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Abstract 
Environmental pollution has been a growing concern in recent decades as a result of the 

development and intensification of commerce, agriculture, and industry. In particular, water 

pollution can generate impacts on species and cause the scarcity of this natural resource. 

The water quality of coastal and estuarine regions has been affected by the presence of the 

chemicals that can be found in waters, and that are accumulated in marine organisms that, 

once consumed, become a potential risk to human health. These chemicals include: 

organochlorine (OCPs) and organophosphorus (OPPs) pesticides widely used in insect and 

pest control, brominated flame retardants (BFRs) used to reduce the flammability of various 

materials, polychlorinated biphenyls (PCBs) used in a wide variety of industrial materials, 

polycyclic aromatic hydrocarbons (PAHs) formed from the production and use of petroleum 

and during incomplete combustion of organic materials, synthetic musks (SMs) used as 

fragrance additives in household and personal care products and heavy metals, comprising 

metals and metalloids with high density that can be toxic even at low levels.  

Most of these pollutants are persistent in the environment and have bioaccumulative 

properties, being capable of accumulating in aquatic biota such as shrimps. Shrimps are a 

highly consumed seafood around the world and particularly among the Portuguese 

population. Despite shrimps potentially accumulating environmental pollutants, these 

                     b                                                             ω-3 fatty 

acids, minerals, and vitamins.  

The present work evaluated the presence of environmental pollutants and the nutritional 

profile of two shrimp species from Portugal. The sampling was performed between 2017 and 

2019, twice a year corresponding to the spring and autumn seasons. Palaemon serratus 

was sampled in Vila do Conde, Matosinhos, Aveiro and Figueira da Foz and Palaemon 

varians w                         y. W                ’    b     w        collected and 

analyzed for the presence of environmental pollutants.  

Diverse optimized methodologies were applied to achieve the purposed goals: in shrimp 

samples, QuEChERS (quick, easy, cheap, effective, rugged, and safe) was the extraction 

method of all compounds analyzed except for heavy metals, essential elements, and fatty 

acids. On which, heavy metals and essential elements were extracted by microwave 

digestion and the fatty acids by Folch method and base-catalyzed derivatization. For water 

samples, solid phase extraction (SPE) was performed for all environmental pollutants 

analyzed. The determination was performed using gas chromatography (GC) for OCPs, 
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OPPs, BFRs, PCBs, SMs and fatty acids, high-performance liquid chromatography (HPLC) 

for PAHs, inductively coupled plasma (ICP) for heavy metals and micro-elements and flame 

atomic absorption spectrometry (FAAS) for macro-elements.  

The analysis shows the presence of OCPs and BFRs in water samples and OCPs, SMs, 

PAHs and heavy metals in shrimp samples. Some variations in the concentrations of the 

pollutants between seasons, species and locations were found. The risk assessment for 

SMs, PAHs and heavy metals were evaluated, and no significant hazard was associated 

with the consumption of Portuguese shrimp. 

The possible outcomes from environmental pollutants exposure (specifically BFRs) were 

investigated through in vitro studies. The results showed that BFRs could cause a 

disturbance in lipid metabolism. 

Following the risk analysis of shrimp intake, the evaluation of beneficial consumption of 

shrimp was evaluated through the analysis of minerals and fatty acids content. Portuguese 

shrimps proved to be a good source of Eicosapentaenoic acid (EPA) + Docosahexaenoic 

acid (DHA), copper, selenium, iron, manganese, sodium, potassium, calcium, and iodine 

and can be considered a good nutritional quality food, assessed by the calculation of 

nutritional indices. Moreover, risk-benefit ratio was assessed regarding heavy metals (risk) 

and EPA + DHA (benefit), proving once again the benefit of Portuguese shrimp 

consumption. 

This work findings highlight the importance of monitoring Portuguese coastal area and 

assessing the risks and benefits of eating seafood products widely consumed in Portugal. 

 

Keywords 

Portuguese shrimp; Heavy metals; Organochlorine pesticides; Organophosphorus 

pesticides; Brominated flame retardants; Polychlorinated biphenyls; Polycyclic aromatic 

hydrocarbons; Synthetic musks; Coastal pollution; Fatty acids; Minerals; Risk assessment; 

Nutritional quality; Risk-benefit. 
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Resumo 
A poluição ambiental tem sido uma preocupação crescente nas últimas décadas fruto do 

desenvolvimento e intensificação do comércio, da agricultura e da indústria. Em particular, 

a poluição aquática pode gerar impactos sobre as espécies e provocar a escassez destes 

recursos naturais. A qualidade das águas das regiões costeiras e estuarinas tem sido 

afetada pela presença de contaminantes que podem ser encontrados nas águas, e que são 

acumulados em organismos marinhos que, uma vez consumidos, tornam-se um potencial 

risco para a saúde humana. Essas substâncias químicas compreendem: pesticidas 

organoclorados (OCPs) e organofosforados (OPPs) amplamente utilizados no controlo de 

insetos e pragas, retardadores de chama bromados (BFRs) utilizados para reduzir a 

inflamabilidade de diversos materiais, bifenilos policlorados (PCBs) usados numa ampla 

variedade de materiais industriais, hidrocarbonetos aromáticos policíclicos (PAHs) 

formados a partir da produção e uso de petróleo e durante a combustão incompleta de 

materiais orgânicos, almíscares sintéticos (SMs) usados como aditivos de fragrâncias em 

produtos de limpeza e produtos de higiene pessoal e metais pesados que compreendem 

metais e metalóides com alta densidade que podem ser tóxicos mesmos em quantidades 

residuais. Na sua maioria estes poluentes são persistentes no meio ambiente e possuem 

propriedades bioacumulativas, podendo acumular-se em organismos aquáticos, como os 

camarões. O camarão é um tipo de marisco muito consumido em todo o mundo, 

particularmente entre a população portuguesa. Apesar de potencialmente os camarões 

acumularem poluentes ambientais, estes crustáceos podem ser uma boa fonte de diversos 

nutrientes, como proteínas, ácidos gordos ω-3, minerais e vitaminas. 

O presente trabalho avaliou a presença de poluentes ambientais assim como o perfil 

nutricional de duas espécies de camarão da costa Portuguesa. A amostragem foi realizada 

entre 2017 e 2019, duas vezes por ano correspondendo à primavera e outono. O Palaemon 

serratus foi capturado em Vila do Conde, Matosinhos, Aveiro e Figueira da Foz enquanto a 

espécie Palaemon varians foi capturada no estuário do Sado. No local de captura do 

camarão foi também colhida água e analisada quanto à presença de poluentes ambientais. 

