each condition, burrowing activity and biochemical descriptors (ChE, 

ETS, GLY, NPTs, SOD, CAT, GST, GPx, LPO and Protein Carbonylation) were 

submitted to hypothesis testing using permutational multivariate analysis of 

variance, with PERMANOVA+ add-on in PRIMER v6 (Anderson et al., 2008). 

Data was analyzed following a one-way hierarchical design, with exposure 

concentration as the main fixed factor. The null hypothesis tested was: no 

significant differences existed among PS NPs exposure concentrations. The 

pseudo-F values in the PERMANOVA main tests were evaluated in terms of 

significance among different concentrations. When the main test revealed 

statistically significant differences (p≤0.05), pairwise comparisons were 

performed. Significance levels (p≤0.05) among concentrations were presented 

with different letters. 

In order to analyze if bioturbation and global biochemical response of H. 

diversicolor was influenced by PS NPs, the data (square root transformed, 

normalized and the resemblance matrix normalization (Euclidean distance)) 

were submitted to an ordering analysis performed by Principal Coordinates 

(PCO), using the PRIMER 6 & PERMANOVA+ (Anderson et al., 2008). Pearson 

correlation vectors of bioturbation and biochemical descriptors (correlation 

>0.75) were provided as supplementary variables being superimposed on the 

PCO graph. 

 

2.7. Integrated biomarker response index (IBR) 

The assessed endpoints were combined into one general “stress index” 

termed “Integrated Biological Responses version 2” (IBRv2) to integrate 

biomarker data into a value, that represents the stress level at each tested 

condition, based on the principle of reference deviation. Overall, data were log-

transformed (Yi) and the overall mean (μ) and standard deviation (s) calculated. 
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Data were further standardized by subtracting the overall mean and dividing by 

the standard deviation, as presented in Eq. (1): 

𝑍𝑖 = (
𝑦𝑖−𝜇

𝑠
)         (1) 

The difference between Zi and Z0 (control) was calculated in order to 

determine A values. Representative results are shown as star plot charts 

indicating the deviation of all biomarkers in relation to the control (0). IBR 

analyses were performed using all data. Furthermore, a weighing procedure 

was used to analyze assessed endpoints as previously described (Liu et al., 

2013; Liu et al., 2015), assuming that a biochemical alteration has lower impact 

on the organism’s health than changes at an individual level. Behavior is 

considered as the outcome of many biological processes resultant from 

interactions between the organisms and the surrounding environment (Oliveira 

et al., 2015). Thus, biochemical biomarkers were weighted with a factor of one 

and behavior with a factor of three. More information can be found in the 

Supplementary Information. 

 

 

3. Results 

3.1. Nanoplastics characterization 

No differences in terms of number of particles in suspension were found in 

the two lowest concentrations (0.005 and 0.05 mg/L). Thus, only data from 

concentrations 0.05-50 mg/L were analyzed. Over time, there was an overall 

decrease in the number of particles with an increase in size along the water 

column (Supplementary Information). 

 

3.2. Burrowing assay 

The burrowing behavior of H. diversicolor individuals, previously exposed to 

tested conditions, is shown in Fig. 2. Organisms exposed to the three lowest PS 

NPs tested concentrations (0.005 to 0.5 mg/L) displayed an altered pattern of 

behavior, taking longer to fully burrow in the sediment when compared to the 

remaining conditions (control and higher PS NPs concentrations). 
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3.3. Neurotransmission 

Concerning ChE activity, organisms exposed to PS NPs displayed a general 

decrease in activity when compared to control. The activity decrease varied from 

26% in organisms exposed to 0.5 mg/L to 37% in organisms exposed to 0.005 

mg/L. However, significant differences to control were only found for organisms 

exposed to 0.005, 0.05 and 50 mg PS NPs /L (Fig. 3). 

 

3.4. Energy related parameters 

In terms of energetic metabolism, H. diversicolor showed significantly higher 

ETS activity in organisms exposed to PS NPs. The highest values were found 

Fig. 2. Burrowing behavior of Hediste diversicolor after 28 days of 

exposure to PS NPs. Statistically significant differences (p < 0.05) are 

marked with letters (b). 

Fig. 3. Biochemical parameter cholinesterase (ChE) activity of Hediste 

diversicolor after 28 days of exposure to PS NPs. Statistically 

significant differences (p < 0.05) are marked with letters (b). 
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at the highest exposure concentration (50 mg/L) (Fig. 4A), corresponding to a 

75% increase in relation to control. The lowest concentration (0.005 mg/L) had 

a 29% increment when compared to control.  

Concerning glycogen content (Fig. 4B), organisms exposed to 5 mg/L of PS 

NPs demonstrated a significant increase of 20%, when compared to control 

organisms. 