De forma a atingir os objetivos propostos, diversas metodologias foram otimizadas e 

aplicadas. O método QuEChERS (rápido, fácil, barato, eficaz, robusto e seguro) foi utilizado 

para a extração de todos os compostos analisados no camarão, exceto metais pesados, 

elementos essenciais e ácidos gordos. Os metais pesados e elementos essenciais foram 

extraídos com recurso a digestão em micro-ondas e os ácidos gordos utilizando o método 
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de Folch com derivatização catalisada por uma base. No caso das amostras de água, foi 

utilizada extração em fase sólida (SPE) para análise de todos os poluentes. Na 

quantificação dos contaminantes usou-se cromatografia gasosa (GC) para OCPs, OPPs, 

BFRs, PCBs, SMs e ácidos gordos, cromatografia líquida de alta eficiência (HPLC) para 

PAHs, plasma indutivamente acoplado (ICP) para metais pesados e microelementos e 

espectrometria de absorção atómica com chama (FAAS) para macroelementos. Nas 

amostras de água foi detetada a presença de OCPs e BFRs e nas amostras de camarão 

os OCPs, SMs, PAHs e metais pesados. Foi encontrada alguma variabilidade nas 

concentrações de poluentes relativamente às estações do ano, espécies e locais de 

amostragem. Procedeu-se à avaliação de risco para SMs, PAHs e metais pesados 

atendendo ao consumo de camarão, o resultado mostrou não haver um risco significativo 

associado ao consumo de camarão português.  

Através de estudos in vitro foram estudados os possíveis efeitos da exposição a poluentes 

ambientais (especificamente BFRs). Os resultados mostram que os BFRs podem causar 

alterações no metabolismo lipídico.  

A avaliação do benefício nutritivo do consumo de camarão foi efetuada através da análise 

do teor de minerais e ácidos gordos. O camarão português avaliado mostrou ser uma boa 

fonte de ácido eicosapentaenóico (EPA) + ácido docosahexaenóico (DHA), cobre, selénio, 

ferro, manganês, sódio, potássio, cálcio e iodo. Através do cálculo dos índices nutricionais 

efetuado, pode ser considerado um alimento de boa qualidade nutricional. Além disto, o 

risco-benefício foi avaliado tendo em conta metais pesados (risco) e EPA + DHA (benefício), 

comprovando mais uma vez o benefício do consumo de camarão português.  

Os resultados deste trabalho destacam a importância de monitorizar a zona costeira 

portuguesa, avaliando os riscos e benefícios da ingestão de marisco amplamente 

consumido em Portugal. 

 

Palavras-Chave 
Camarão português; Metais pesados; Pesticidas organoclorados; Pesticidas 

organofosforados; Retardadores de chama bromados; Bifenilos policlorados; 

Hidrocarbonetos aromáticos policíclicos; Almíscares sintéticos; Poluição costeira; Ácidos 

gordos; Minerais; Avaliação de risco; Qualidade nutricional; Risco-benefício. 
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Preface 

Relevance and motivation 

Environmental pollutants have been an increasing concern over the last decades, due to 

agricultural, commercial, and industrial rapid developments. The oceans play a crucial role 

in the transport of these environmental pollutants, affecting the aquatic biota (Bashir et al., 

2020). Shrimp is one of the most consumed seafood in the world, and a good source of 

                    ω-3 fatty acids (Ayas et al., 2013), phosphorus, copper, selenium, zinc, 

iodine, astaxanthin as well as B-complex vitamins, vitamin A and E (Akonor et al., 2016; 

Mesko et al., 2016). However, this crustacean can also be a source of environmental 

pollutants in diet, namely heavy metals (Raissy, 2016), organochlorine pesticides (OCPs) 

(Ferrante et al., 2007), organophosphorus pesticides (OPPs) (Chang et al., 2019), 

brominated flame retardants (BFRs) (Van Leeuwen and De Boer, 2008), polychlorinated 

biphenyls (PCBs) (Ferrante et al., 2007), polycyclic aromatic hydrocarbons (PAHs) (Sun et 

al., 2016) and synthetic musks (SMs) (Sapozhnikova et al., 2010). Some of these pollutants 

are endocrine disruptors and persistent in the environment with bioaccumulation properties. 

Even though the nutritional benefits of shrimp consumption, the potential risk from the 

environmental pollutants present in shrimp is raising concern. Public awareness about the 

health effects of foodborne diseases related to pollutants highlights the need of carrying out 

studies in this field. 

Objectives 

Concerning the raise of aquatic environmental pollution, the present work aims to assess 

the environmental contamination of shrimp samples and nutritional elements in order to 

explore the risk-benefit of shrimp consumption, it was also aimed to assess the 

environmental contamination of the water from the different locations of the shrimp sampling. 

For that purpose, specific objectives were established: 

• Assess the levels of environmental pollutants, such as heavy metals, OCPs, OPPs, 

BFRs, PCBs, PAHs and SMs in shrimp samples obtained in different coastal areas 

of Portugal. 
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• Assess the levels of environmental pollutants, such as OCPs, OPPs, BFRs, PCBs, 

and SMs in water samples obtained in the same places where shrimps were 

collected, in different coastal areas of Portugal. 

• Assess the biological risks of environmental pollutants, such as BFRs, through in 

vitro assays in order to evaluate the metabolic impact of these pollutants. 

• Assess of fatty acids and micro and macro-elements content in shrimp samples 

obtained in different coastal areas of Portugal. 

• Analysis of the variation of environmental pollutants concentrations between 

species, seasons, and locations of sampling. 

• Analysis of risk assessment and risk-benefit ratios. 

Organization and structure of the thesis 

The present thesis compiles all the work developed in the scope of the doctoral project in 

sustainable chemistry. It is divided in five chapters that included a compilation of the 

scientific articles produced over the last four years. For all the articles, the original content, 

structure, and formatting were maintained in agreement with where these were published or 

accepted. 

Firstly, the relevance and motivation, main objectives, and thesis structure were provided in 

this Preface. Chapter 1 comprises the contextualization of the developed work, including a 

theoretical background. This chapter includes a general overview of environmental 

pollutants (section 1.1) with a literature review concerning the presence of environmental 

pollutants in shrimps collected around the world (section 1.1.3), and a nutritional perspective 

regarding minerals and fatty acids (section 1.2). Chapter 2, 3 and 4 describe the 

experimental work developed during this doctoral project. Chapter 2 shows the results 

obtained in the monitoring of environmental pollutants in Portuguese shrimps and a set of 

pollutants in the waters of the       ’  habitat. Chapter 3 continues the description of the 

work with the study of the effects of BFRs on lipid metabolism. In Chapter 4, the evaluation 

of fatty acids and minerals composition of Portuguese coast shrimps were determined as a 

contribution to know their nutritional value. 

Finally, Chapter 5 includes the final concluding remarks. The main conclusions of the 

developed work are highlighted as well as future perspectives are pointed out.  
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Introduction 

1.1 Environmental pollutants: a general overview  

The increase of environmental pollution, with an emphasis on the coastal regions, which 

suffered rapid development in the last decades, leads humans to be exposed to a wide 

range of man-made chemicals widespread in the environment through contaminated food 

and water. Examples of these chemicals are organophosphorus pesticides (OPPs), 

organochlorine pesticides (OCPs), brominated flame retardants (BFRs), polychlorinated 

biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), synthetic musks (SMs) and 

heavy metals.  

Oceans are known to play an important role in the transport and fate of environmental 

pollutants, functioning many times as a reservoir for them (Jurado et al., 2004). In these 

aquatic environments, the environmental pollutants can bioaccumulate through direct 

uptake from the water or trophic transfer (Al-Malki and Moselhy, 2011). The major exposure 

routes to them are diet, inhalation, occupational exposure or absorption through the skin 

and them have been identified in a wide variety of samples and locations of the planet, even 

in remote zones such as the Arctic Archipelago (Svendsen et al., 2018). 

The fact that many of these compounds have been found in human adipose tissue are a 

proof that humans are exposed to them (Sousa et al., 2022). Exposure to environmental 

pollutants can lead to several adverse health effects, including diabetes, thyroid dysfunction, 

cancers and respiratory, neurological, immunological and reproductive disorders (Kim et al., 

2014; Mostafalou and Abdollahi, 2017; Pinkas et al., 2017; Saktrakulkla et al., 2020; Xiao et 

al., 2017). 

1.1.1 Polychlorinated biphenyls 

PCBs are synthetic aromatic chemicals, not naturally present in the environment (Fillos et 

al., 2012; WHO, 2000).    ’  structure consists of biphenyl formation with two linked 

benzene rings in which some or all the hydrogen atoms have been switched by chlorine 

atoms. This group includes 209 theoretical congeners differing in the positions of chlorine 

atoms in the benzine ring, however, only around 130 have been found in commercial 

products (Dai et al., 2016; WHO, 2000). Due to their properties, such as thermal stability, 

resistance to acids, insulating ability and flame resistance, these chemicals were first 

synthesized at the beginning of the 1920s as technical mixtures and began to be employed 
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for industrial applications, like electronic products, particularly in transformers and power 

capacitors. Additionally, some paint and dye manufacturing methods can produce PCB 

congeners as by-products (Dai et al., 2016; Fillos et al., 2012; Gandhi et al., 2015). Although 

PCBs have beneficial properties for industrial usage, their properties also lead to a 

widespread PCBs contamination in the environment in several parts of the world due to their 

usage and disposal (Gandhi et al., 2015). The rising of the ecological and human health 

concerns from PCBs exposure led to the ban of their production in North America and most 

of Europe in the 70s and 80s (Dai et al., 2016; Gandhi et al., 2015). Although PCBs 

production have been banned for decades in some regions, these chemicals are 

hydrophobic, lipophilic and degrade slowly in the environment, consequently, these have 

been abundantly found in the sediment, soil and biota worldwide (Fillos et al., 2012). Due to 

these properties, PCBs tend to accumulate in biota, being magnified through the food chain, 

so diet is a major exposure route to these chemicals in humans (Dai et al., 2016). The 

presence of these chemicals in foodstuffs has consequences for human health, disrupting 

endocrine, immune, nervous and reproductive systems (Saktrakulkla et al., 2020). As a 

result of these findings, in 2001 the Stockholm Convention classified PCBs as persistent 

organic pollutants (Stockholm Convention, 2001) and the International Agency for Research 

on Cancer (IARC) classified PCBs as Group I - carcinogenic to humans (IARC, 2016).  

Some aquatic food sources, such as fish, mussels, squids, crabs and shrimps have been 

reported to contain measurable levels of PCBs (Fillos et al., 2012). Shrimp is an aquatic 

food source of particular interest to study due to the high consumption levels worldwide. 

PCBs have been detected in shrimps all over the world with a wide range of concentrations, 

depending on the location of the sampling and the number of PCBs analyzed in each study 

(Carlsson et al., 2016; Fillos et al., 2012; Saktrakulkla et al., 2020; Van Ael et al., 2012). 

1.1.2 Organophosphorus pesticides 

Pesticides according to their chemical composition can be divided into classes. OPPs are a 

class of chemicals widely used as agricultural pesticides in continuous for the last five 

decades for pest control in crops and the household for a pest repellant and parasitic control 

in domestic animals. These pesticides contribute to about 38% of the total pesticides used 

throughout the world (Pundir et al., 2019). These chemicals are constituted by a phosphorus 

atom double bonded with oxygen or sulfur and single bonded with alkoxy/aryloxy/thioalkoxy 

group (Pundir et al., 2019). Although OPPs have been conceived to prevent and control 
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pests and weeds, their high efficiency led to their spread use, which leads to the risk for 

public health through occupational and environmental exposure (Teodoro et al., 2019). 

The vast usage of OPPs in fruits, vegetables and water resources undesirably affects the 

wellbeing of non-target organisms, for instance, fishes, birds and humans (Pundir et al., 

2019). The OPPs exposure caused toxicity through the inhibition of the activity of the 

acetylcholinesterase enzyme. This enzyme is important for the appropriate functioning of 

central nervous system. Some of the most used OPPs are chlorpyrifos, malathion, parathion 

and parathion-methyl (Pundir et al., 2019). In January 2020 the European Union (EU) 

announced a short period for final storage, disposal and use of chlorpyrifos and chlorpyrifos-

methyl, after that period these products can no longer be commercialized or used in the EU 

(European Commission, 2022). Since August 2021, Environmental Protection Agency 

stopped the usage of the chlorpyrifos pesticide on all food to protect human health, 

especially of children and farmworkers (EPA, 2021). In addition, malathion was classified as 

probably carcinogenic to humans (Group 2A) by IARC (IARC, 2015) and dimethoate were 

also banned in EU (PAN Europe, 2020). OPPs, such as chlorpyrifos, trichlorfon and 

fenitrothion have been found in shrimps (Chang et al., 2019; Kaonga et al., 2015). 
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1.1.3 Organochlorine pesticides, Brominated flame retardants, Polycyclic aromatic 

hydrocarbons and Synthetic musks 

________________________________________________________________________ 

Organochlorine pesticides, brominated flame retardants, synthetic musks and polycyclic 

aromatic hydrocarbons in shrimps. An overview of occurrence and its implication on 

human exposure.  