 

3.5. Antioxidant defenses 

The NPT levels were significantly lower than control in almost all PS NPs 

concentrations, except in 5 mg/L. This decrease varied between 29% in 

organisms exposed to 0.005 mg/L of PS NPs and 49% in organisms exposed 

to 50 mg/L PS NPs (Fig. 5A). 

SOD activity was significantly increased in organisms exposed to 

concentrations equal to or higher than 0.05 mg/L (Fig. 5B). 

 

Fig. 4. Biochemical parameters electron transport system (ETS) 

activity (A) and glycogen (GLY) content (B) of Hediste diversicolor after 

28 days of exposure to PS NPs. Statistically significant differences (p 

< 0.05) are marked with letters (b-c). 

A 

B 
GLY 



Chapter III 

57 
 

Concerning CAT activity, a general decrease pattern was found with 

increasing PS NPs concentration (Fig. 5C), although significant differences to 

control were only found when organisms were exposed to 5 and 50 mg/L 

(corresponding to a 36 and 42% decrease, respectively). 

In terms of GST activity, a similar trend of decrease with PS NPs increased 

concentrations was found (Fig. 5D), with significantly decreased activities, 32 

and 43%, found after exposure to 5 and 50 mg/L, respectively. 

 

 

 

A 

C 

B 
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3.6. Oxidative damage endpoints 

The LPO levels were significantly decreased, when compared to control, in 

organisms exposed to the two lowest tested concentrations (0.005 and 0.05 

mg/L) and 5 mg/L (Fig. 6A). 

Regarding protein carbonylation, a general increase pattern was found, with 

significant differences to control found in organisms exposed to concentrations 

equal to or higher than 0.05 mg/L (Fig. 6B). 

 

 

 

 

Fig. 5. Biochemical parameters non-protein thiols (NPTs) (A), 

superoxide dismutase (SOD) (B), catalase (CAT) (C) and glutathione 

S-transferases (GST) (D) activities of Hediste diversicolor after 28 

days of exposure to PS NPs. Statistically significant differences (p < 

0.05) are marked with letters (b-c). 

D 

A 
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3.7. PCO and IBR 

The PCO axis 1 explained 57.2% of total data variation, separating control (0 

mg/L) and the lowest exposure concentration (0.005 mg/L) at the positive side, 

from 0.05 mg/L to 50 mg/L at the negative side. Organisms exposed at 0.05 to 

50 mg/L were associated to higher SOD, protein carbonilation and ETS values. 

The PCO axis 2 explained 29.3% of total data variation, separating control (0 

mg/L) and the highest concentrations (5 and 50 mg/L) in the positive side of the 

axis, from the lowest concentrations (0.005 to 0.5 mg/L) at the negative side of 

the axis (Fig 7). This axis highlighted especially the increase in burrowing time 

in the lowest concentrations. Overall, PCO analysis indicated a clear separation 

between control and PS NPs treatments. 

IBR data (Fig. 8 and Supplementary Information) suggested a trend of 

increased stress with increasing concentrations. The responses of animals 

exposed to 0.005 mg/L PS NPs, yielded an IBR a value of 13.0 reaching 22.9 

in the highest tested concentration. Analyzing all data together, different 

response patterns may be detected with 0.05 and 0.5 mg/L exposed organisms 

presenting the most similar pattern.  

 

 

Fig. 6. Biochemical parameters lipid peroxidation (LPO) (A) and 

Protein Carbonylation (B) activities of Hediste diversicolor after 28 

days of exposure to PS NPs. Statistically significant differences (p < 

0.05) are marked with letters (b-c). 

B 
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Fig. 7. Centroids ordination diagram (PCO) based on behavior and 

biochemical parameters, measured in Hediste diversicolor exposed to 

different PS NPs concentrations (0; 0.005; 0.05; 0.5; 5; 50 mg/L). Pearson 

correlation vectors are superimposed as supplementary variables, namely 

bioturbation and biochemical data (r > 0.75): burrowing; cholinesterase 

(ChE); electron transport system (ETS) activity; glycogen (GLY) content; 

non-protein thiols (NPTs); superoxide dismutase (SOD) activity; catalase 

(CAT) activity; glutathione S-transferases (GST) activity; lipid peroxidation 

(LPO) levels; protein carbonylation (PC). 

Fig. 8. Star plots summarizing responses to the experimental conditions and 

IBRv2 values obtained for each biomarker: burrowing behavior, cholinesterase 

(ChE), electron transport system (ETS), superoxide dismutase (SOD), catalase 

(CAT), glutathione S-transferases (GST), non-protein thiols (NPTs), lipid 

peroxidation (LPO) and protein carbonylation (PT Carb). 
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4. Discussion 

This study focused on the effects of waterborne 100 nm PS NPs on the 

polychaeta H. diversicolor. It was demonstrated, for the first time, that 

waterborne PS NPs may have a considerable impact on benthic organisms like 

polychaetas. In fact, to the authors’ knowledge, this is the first report on the 

effects of NPs in polychaetas. The exposure methodology selected to test 

effects of nanoparticles on sediment organisms usually involves spiking of 

sediments (Buffet et al., 2012; Cong et al., 2014; Dafforn et al., 2013; Ramskov 

et al., 2015; Thit et al., 2015). The approach used in this study aimed at 

simulating a discharge of NPs to the ecosystem, demonstrating that NPs 

aggregate/agglomerate, sediment and affect benthic biota. 