Heliyon, (2020), 6: e04870. 

 https://doi.org/10.1016/j.heliyon.2020.e04870 
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1.1.4 Heavy metals 

Heavy metals are described as metallic elements having a relatively high density when 

compared to water. This group also comprises metalloids, such as arsenic, that at low levels 

of exposure are capable to induce toxicity (Tchounwou et al., 2012). These are frequently 

cataloged between the most toxic chemicals and are considered trace elements due to their 

presence in residual concentrations in several environmental matrices. Heavy metals are 

persistent in the environment, toxic and can bioaccumulate through the food web 

(Lahijanzadeh et al., 2019; Tchounwou et al., 2012). Examples of heavy metals with no 

recognized biological function, and as such considered non-essential, are cadmium, lead, 

aluminum and arsenic (Tchounwou et al., 2012). Even though these chemicals are naturally 

                    b                        ’                      in environmental 

contamination and consequently higher human exposure results largely from human actions 

(Tchounwou et al., 2012). These actions include mining, metal industry, burning of fossil 

fuels and the usage of metals and metal-containing compounds for domestic and agricultural 

purposes, which causes the alteration of metal distribution leading to the concentration of 

metals in terrestrial and aquatic ecosystems (Tchounwou et al., 2012; Van Ael et al., 2017). 

The rise of heavy metal environmental contamination can additionally occur through 

atmospheric deposition, metal corrosion, soil erosion, weathering, and volcanic eruptions 

(Tchounwou et al., 2012). Conditions, for example, organic matter, pH and salinity influence 

metal distribution and bioavailability (Van Ael et al., 2017). In the marine environment, metal 

bioaccumulation can be influenced by local contamination, specific habitat and behavior of 

each specie (Van Ael et al., 2017). Aquatic biota, such as crustaceans are sensitive to 

metals and are described to be significant bioindicators of heavy metal contamination 

(Gokoglu et al., 2008). 

Several studies have described heavy metal contamination in the food chain, which 

represents a risk to the human population. Over time heavy metals can accumulate in 

several organs causing numerous adverse health effects, affecting respiratory, 

cardiovascular, digestive and nervous systems (Gheysari and Rahimi, 2015; Tchounwou et 

al., 2012). Consequently, aiming to limit the potential impact of heavy metals, the European 

Union established maximum levels in foodstuffs. In the case of crustaceans, 0.5 mg/kg wet 

weight was the maximum level established for cadmium and lead (European Commission, 

2001). In addition, IARC classified cadmium and arsenic as Group 1 - carcinogenic to 

humans (IARC, 2012, 2011) and lead as Group 2A - probably carcinogenic to humans 
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(IARC, 2006). Trace elements, including heavy metals, have been detected in shrimp 

samples all over the world (Costa et al., 2022; Giri and Singh, 2015; Olgunoglu, 2015; 

Raissy, 2016; Van Ael et al., 2017). 

 

1.2. Minerals and fatty acids: a nutritional perspective 

In recent years, the concern about good quality nutrition has grown. Nutrition is a vital part 

of development and health. Improved nutrition is associated with a prolonged lifespan, 

stronger immune systems, lower risks of cardiovascular disease and diabetes (WHO, 2022). 

Therefore, a healthy, diversified, and a balanced diet are beneficial. Essential minerals and 

fatty acids are vital for several health associated aspects and the optimized function of the 

diverse organisms. Their adequate intake is important for the proper function of the human 

body. 

1.2.1 Essential and probably essential elements 

The essential elements can be divided in two groups, macro and micro/trace elements 

depending on larger or minor requirements to the living organisms, respectively (FAO, 

1987).  

Macro-elements include phosphorus, magnesium, calcium, potassium, and sodium. These 

essential macro-elements are critical in several biological functions such as maintenance of 

normal cellular functions, cofactor or activator of enzymes, growth and are crucial to the 

immune system (Razzaque, 2018).  

Essential micro/trace elements comprise iodine, zinc, selenium, cobalt, copper, iron, 

molybdenum and chromium and probably essential elements group contains manganese, 

nickel and vanadium (FAO; WHO, 1996; Prashanth, Lingamaneni;Teja Chitturi, Ravi; Kumar 

Kattapagari et al., 2015). In general, essential elements play a crucial role in biological 

functions, acting as catalysts or cofactors for several enzymes (Prashanth, 

Lingamaneni;Teja Chitturi, Ravi; Kumar Kattapagari et al., 2015). Particularly, iodine is a 

crucial element of the thyroid hormones, thyroxine 3,5,3,5'-tetraiodothyronine (T4) and 

3,5,3'-triiodothyronine (T3) and allows brain myelination (Savarino et al., 2021). Zinc is an 

element essential for the regulation of the immune system, synthesis and degradation of 

nucleic acids, proteins, lipids and carbohydrates (Prashanth, Lingamaneni;Teja Chitturi, 

Ravi; Kumar Kattapagari et al., 2015; Savarino et al., 2021). Selenium is a component of the 
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enzyme glutathione peroxidase acting in the antioxidant defense system (Kieliszek, 2019). 

Iron is essential for the synthesis of red blood cells and new tissues (Prashanth, 

Lingamaneni;Teja Chitturi, Ravi; Kumar Kattapagari et al., 2015; Savarino et al., 2021). 

Cobalt plays a role in methionine metabolism, controlling the transfer of enzymes, such as 

homocysteine methyltransferase (Prashanth, Lingamaneni;Teja Chitturi, Ravi; Kumar 

Kattapagari et al., 2015). Copper and molybdenum established physiological functions are 

linked directly with their role in several copper-containing or molybdenum-containing 

metalloenzymes, respectively. Such as superoxide dismutase, cytochrome oxidase and 

dopamine B-monooxygenase for cooper and aldehyde oxidase, xanthine 

dehydrogenase/oxidase and sulfite oxidase for molybdenum. Chromium is a crucial element 

that potentiates insulin action, influencing protein, lipid and carbohydrate metabolisms (FAO; 

WHO, 1996).  

Shrimps are a good source of some of these essential elements, such as phosphorous, 

magnesium, calcium, and sodium, selenium, copper, zinc and iron (Bernard and Bolatito, 

2016; Dayal et al., 2013). 

1.2.2. Fatty acids  

Fatty acids are carboxylic acids present in all organisms, and a key component of cell 

membrane structure with a variety of biological functions (Glick and Fischer, 2013). Fatty 

acids diverge from each other, in the number of double bonds and the number of carbon 

atoms in the chain. Regarding these differences, fatty acids can be divided in saturated fatty 

acids (SFA) which are single bonded fatty acids and unsaturated fatty acids (UFA) that have 

at least one double bond. UFA can be further divided into monounsaturated fatty acids 

(MUFA) with one double bond and polyunsaturated fatty acids (PUFA) when present more 

than one double bond. PUFA comprises in addition to other omegas, omega-3 (ω-3) and 

omega-6 (ω-6) fatty acids, for these the first double bond is present in the 3rd and 6th carbon 

from the methyl end, respectively (Billingsley et al., 2018; Glick and Fischer, 2013). These 

last two groups are essential fatty acids because are necessary for health maintenance, 

although must be obtained from dietary sources as the human body is not capable of 

synthetizing them (Kaur et al., 2014).  

The ω-6 fatty acids are precursors for pro-inflammatory eicosanoids, so when ω-6 FAs are 

consumed in excess induce inflammation, that can lead to coronary chronic diseases, 

arthritis, diabetes and certain types of cancers (Pires et al., 2018). Alternatively, ω-3 fatty 

acids are recognized for anti-atherogenic and anti-thrombotic functions, helping the 
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prevention of cardiovascular diseases and maintaining the health of the nervous system 

(Soultani et al., 2019). Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are 

ω-3 fatty acids recognized for their beneficial health effects, such as preventing 

dyslipidemia, thrombosis, hypertension, inflammation, cardiovascular disease and 

autoimmune disorders (Ayas et al., 2013; Glick and Fischer, 2013). DHA is also known to 

be crucial for the functional development of the brain in children and the maintenance of 

normal brain function in adults (Ayas et al., 2013). 

  y      k                                                  ω-3 fatty acids in the marine 

ecosystem and these are a food source for other aquatic organisms, such as shrimps 

(Puccinelli et al., 2021). Shrimps have been recognized as high quality seafood, and a 

valuable source of fatty acids such as EPA and DHA to the human population (Ayas et al., 

2013; Dayal et al., 2013). 
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Abstract  

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous global pollutants that are lipophilic, 

bioaccumulative and can be both endocrine disruptors and carcinogens. In this study, we 

measured 18 PAHs among decapod shrimp samples (Palaemon spp.) collected during the 

spring and autumn from multiple locations along the Portuguese coastal, including local 

markets and aquaculture farms. ΣPAH concentrations in samples ranged from 3.14 – 320.48 

ng/g (ww) with the highest value in this range detected in a sample provided from an 

aquaculture facility. Fifteen of the 18 scanned PAHs were present in shrimp samples. 

However, detectable concentrations (0.07 ng/g ww) of the carcinogenic benzo-a-pyrene 

occurred for a single sample only and approached method detection limits. No significant 

differences in shrimp ΣPAH concentrations were evident between the spring and autumn 

seasons. Target hazard quotient estimation suggested low probability of adverse health 

effects to consumers through consumption of shrimp from the study collection locations. 
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Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are a class of persistent organic pollutants 

generated from production and use of petroleum-derived substances and during the 

incomplete combustion of organic materials, such as, oil, gas, coal, wood, tobacco or 

garbage (ATSDR 1995; Bolden et al. 2017). These chemicals with two or more fused 

benzene rings typically occur naturally and usually not as single compounds, but as complex 

mixtures (Zhang et al. 2015). PAHs are being released into the environment and currently 

more than 100 PAHs are known (Xia et al. 2012), with 16 of these being classified as priority 

pollutants by the Environmental Protection Agency (EPA) (USEPA 2005). Due to the 

characteristics of these chemicals, including persistence, long-range transport, and 

hydrophobicity, they are extensively distributed in air, sediments, water, and biota (Zhang et 

al. 2015; Sun et al. 2016). PAHs can enter in the aquatic environment via several pathways 

including petroleum contamination by spills, surface runoff, and industrial sewage discharge 

(Zhang et al. 2015; Sun et al. 2016). These chemicals accumulate in the environment and 

can bioaccumulate in biota, such as marine organisms, some consumed, as seafood. 

Consequently, diets become a meaningful path of human contamination by PAHs to add to 

occupational exposure of the population, namely smokers. Therefore, PAHs in the last years 

have been under evaluation by the Scientific Committee on Food (SCF) in the International 

Program on Chemical Safety (IPCS), and by the Joint FAO/WHO Expert Committee on Food 

Additives (JECFA) (Scientific Committee on Food 2002; IPCS 2009). Concerning human 

exposure, PAHs have been described to be carcinogenic, mutagenic, and teratogenic (IARC 

2002, 2010). These compounds were also reported to have endocrine disruptor capacity 

(WHO 2013) and long term exposure can lead to proliferation of mutated cells resulting in 

cancer growth (Das et al. 2017). Furthermore, PAHs are related to reproductive disorders 

and adverse neurobehavioral effects (Schroeder 2011; Bolden et al. 2017). Thus, it is 

important to quantify the magnitude and composition of PAH profiles in the environment and 

in popular foods that represent a potential source of human exposure. Legislation of PAHs 

only comprises the maximum acceptable levels for muscle meat of smoked fishery products 

of 2.0 ng/g for benzo-a-pyrene and 12.0 ng/g for the sum of benzo-a-pyrene, benz-a-

anthracene, benzo-b-fluoranthene and chrysene (Commission Directive (EU) 2015). 

Several studies have been performed to explore PAHs contamination in marine organisms. 

Shrimp, a shellfish considered a delicacy to the human population, have been extensively 

studied all over the world (Maia et al. 2020). 
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Shrimps are the most consumed seafood in the world, highly consumed by Portuguese 

population and can be a healthy complement to our diet, nevertheless it can also be a source 

of environmental contaminants due to the pollution of several coastal areas. Hence the 

assessment of contaminants in shrimp is crucial to secure that seafood such as shrimp 

consumed by Portuguese population are safe. This study aims to investigate the occurrence 

of PAHs in Portuguese shrimp samples. For that purpose, the concentrations of 18 PAHs 

(16 US EPA priority pollutants (USEPA 2005), benzo-j-fluoranthene recommended by 

European Directive, 2004/107/EC (European Union 2004) and dibenzo-a,l-pyrene, 

considered to be extremely toxic and 100-200 times more tumorigenic than benzo-a-pyrene 

(Cavalieri et al. 1994) were investigated, from wild shrimp and from aquaculture operations 

along the Portuguese coast. Different species of shrimp were collected in several locations, 

covering different years and seasons. The variation of concentrations between seasons, 

sampling locations and species were evaluated. The risk assessment, via shrimp 

consumption for the adult Portuguese population, was estimated. To our knowledge, this is 

the first study at least in the last two decades that analyze PAHs as an environment pollutant 

in the edible inner portion of the shrimp species in a wide geographical and temporal space 

in Portuguese coast. 

Material and methods 

The PAHs extraction method was previously described elsewhere (Ramalhosa et al. 2009). 

Briefly, 5 g of shrimp were mechanically homogenized and 10 mL of acetonitrile were added, 

followed by 3 min of vortex. QuEChERS original was added, and the mixture was again 

vortex for 3 min followed by centrifugation at 3500 rpm during 5 min. Then, 5 mL of extract 

was evaporated with gentle stream of nitrogen, resuspended with 333 µL of acetonitrile, 

obtaining a concentration factor of 15 times. The extracts were filtrated through a 0.22 µm 

PTFE syringe filter and analyzed using high performance liquid chromatography (HPLC) 

with photodiode array (PDA) and fluorescence (FLD) detectors in series.  