 

 

4.1. Nanoplastics characterization 

After analyzing the PS NPs in seawater, results demonstrated that these 

particles tend to aggregate, with particle size increasing over time in the water 

column, which lead to their sedimentation. As PS NPs sedimented particle count 

decreased. Aeration in the aquaria may have promoted particle suspension in 

the top and medium areas, which led to a higher particle count in some 

concentrations, while aggregation/agglomeration and sedimentation led to an 

increase in particle size in the bottom (Supplementary Information). Similar 

results were previously reported by Tallec et al. (2019) study, that found that the 

behavior of PS NPs was severely affected by artificial and natural seawater, 

forming homo-aggregates. Aggregation/agglomeration of metal-based and 

carbon nanoparticles in seawater has also been reported in other studies, due 

to the high ionic strength of seawater, which promotes their sedimentation 

(Barreto et al., 2015; Buffet et al., 2011, 2014; Klaine et al., 2008; De Marchi et 

al., 2019; Thit et al., 2015). 

Although the size of the particles in the lowest concentration was not 

assessed, a lower aggregation/agglomeration may be expected due to lower 

number of particles in the water, decreasing the probability of particles 

collisions. Thus, particles at this concentration may take longer to sediment. 

Furthermore, they may become available to benthic organisms, at smaller sizes 
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than the other tested concentrations. The characterization of the tested PS NPs 

revealed that, in seawater, agglomerates/aggregates are expected to be 

produced in function of the tested concentrations, altering the number of 

particles and the size in which they become available to biota. Nonetheless, the 

reversibility of this phenomenon upon alterations in the surrounding 

environment and/or in the digestive system of the organisms is unknown.  

 

4.2. Burrowing assay and neurotransmission 

Alterations on the behavior of organisms like H. diversicolor may have 

relevant implications in the ecosystem, considering their important ecological 

role. In this perspective, the reported impact of PS NPs on the burrowing activity, 

in the lowest tested concentrations and not the highest, emphasizes the 

importance of testing the effects of low concentrations of NPs. The analysis of 

ChE, an enzyme responsible for normal muscular and behavioral functions 

(Cajaraville & Bebianno, 2000; Fonseca et al., 2017; Payne et al., 1996), and 

could provide an explanation for the increased time that organisms took to dig 

into the sediments, and revealed the ability of PS NPs to inhibit 

neurotransmission. However, the decrease was observed for all tested 

concentrations and not only for those inducing alterations in behavior, 

suggesting that an impact on other pathways may contribute to the observed 

effect. Previous studies had reported the ability of plastics to induce behavioral 

alterations and neurotransmission impairment in bivalves and fish (Brandts et 

al., 2018a; Brandts et al., 2018b; Oliveira et al., 2013; Wegner et al., 2012). The 

lack of behavioral alterations in higher concentrations may be due to the 

nanoplastics’ agglomeration/aggregation yielding higher sizes that, although 

likely to be ingested by the animals, may be less easily incorporated in the cells 

(Alimba & Faggio, 2019; Brandts et al., 2018a; Brandts et al., 2018b; Ferreira et 

al., 2019; Gigault et al., 2018). The observed effects of PS NPs on 

neurotransmission and behavior have also been reported for other  

contaminants like silver nanoparticles in H. diversicolor (Cong et al., 2014), zinc 

oxide nanoparticles in H. diversicolor and Scrobicularia plana (Buffet et al., 

2011), copper oxide nanoparticles in H. diversicolor (Thit et al., 2015), copper 

and cadmium in the shrimp Litopenaeus vannamei (Salazar-Medina et al., 

2010), the drugs propranolol and acetaminophen in the bivalve Mytilus 
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galloprovincialis (Solé et al., 2010) and cisplatin in H. diversicolor (Fonseca et 

al., 2017). This alteration suggests that slower polychaetas have an altered 

fitness, which may lead to a higher susceptibility to predators, a reduction in 

sediment oxygenation, which may consequently impact other organisms, and 

affect nutrients’ cycle (Fonseca et al., 2017). 