T                                     ’                   (T b     1)       llection, 

reagents and materials used for the extraction and analysis of the studied PAHs 

[naphthalene (Naph), acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flu), 

phenanthrene (Phe), anthracene (Ant), fluoranthene (Fln), pyrene (Pyr), benz-a-anthracene 

(BaA), chrysene (Chry), benzo-b-fluoranthene (BbFt), benzo-k-fluoranthene (BkFt), benzo-

a-pyrene (BaP), dibenz-a,h-anthracene (DBa,hA), benzo-g,h,i-perylene (Bg,h,iP), indeno-
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1,2,3-cd-pyrene (InP), benzo-j-fluoranthene (BjFt) and dibenzo-a,l-pyrene (DBa,lP)], liquid 

chromatography analysis and risk assessment through Target Hazard Quotient (THQ) 

calculation are given in supplementary material. 

Statistical analysis: All the results are presented as arithmetic means obtained from at 

least duplicates. The D'Agostino-Pearson Omnibus Normality Test was applied to verify 

whether the distribution of the variables was normal. Statistical significance of the difference 

among the groups was assessed by one-way analysis of variance (ANOVA test). To test the 

statistical differences between seasons, locations of sampling, species and if the samples 

were from aquaculture or wild, the samples with eggs or shell were excluded. The 

differences among means were considered statistically significant when p <0.05 and a full 

summary of statistical results are provided in Table SM5. 

Results and discussion 

Validation of the methodology 

The optimized procedure presented an efficient separation and quantification of the 

compounds with retention times in the range of 11.52 to 31.78 min, as shown in Fig. SM1. 

The retention times, linearity range, coefficient of determination (R2), matrix effect (ME), 

recoveries and method detection (MDL) and method quantification (MQL) limits for each of 

the 18 studied PAHs are presented in Table SM3. Calibration curves were obtained using 

at least six mixed matrix matched standards containing all the PAHs and all the curves 

showed good linearity over the entire range concentrations with coefficient of determination 

(R2) higher than 0.99 with exception of Acy due to the lower sensibility of this compound. 

The recoveries were calculated using shrimp samples spiked at three levels in triplicate 

(Table SM2). 

The average of the recoveries ranged between 51% and 84% for Acy and Phe, respectively 

(Table SM3). Food matrices are complex with large number of compounds that can interfere 

in the analytical signal, providing ME (Kwon et al. 2012). The ME can decrease detection 

response or increased analytical signal, being problematic in the analysis of contaminants 

such as PAHs. To evaluate the ME in shrimp samples PAHs standard solutions (prepared 

in acetonitrile) were compared to spiked blank samples, as described previously (Nagyová 

and Tölgyessy 2019). The ME values obtained for the 18 PAHs are presented in Table SM3. 

Some PAHs were more affected by ME namely Naph, Acy, and Ace. Acy and Ace are the 

compounds that presented lower recoveries too, these could be related to the fact that Naph, 



94 FCUP 
Chapter 2 - Environmental pollutants in Portuguese coast shrimps 

 

 

 

 

 

Ace, and Acy are the most volatile PAHs (Adami et al. 2000). MDLs and MQLs were 

calculated by considering the slope of the matrix match calibration curve and the residual 

standard deviation of the regression line (EMA 1995). 

The MDLs and MQLs obtained ranged between 0.01 to 2.63 and 0.05 to 8.76 ng/g ww for 

Chry and Ace respectively, with exception of Acy that presented higher values. Regarding 

BaP the values of MDL and MQL were, respectively, 0.03 and 0.11 ng/g ww, so this method 

is adequate for shrimp analysis since the maximum level allowed is 2 ng/g (Commission 

Directive (EU) 2015), and the method has sufficiently low limits giving it the ability to be used 

in monitoring purposes. 

PAHs in shrimp samples 

PAH concentrations were measured in muscle tissues of shrimp captured from the 

Portuguese coast (Table SM4). The results for PAH levels were corrected using the average 

recovery determined for each PAH and the sum of PAHs were calculated considered 

                       (   )/√                     b   w     (H           R    199 ). 

Fifteen of the eigtheen study PAHs (Naph, Ace, Flu, Phe, Ant, Fln, Pyr, BaA, Chry, BbFt + 

BjFt, BkFt, BaP, DBa,LP, and Bg,h,iP) were detected in at least one sample, while Phe 

(Group 3- Unclassifiable as carcinogenic in humans (IARC 2010)) was detected in all 

samples. Compounds like Acy, Ace, BaA, DBa,hA, and InP were not detected in any shrimp 

samples. 

Among the PAHs analyzed in this study the one that presented higher values was Naph 

(which is classified by IARC as possible carcinogenic to humans – Group 2B (IARC 2010)) 

with exception for the sample of Matosinhos spring of 2018 with shrimp eggs (MSp18-e). 

These results are in agreement with other studies that also analyzed PAHs in shrimp 

samples (Kao et al. 2014; Wilson et al. 2014; Dosunmu et al. 2016; Sun et al. 2016; Fogaça 

et al. 2018; Wickliffe et al. 2018; Olayinka et al. 2019). In most of the analyzed samples, 

Naph, Phe, Fln, and Pyr were detected. Naph and Phe are low molecular weight PAHs 

(LMW-PAHs) and Fln and Pyr are high molecular weight PAH (HMW-PAHs). LMW-PAHs 

are described as natural occurring PAHs (petrogenic origin), while HMW-PAHs are 

produced during combustion processes (pyrolytic origin) (Adami et al. 2000; Adeleye et al. 

2016). LMW-PAHs concentrations, ranged between 2.77 ng/g ww in Matosinhos sample 

(MSp18-e) and 320.03 ng/g ww in Sado estuary sample (SSp19a-s). LMW-PAHs were 

predominant in all investigated sampling sites (Vila do Conde, Matosinhos, Aveiro, Figueira 

da Foz, Sado estuary and also in Bangladesh and India), due to Naph presenting higher 
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concentrations, which are considerably higher than the other PAHs detected in this study 

(Fig. 1).  
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Fig. 1 Composition pattern of LMW-PAHs in shrimp samples 

 

The values found for HMW-PAHs ranged between 0.11 ng/g ww for Ria de Aveiro sample 

(RSp18) and 0.89 ng/g ww for Bangladesh sample (B-19a), as presented in Fig. 2. 
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Fig. 2 Composition pattern of HMW-PAHs in shrimp samples 

 

The known carcinogen BaP (Group 2A (IARC 2010)) was detected in only one sample 

(Asp18) and at a concentration (0.07 ng/g) below the maximum guidance level of 2 ng/g. 

Regarding the sum of BaA, BaP, Chry and BbFt+BjFt the values ranged between 0.021 and 
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1.77 ng/g ww, all below the maximum legislated of 12 ng/g (Commission Directive (EU) 

2015), although the sum values may be overestimated due to the co-elution of BbFt and 

BjFt, the values are far below the maximum level. 