 

4.3. Energy related parameters 

ETS activity is a biochemical parameter that may be used to measure 

metabolic capacity in response to environmental disturbances, such as 

temperature, pH and anthropogenic stress (Bielen et al., 2016; Freitas et al., 

2016; De Marchi et al., 2017; Schmidlin et al., 2015; Simčič et al., 2014). This 

activity can also represent a proxy of cellular respiratory potential in organisms 

(Berridge et al., 2005). In the present study, PS NPs caused an increase in ETS 

activity, which suggests that organisms increase their metabolic rate after PS 

NPs exposure. Previous studies have also reported an increase in ETS activity 

in H. diversicolor upon contamination with mercury (Hg) (Freitas et al., 2017) 

and carbon nanotubes (De Marchi et al., 2017). Schmidlin et al. (2015) 

demonstrated that higher temperatures promote ETS activity up to a certain 

point. Van Cauwenberghe et al. (2015)  revealed that exposure to PS MPs (< 1 

mm) in the natural environment caused an increase of ETS activity through an 

increase in energy consumption in Mytilus edulis. Although in this study ETS 

activity was increased after PS NPs exposure, the glycogen content did not 

alter, suggesting that organisms were able to maintain their basal levels, using 

other energy sources to activate defense mechanisms or prevent energy 

expenditure. A similar behavior was found in H. diversicolor and Diopatra 

neapolitana when exposed to carbon nanotubes (De Marchi et al., 2017) and H. 

diversicolor when exposed to carbamazepine (CBZ) (Maranho et al., 2014). Van 

Cauwenberghe et al. (2015) study also found that energy reserves may not 

reflect the increase in ETS activity as reported in mussels exposed to MPs (< 1 

mm) in the environment. Nonetheless, the observed increase in ETS activity 

may suggest an allocation of energy to the activation of defenses to prevent 

xenobiotic induced damage, like antioxidant defenses. 
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4.4. Antioxidant defenses 

Supporting the hypothesis on the previous topic, an increased activity of 

SOD, an enzyme that converts superoxide anion into hydrogen peroxide (Sun 

et al., 1988), was observed in this study. However, the other assessed 

antioxidant defenses were not significantly activated after PS NPs exposure. In 

fact, an overall inhibitory effect was found on NPT levels as well as for enzymes 

like CAT, GST and GPx, suggesting an overwhelmed antioxidant defense 

system. These inhibitions may be a result of increased levels of ROS species. 

In the polychaeta D. neapolitana CAT activity has been reported as 

unresponsive to CBZ (Freitas et al., 2015). Freitas et al. (2016) reported an 

inhibition of CAT activity in the clam S. plana after the combined exposure to 

CBZ and low pH (7.1). Paul-Pont et al. (2016) also observed a decrease in CAT 

activity in Mytilus spp. after seven days exposure to microplastics (2 and 6 µm) 

and suggested that organisms may have adapted to the experimental conditions 

and thus CAT activity was lower. Contaminants, such as copper and cadmium 

(among others Cunha et al., 2007; Salazar-Medina et al., 2010) and propranolol 

and acetaminophen (Solé et al., 2010), have also lead to a reduction in GST 

activity in gastropods, shrimps and mussels species, respectively. The present 

study showed a PS NPs concentration-dependent decreased activity in the 

enzymes CAT and GST, and NPT levels. 

 

4.5. Oxidative damage endpoints 

Despite the significant inhibition of antioxidant defenses like CAT and GST, 

and ETS increase in exposed organisms, no lipid peroxidation was found in 

organisms exposed to PS NPs. In fact, organisms exposed to PS NPs displayed 

lower LPO levels than control organisms. This decrease may be associated with 

an adaptive response after the 28 days exposure period that lead to the 

activation of repair mechanisms. An interference with LPO propagation and/or 

the activation of other antioxidants that decreased basal levels of TBARS may 

explain the decrease in LPO levels. Lipid peroxidation levels were previously 

found lower than control by Paul-Pont et al. (2016) when they exposed mussels 

to PS MPs. Supporting the idea that PS NPs may induce oxidative stress, 

increased protein carbonylation was found in exposed organisms. The protein 

oxidation, promoted by ROS, may cause irreversible damages and possibly cell 



Chapter III 

65 
 

death, if not eliminated (Fedorova et al., 2014; Rodríguez-Cavallo et al., 2018; 

Suzuki et al., 2010). 

 

 

5. Conclusion 

In this study, it was demonstrated that PS NPs form 

agglomerates/aggregates in seawater and sediment, which may gravely affect 

benthic organisms. The effects of particle size are more severe in the lower 

concentrations and translated into behavior, considered as a result of many 

physiological processes resultant from interactions between the organisms and 

the surrounding environment (Oliveira et al., 2015).  These alterations may have 

serious ecological and economic impacts. 

Overall, this study highlighted the importance of studying the interactions 

between PS NPs and benthic invertebrates. Future studies should assess the 

effects of other particle sizes (in the nano size range) and other polymers. Their 

interaction with environmental contaminants known to accumulate at high levels 

in the sediments (e.g. metals) should also be assessed. Furthermore, there is a 

need to understand if the ingestion of aggregates/agglomerates formed by the 

NPs are influenced by the passage through the digestive system. It is also very 

important to develop efficient methodologies for characterization of NPs in low 

concentrations in complex media.  
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Supplementary Information of Chapter III 

 

Figure SI 1: Number of PS NPs particles in 1 mL (0.05 mg/L) at the top, medium 

and bottom areas of the aquaria at 1, 24 and 72h (A), and particle size at 1h (B), 

24h (C) and 72h (D) at the top, medium and bottom areas. 
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Figure SI 2: Number of PS NPs particles in 1 mL (0.5 mg/L) at the top, medium 

and bottom areas of the aquaria at 1, 24 and 72h (A), and particle size at 1h (B), 

24h (C) and 72h (D) at the top, medium and bottom areas. 
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Figure SI 3: Number of PS NPs particles in 1 mL (5 mg/L) at the top, medium 

and bottom areas of the aquaria at 1, 24 and 72h (A), and particle size at 1h (B), 

24h (C) and 72h (D) at the top, medium and bottom areas. 
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Figure SI 4: Number of PS NPs particles in 1 mL (50 mg/L) at the top, medium 

and bottom areas of the aquaria at 1, 24 and 72h (A), and particle size at 1h (B), 

24h (C) and 72h (D) at the top, medium and bottom areas. 

 

 

  



Behavior and biochemical responses of H. diversicolor to polystyrene NPs 

80 

 

Figure SI 5: Integrated Biological Responses version 2 (IBRv2). 
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Abstract 

For decades the oceans have been a sink for plastic debris. Over the years 

several studies have been focused on the effects of macro- and microplastics 

on vertebrates, but few have had benthic invertebrates as their research subject 

or studied small-sized plastic particles of sizes below 100 nm. The aim of this 

study was to understand the effect of waterborne 100 nm polystyrene 

nanoplastics (PS NPs, 0.0005 to 5mg/L) on the regenerative capacity of the 

marine polychaeta Hediste diversicolor, a keystone species in intertidal and 

coastal environments with high ecological and economic importance. Results 

showed that PS NPs tend to aggregate/agglomerate along the exposure time 

and induce significant decreases on the regenerative capacity of these 

organisms at higher concentrations (0.005-5 mg/L). This study highlighted the 

potential consequences of the presence of NPs to organisms, supporting the 

need for further studies. 

 

 

Keywords: body regeneration, waterborne nanoplastics, invertebrate 

 

 

 

Hediste diversicolor was exposed to waterborne polystyrene nanoplastics 

(PS NPs) (100 nm). 

PS NPs negatively impacted regenerative capacity of H. diversicolor. 

Effects on regeneration were observed both in terms of number of segments 

and body percentage. 
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1. Introduction 

Plastic production has been increasing for decades, currently reaching 348 

million tons (Alimba & Faggio, 2019; Oliveira et al., 2019; PlasticsEurope, 2018). 

These polymers are present in a wide array of products used by humans from 

the moment they wake up to the moment they go to sleep, from toothpastes, to 

cosmetics and kitchen appliances, to clothing. Many of those materials are of 

single-use (e.g. packaging), immediately discarded, most frequently improperly 

(da Costa, 2018; Ferreira et al., 2019; Oliveira et al., 2019; de Sá et al., 2018), 

reaching the environment and affecting organisms (Brandts, et al., 2018; Prokić 

et al., 2019; Savoca et al., 2019). Ultimately, they end up in aquatic 

environments where they may suffer degradation processes, biotic (e.g. 

microorganisms’ action) and/or abiotic (e.g. wind and wave action, and UV 

radiation). These chain of events made plastics emerging pollutants (Avio et al., 

2017; Li et al., 2016; Rios Mendoza et al., 2018). Polystyrene (PS), with a 

density of 1.04-1.11 g/cm3, is among the most produced plastic polymers 

worldwide, found in a variety of products from packaging and plastic cups, to 

eyeglasses frames to building insulation (PlasticsEurope, 2018). PS low reuse 

rate resulted in this plastic polymer being commonly found in the aquatic 

environments (Avio et al., 2017; Eriksen et al., 2014; Ho et al., 2017; Li et al., 

2016; Strungaru et al., 2019). 