T   Ʃ  H         b  w    3.14   /  ww from Matosinhos spring of 2018 for shrimp with 

eggs (MSp18-e) and 320.48 ng/g ww in sample from Sado aquaculture from spring of 2019 

with shell (SSp19a- ). H                Ʃ  H  w                                            

2019, 320.48 ng/g ww (Sado aquaculture with shell), 198.47 ng/g ww (Figueira da Foz), 

190.68 ng/g ww (Sado with shell) and in shrimp sample of India 288.74 ng/g ww. In the last 

years, some studies reported the presence of PAHs in shrimps over the world with the 

analysis of 16 EPA PAHs (Fogaça et al. 2018; Shilla and Routh 2018; Fernando et al. 2019; 

Soltani et al. 2019). Only one of these studies were from a European country, more specific 

Portugal (Fogaça et al. 2018), however samples were purchased at the local market, so 

shrimp origin was Equator and Vietnam and not Portuguese coast. The present study 

detected more PAHs comparing with the study of Fogaça et al. that only detected Flu among 

their samples. 

The higher number of PAHs was detected in the sample collected from Sado in Spring of 

2019 analyzed with shell (SSp19w-s) and in the foreign sample from Bangladesh (B-19a), 

both with thirteen PAHs, seven above MDL. Regarding aquaculture the highest number of 

detected PAHs was found in a sample from Sado in Autumn of 2017 (Sau17a) with eight 

  H          .                                Ʃ  H      5.9    /  ww            85.98 

ng/g ww. A previous study in India reported a value of 4.14 ng/g ww for the sum of six PAHs 

(Ant, Fln, Pyr, Chry, BaP and Bg,h,iP) (Amaraneni 2006). These two samples (India and 

Bangladesh) were the only ones, amongst the samples analyzed, in which Chry was 

detected, this PAH are classified as Group 3 - Unclassifiable as carcinogenic in humans 

(IARC 2010). 

Sampling seasons 

Comparing seasons of sampling, Spring and Autumn (Fig. 3), can be observed that the 

higher values were found in Spring (320.48 ng/g ww in aquaculture from Sado (SSp19a-s), 

198.47 ng/g ww in Figueira da Foz (FSp19), 190.68 ng/g ww in Sado (SSp19w-s), 118.66 

ng/g ww in Vila do Conde (VSp19-e), 59.55 ng/g ww in Aveiro (Asp18) and 10.32 ng/g ww 

in Ria de Aveiro (RSp18) with exception of samples from Matosinhos. It can be noticed that 

               19                                   Ʃ  H                  x   m level in 



   FCUP 
Chapter 2 – Environmental pollutants in Portuguese coast shrimps 

 

97 

 

the aquaculture sample from Sado estuary. The higher values obtained in shrimps from 

Sado estuary in 2019 Spring, could be explained by a transitory contamination probably from 

chimney washing of ships anchored in the Sado or from the rainwater system of the factories 

that are next to the river reported by the media (JN 2019). Although these differences in 

PAH concentrations were present, they were not statistically significant (p = 0.122). 

 

Fig. 3                  Ʃ  H                          ifferent sites collected in distinct seasons 

Location of sampling 

Regarding the location of the sampling, statistically significantly differences were observed 

b  w                            (T b     5). T                     Ʃ  H                 

Foz were high comparing with the other sampling locations, considering the data analyzed 

73.61 ng/g ww in Autumn of 2018 to 198.47 ng/g ww in Spring of 2019, this could be 

explained by the intensive shipping and fishing in the area. Even though the sampling site 

of Matosinhos is in the proximity to a petrochemical refinery established in the area the 

values ranged from 3.14 ng/g ww in Spring of 2018 in a sample with eggs to 98.82 ng/g ww 

in Autumn of 2018. These values are lower than the values reported in previous studies in 

locations near to a petrochemical industry (Dosunmu et al. 2016; Sun et al. 2016). A study 

                                   y    y            w             Ʃ  H              

110 ng/g ww to 300 ng/g ww (Sun et al. 2016). In shrimps from Imo River, Nigeria the values 

ranged between 180.81 ng/g ww and 940.73 ng/g ww (Dosunmu et al. 2016). Vila do Conde 

sampling site presented values between 3.39 ng/g ww in 2018 (Vau18) and 118.66 ng/g ww 

in 2019 (VSp19-e), these values may be related to highly industrialized area along Ave River 
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        w                                    . T                        Ʃ  H  w       y 

similar between Aveiro and Ria de Aveiro and ranged between 5.69 ng/g ww in 2017 

(RAu17) and 10.32 ng/g ww in 2018 (RSp18). The exception was the sample from Aveiro in 

Spring of 2018 where was detected a higher value of Naph comparing with the other 

                                     Σ  H     59.55   /  ww. 

Species 

Two shrimp species were analyzed, P. serratus and P. varians, the mean values found for 

Ʃ  H   w    48.67   /  ww     P. serratus and 80.82 ng/g ww for P. varians. P. varians 

specie was only present in Sado estuary, so the location of the sampling in addition to the 

differences between species can explain the variations between these two groups. As 

presented in Table SM5 the difference between species were significantly (p = 0.028). In 

the case of P. varians aquaculture and wild shrimps were sampled, when comparing these 

two groups not significantly differences were observed (p = 0.441). 

Shrimp with eggs 

Samples of shrimps with eggs were collected from Vila do Conde and Matosinhos during 

Spring of 2018 and 2019. Considering the hydrophobic characteristic of PAHs, it can be 

hypothesized that in samples with eggs (high content of lipids) a higher value of PAHs can 

be obtained. A previous work analyzed muscle shrimp and shrimp eggs separately, the lipid 

content found was 1.5% and 7.3 – 9.6% respectively and total PAH ranged between 0.6 – 

10.9 ng/g dry weight to 12.1 – 89.7 dry weight in muscle and eggs, respectively (Carls et al. 

2016). Despite these findings, the differences between the samples with and without eggs 

were not significant (p = 0.286), only one sample with eggs from Vila do Conde (VSp19-e) 

presented a higher value comparing with the sample without the eggs, the content of PAHs 

found was 7 times higher. 

Shrimp with shell 

Some samples of shrimp were analyzed with shell that is rich in chitin a precursor of 

chitosan. Several publications reported the chitin and chitosan as possible low cost 

biosorbents to adsorptive removal of PAHs (Crisafully et al. 2008; Tran et al. 2015). 

Regarding the samples of P. varians from Sado estuary analyzed with and without shell, the 

results show a significant difference between these groups (p = 1.64 x 10-5). The samples 

with shell presented the higher values 190.68 ng/g ww for Sado in Spring 2019 (SSp19w-s) 
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and 320.48 ng/g ww for Sado aquaculture in Spring 2019 (SSp19a-s), with exception of 

sample from Sado in Autumn 2018 (Sau18w-s) that presented a lower value of 14.72 ng/g 

ww. However, with these data, it is not possible to confirm the accumulation of PAHs by 

sorption in shrimp shell in vivo and further studies are needed. 