Over time, the degradation processes render macroplastics (> 5 mm) brittle 

and susceptible to break into smaller fragments: secondary micro- (< 5 mm - 

MPs) and nanoplastics (1-100 nm - NPs) (Brandts, et al., 2018; da Costa et al., 

2016; Ferreira et al., 2019; Oliveira & Almeida, 2019). However, there are also 

primary MPs and NPs, which are manufactured with those dimensions, for 

example for cosmetics, like exfoliating creams (da Costa et al., 2016). Plastic 

particles present in the aquatic environment due to processes like biofouling 

tend to sink in the water column ultimately reaching sediments. Furthermore, in 

saltwater NPs tend to aggregate/agglomerate which increases their density and 

leads to sedimentation of these particles (Brandts, et al., 2018; Gigault et al., 

2018; Oliveira et al., 2019). Nonetheless, the environmental concentrations (in 

seawater and sediments) of NPs are still unknown due to the inefficiency of 

detection and quantification technologies (Koelmans et al., 2017; Oliveira et al., 

2019; Oliveira & Almeida, 2019). 
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Regarding the effects of plastics in marine organisms, there is an important 

knowledge gap particularly when it comes to effects caused by NPs on 

invertebrates, and most of the studies performed are under laboratory 

conditions  (Ferreira et al., 2019; de Sá et al., 2018). Polychaetas are marine 

worms, often the most abundant group of organisms in benthic communities, 

being key species in estuarine and coastal food webs (among others Dorgham 

et al., 2014; Ravara et al., 2017; Scaps, 2002). Hediste diversicolor is a 

polychaeta that lives inside the sediment in galleries, creating a network of 

borrows and thus promoting sediment oxygenation, resuspension and 

distribution of nutrients and contaminants. These organisms are also exposed 

to harmful materials both in the sediments and pore water, as they are in 

intimate contact with sediments (Banta & Andersen, 2003; Scaps, 2002). H. 

diversicolor, similarly to other polychaeta species, is capable of regenerating the 

posterior part of its body (Olive, 1974), lost for example, by predation or physical 

disturbances (Lindsay, 2010). However, regeneration implicates a high energy 

expenditure, changes behavior, organism condition and can delay reproduction 

(Lindsay, 2010). Previous research demonstrated that exposure to 

environmental contaminants, such as pharmaceuticals, PS MPs and crankcase 

oil, compromised the regenerative capacity of polychaetas (Freitas et al., 2016; 

Leung & Chan, 2018; Nusetti et al., 2005; Pires et al., 2016).  The sensitivity of 

H. diversicolor to PS NPs in terms of behavior, antioxidant status and damage, 

and metabolism was previously reported by Silva et al. (2019) but little is known 

in terms of regeneration for this species. Therefore, the aim of this study was to 

assess the potential impact of waterborne PS NPs (100 nm) on the regenerative 

capacity of the polychaeta H. diversicolor, an economic and ecologically 

important species. 

 

 

2. Methods and Materials 

2.1. Test organisms  

Specimens of H. diversicolor were collected from a reference site in Ria de 

Aveiro and allowed to reproduce under laboratory conditions. Offspring grew in 

the laboratory, under controlled conditions of salinity (28), pH (8.0) and 
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temperature (19±1ºC), under continuous aeration. Organisms were fed ad 

libitum every 2-3 days with commercial fish food (Protein 46.0%, Lipids 11.0%) 

and water was renewed twice a week. Adult organisms with similar sizes and 

not regenerating were carefully selected for the regeneration assay.  

 

 

2.2. Nanoplastics synthesis and characterization 

Polystyrene nanoplastics prepared by miniemulsion polymerization of 

styrene with sodium dodecyl sulphate as stabilizer were characterized in 

ultrapure water and test medium by assessing hydrodynamic size by Dynamic 

Light Scattering (DLS) and zeta potential (Zetasizer Nano ZS, Malvern). 

Transmission Electron Microscopy (TEM) (Hitachi, H9000 NAR) was used to 

characterize the morphology (Fig. 9). 

PS NPs size and number of particles on the top, medium and bottom areas 

of the test aquaria were analyzed by DLS after 72 hours for the three highest 

concentrations (0.05 to 5 mg/L). 

 

2.3. Experimental assay 

A three-level preliminary test was conducted to test the amputation level 

(amputation of the last 10, 15 and 20 posterior segments). At the end of 28 days, 

no mortality was registered on animals amputated on the last 10 and 15 

segments and the highest level (15 segments, about 1.5 cm) was chosen. A 

Fig. 9. Transmission electron microscopy (TEM) image of polystyrene 

nanoplastics (PS NPs). 
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total of 72 organisms were selected for the test and amputated after being 

sedated using ice. 

After amputation, organisms were randomly distributed per experimental 

conditions (0.0, 0.0005, 0.005, 0.05, 0.5, and 5.0 mg/L PS NPs). These 

concentrations were chosen based on the study of Silva et al. (2019) who 

demonstrated that nanoparticles of polystyrene, one of the most produced and 

detected in the environment, elicited effects on behavior and neurotransmission 

at concentrations in the range of 0.005 to 0.5 mg/L. Thus, each condition 

contained 12 organisms, distributed by 3 glass aquaria (1L) filled with artificial 

seawater and sediment (2:1), with 4 organisms each. Polychaetas were 

exposed for 28 days, fed ad libitum every 2-3 days with commercial fish food 

and under previously mentioned conditions of temperature, salinity, and pH. 

Water was renewed every 3 days, to remove products of metabolism and water 

test media reestablished. 

At the end of the exposure period, a solution of 10% magnesium chloride 

hexahydrate (MgCl2.6H2O) was prepared and organisms were carefully placed 

in separate glass containers. Specimens were then observed under a 

stereomicroscope and photographed with AxioVision Cam ERc 5s. 

Regenerated chaetigers, identified by their lighter color and/or their smaller 

width when compared to the rest of the polychaeta’s body, were counted. 

Percentage of regenerated body part was calculated by measuring the width of 

the new regenerated segments and dividing by the non-regenerated segments. 

 

2.4. Statistical Analysis 

For each condition, results from regenerative capacity were submitted to 

hypothesis testing using permutational multivariate analysis of variance, with 

PERMANOVA+ add-on in PRIMER v6 (Anderson et al., 2008). Data were 

analyzed following a one-way hierarchical design, with exposure concentration 

as the main fixed factor. The null hypothesis tested was: no significant 

differences existed among PS NPs exposure concentrations. The pseudo-F 

values in the PERMANOVA main tests were evaluated in terms of significance 

among different concentrations. When the main test revealed statistically 

significant differences (p≤0.05), pairwise comparisons were performed. 
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Significance levels (p≤0.05) among concentrations were presented with 

different letters. 

 

 

3. Results & Discussion 

This study is among the first to address the impact of NPs contamination on 

the regenerative capacity of H. diversicolor. PS NPs in seawater tended to 

aggregate/agglomerate. The size of the particles increased over time leading to 

their sedimentation. In the concentration 0.05 mg/L, the particles size in the 

bottom of the water column increased to 250 nm after 72h. In the concentration 

0.5 mg/L an increase in particle size was recorded, with particles reaching 160 

nm after 72h. In the highest concentration, 5 mg/L, the particles displayed an 

immediate size increase reaching 250 nm. Our analysis also revealed a 

decrease (from 79.8% to 94.1%) in the number of particles in the water column, 

which supports the idea that the larger particles had sedimented. Tallec et al. 

(2019) also reported that PS NPs were affected by seawater (artificial and 

natural), forming aggregates/agglomerates. Moreover, other studies also stated 

that even in natural environments NPs are expected to interact with other 

particles and compounds in the surrounding environment and 

aggregate/agglomerate, which increases density and promotes sedimentation 

(Gigault et al., 2018; Oliveira & Almeida, 2019). 

The number of regenerated segments after 28 days exposure to PS NPs is 

shown in Fig. 10A and 11. Overall, a decreasing trend in the regeneration of 

segments with the increasing PS NPs concentration was found. The organisms 

exposed to 0.5 and 5 mg/L displayed a significantly lower number of 

regenerated segments (4.83±1.11 and 3.67±0.88, respectively) when compared 

to control (8.83±0.60). The body regeneration percentage showed a similar 

trend with significant differences in the concentrations 0.005 to 5 mg/L, with 

organisms regenerating between 17.2 and 28.9% less than control (Fig 10B and 

11). These results are in line with recent studies performed by Leung & Chan 

(2018) with PS MPs on the polychaeta Perinereis aibuhitensis. These authors 

demonstrated that exposure to PS microbeads (8-12 µm and 32-38 µm) 

reduced the regenerative capacity of the studied species, with higher impact 
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caused by particles with sizes between 8-12 µm, where organisms regenerated 

about 50% less than control. This fact could be related to the preference of this 

species for feeding on small particles (< 10.8 µm) and reduced available energy 

due to its usage to remove the plastic particles (Leung & Chan, 2018). Wright 

et al. (2013) demonstrated that the polychaeta Arenicola marina displayed a 

significant reduction in the feeding activity and lipid reserves and significantly 

increased inflammation (higher percentage of phagocytic cells) after exposure 

to microscopic unplasticized polyvinylchloride (UPVC) (130 µm). 

 

 

 

Soneja et al. (2005) reported that oxidative stress prolonged chronic wound 

inflammation as it stimulates cells of the immune system. It could be speculated, 

based on unpublished data by Silva et al. (2019), who found increased 

Fig. 10. – Number of regenerated segments (A) and percentage of 

regeneration (B) of Hediste diversicolor after 28 days exposure to PS 

NPs (0.0; 0.0005; 0.005; 0.05; 0.5; 5.0 mg/L). Statistically significant 

differences (p < 0.05) are marked with letters (a-c). 
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superoxide dismutase (SOD) and electron transport system (ETS) activities, as 

well as an increase in protein carbonylation in H. diversicolor exposed to PS 

NPs, that inflammation could be heightened in organisms with higher oxidative 

stress. 

 

 

 

 

Fig. 11. – Photographic record of posterior regeneration of polychaeta Hediste diversicolor 

28 days after amputation and exposure to PS NPs (0.0; 0.0005; 0.005; 0.05; 0.5; 5.0 mg/L). 

Black arrows indicate the regenerated part. 
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The data obtained in this study is of high environmental relevance 

considering that, in addition to the animal well-being, reproductive effects and 

population maintenance may be affected by the impairment of regeneration 

ability. Previous works demonstrated that tissue injury has negative impacts on 

the reproduction of polychaetas. Zajac (1985, 1995) demonstrated, through 

laboratory (1985) and fieldwork (1995), that loss of body segments in two 

polychaeta species, Polydora ligni and P. cornuta, led to a negative impact on 

reproduction. P. ligni had a loss in fecundity, due to the cost of regeneration of 

posterior segments, estimated between 49 and 80%. P. cornuta had a decrease 

of 27% in gametogenic segments, 32% in number of egg capsules and 

approximately 28% in fecundity when compared to non-regenerating females, 

after sub-lethal predation. 

Overall, the present study demonstrates that PS NPs affect regenerative 

capacity in H. diversicolor, which may have potentially negative impacts on 

population and ecosystem functions, given the large amount of plastic debris 

present in the environment and the expected increase trend. Results obtained 

here highlight the potential consequences of NPs contamination to benthic 

fauna. However, considering the lack of data in terms of levels of NPs in the 

environment, due to the current technical limitations in terms of isolation, 

detection and quantification of nanoplastics in the environment, the present risk 

cannot be ascertained. Further studies are needed to better understand the 

mechanisms associated with this effect and the potential effects of other sizes 

of plastics and other polymers. 
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Chapter V – Final considerations and future perspectives 

 

Considering that, in each of the previous chapters, an overall discussion was 

presented, the final chapter of this dissertation aimed to present an overall 

critical discussion of the results, adopted methodology and future perspectives. 

In this study, the selected methodology to expose the organisms was different 

from the ones selected in other studies with plastics (Gomiero et al., 2018; Revel 

et al., 2018), where direct spiking of the sediments was performed. In the 

present study, animals were exposed to NPs via water, aiming to simulate 

random discharges in aquatic environments. This approach allowed to 

demonstrate the potential danger that the release of the particles may pose to 

benthic organisms like H. diversicolor, that has been previously demonstrated 

to be a good biological model to study the effects of emerging contaminants like 

nanoparticles (metal-based, carbon-based and plastics) and pharmaceutical 

drugs (Chapter II).  

Previous studies have demonstrated the impact of nanoparticles on behavior 

and AChE activity (e.g. Buffet et al., 2012, 2014; De Marchi et al., 2018). This 

study is the first to demonstrate that PS NPs may considerably impact behavior 

and neurotransmission in H. diversicolor, even at low concentrations (Chapter 

III). This work demonstrates that PS NPs may also compromise the regenerative 

capacity of these species (Chapter IV). Overall, these detected effects may have 

serious consequences to the survival of the organisms and compromise 

populations. The obtained data becomes even more relevant considering the 

lack of studies and the knowledge that macroplastics break down into MPs and 

NPs, highlighting the need for more studies focusing on this subject.  

To this date, one of the biggest difficulties in the study of NPs is technical 

limitations for quantification and characterization. It is thus, essential to develop 

efficient methodologies/protocols to characterize NPs in complex media, like 

seawater, in order to allow their proper characterization and thus establish 

correlations between size and concentration related effects. Preliminary work 

was already developed during the period of this dissertation (not presented in 

this document) with promising results in terms of developing a mathematical 

method of detecting the number of particles in the water column. However, more 

work is needed to fully validate the model. 
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The work developed during this project as well as the literature that became 

available during this period highlights the need for a comprehensive study, using 

different polymers in order to prioritize guidelines in industries involved in the 

production and transformation of plastics (i.e. recommendations to limit the use 

of a particular polymer). Future studies should also focus on testing the effects 

of plastics commercially available and already known to be released in the 

environment and degraded into MPs and NPs. These plastics have additives 

which can exacerbate the effects observed in this study, as was demonstrated 

by Gomiero et al. (2018) and Muller-Karanassos et al. (2019). 

The impact that PS NPs had on H. diversicolor on behavior, physiological 

and biochemical parameters demonstrated the potential risk in terms of 

population maintenance. For that reason, it would be interesting to analyze 

multi-generational effects for further understanding of the effects of this 

contaminant on different organisms. Future studies should also take into 

account the dietary exposure of organisms to contaminants since few studies 

have focused on that aspect, even though it is an important exposure route to 

analyze (Buffet et al., 2014; Mouneyrac et al., 2014). The wide array of 

contaminants present in aquatic environments also supports the need for more 

studies that analyze the combined effects of NPs and contaminants already 

present in the environment on various species along the food webs (Chae et al., 

2018; Farrell & Nelson, 2013). 
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