Human exposure and risk assessment 

Public health levels of concern (LOC) for individual PAHs established by the Food and Drug 

Agency and the National Oceanic and Atmospheric Administration organizations (FDA; 

NOAA 2010) were used to compare to the maximum concentration levels found in this study 

(Table SM6). The individual levels of PAHs measured in this study were far below the LOC 

reported and maximum concentrations detected in shrimp samples were often at least 100 

times lower than the respective LOC value (Table SM6). 

Regarding human exposure concerns, the risk assessment was performed, as described 

previously (Conte et al. 2016; Zhu et al. 2016). The health risk from shrimp consumption by 

Portuguese population were evaluated based on the THQ. This quotient indicates the ratio 

between exposure and oral reference doses from USEPA (USEPA 2021). Hazard Index (HI) 

was determined as the sum of the THQ calculated for the individual PAHs. If THQ or HI 

values were less than 1, it is unlikely to have health risk of exposure from (individual or 

combined, respectively). Conversely if the value is above 1 a potential risk of adverse health 

effects from the exposure may occur, increasing the probability as the THQ or HI value 

increases (USEPA 2000). THQ calculated using equation S1 (supplementary material), for 

Naph, Flu, Ant, Fln, Pyr and BaP were all below 1 and HI calculated from the sum of these 

PAHs were also all below 1 for the different species analyzed (Table SM7), suggest that 

there is minimal risk of chronic health effects for humans as associated with the PAH 

contamination of shrimp collected from various locations along the Portuguese coast. 

Conclusion 

PAHs have a harmful impact on human health due to their potential cytotoxicity, 

mutagenicity and carcinogenicity. Thus, determining their concentrations in common and 

popular food sources such as shrimp is important for protecting human health. This study 

reports, for the first time, the PAHs levels of contamination on different shrimp species 

collected in Portugal. Fourteen from the eighteen PAHs were present in Portuguese shrimp 

samples, including 12 of the 16 EPA priority compounds. The same shrimp species from 

different sampling locations and dates show differing magnitudes and patterns of PAH 
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contamination. This finding could indicate that the surrounding environment seems to be 

more important to PAHs accumulation than the specific species of shrimp (Maia et al. 2020), 

so possibly shrimps can be indicators of variations in environmental pollution. The THQ and 

HI values calculated for Naph, Flu, Ant, Fln, Pyr and BaP via shrimp consumption suggests 

a low probability of developing adverse health effects. The results of this research highlight 

the importance of monitoring PAHs in aquatic organisms valuable in human diets ensuring 

the safety of consumed seafood. 
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Material and methods 

Sample collection: Two shrimp species were collected to perform this study, Palaemon 

serratus and Palaemon varians. The specie P. serratus was collected by a local fisherman 

in four sampling sites along the Northwest Portuguese coast at two miles from the coast 

(Vila do Conde, Matosinhos, Aveiro and Figueira da Foz) and the specie P. varians was 

collected in Sado estuary (wild and aquaculture samples). P. serratus’s size ranged from 4–

9 cm and the size of P. varians ranged from 2–4 cm. A total of 1 kg of shrimps was sampled 

in each location. The sampling in all the locations were performed twice (autumn and spring) 

for two years, according to the period allowed for shrimp capture in Portuguese law (DRE 

2000). In order to compare the results obtained from shrimp collected in Portuguese coast 

with some shrimp species sold in Portugal, two samples of shrimp from other countries were 

purchased in a local supermarket, Penaeus vannamei (India aquaculture) and Penaeus 

monodon (Bangladesh aquaculture). In some samples the edible portion of the shrimp were 

separated from the shell, in other samples it was not possible to separate the shell due to 

the small size of the shrimp; shrimps with eggs were stored separately. Thirty samples were 

collected and frozen at -20 ºC until analysis and their characteristics are described in Table 

SM1. 

Reagents and materials: Certified EPA 610 mixture standards containing 16 polycyclic 

aromatic hydrocarbons, naphthalene (Naph) 1000 µg/mL, acenaphthylene (Acy) 2000 

µg/mL, acenaphthene (Ace) 1000 µg/mL, fluorene (Flu) 200 µg/mL, phenanthrene (Phe) 

100 µg/mL, anthracene (Ant) 100 µg/mL, fluoranthene (Fln) 200 µg/mL, pyrene (Pyr) 100 

µg/mL, benz-a-anthracene (BaA) 100 µg/mL, chrysene (Chry) 100 µg/ mL, benzo-b-

fluoranthene (BbFt) 200 µg/mL, benzo-k-fluoranthene (BkFt) 100 µg/mL, benzo-a-pyrene 

(BaP) 100 µg/mL, dibenz-a,h-anthracene (DBa,hA) 200 µg/mL, benzo-g,h,i-perylene 

(Bg,h,iP) 200 µg/mL, and indeno-1,2,3-cd-pyrene (InP) 100 µg/mL were purchased from 

Supelco (Bellefonte, PA, USA) and the individual standards of benzo-j-fluoranthene (BjFt) 

and dibenzo-a,l-pyrene (DBa,lP) both with 2000 µg/mL were also obtained from Supelco 

(Bellefonte, PA, USA). The purities of all PAHs were between 97.9% and 99.9%. Working 

mixed standard solutions containing all the PAHs were prepared by dilution of the stock 

solutions with acetonitrile and stored at -20 ºC. Acetonitrile (assay 99.99%) was purchased 

from VWR Chemicals (Fontenay-sous-Bois, France). QuEChERS extraction kit original 

method, containing 4 g magnesium sulfate, 1 g sodium chloride with 50 mL tubes was 

obtained from Agilent Technologies (California).           w     (          y    15.   Ω.  ) 
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was produced using a Elix apparatus (Millipore, Molsheim, France) and purified (resistivity 

   18.   Ω.  )                  y 185  y     (         ). The eluents used in the 

chromatographic analysis were filtered through a 0.22 µm nylon membrane filter 47 mm 

(Fioroni Filters, Ingré, France) using a Dinko D-95 vacuum pump (Barcelona, Spain) and 

degassed for 15 min in an ultrasonic bath (Selecta P, Barcelona, Spain). The standards and 

the sample extracts were filtered through a 0.22 µm PTFE syringe filter, 13 mm 

(Specanalitica, Carcavelos, Portugal). 

Liquid chromatography analysis: Chromatographic separation was performed using a 

Shimadzu LC system (Shimadzu Corporation, Kyoto, Japan) equipped with a degasser 

(DGU-20A5R), a pump (LC 20AD), an autosampler (SIL 20AHT), a PDA (SPD-M20A) and 

a FLD (RF-10AXL) detectors, a system controller (CBM-20A), and a LabSolution software 

version 5.82 (Shimadzu, Kyoto, Japan) for control and data processing. 

Separation of the analyzed PAHs was performed in a C18 column (CC 150/4 Nucleosil 100-

5 C18 PAH; 5 µm particle size and with 150 x 4.0 mm (length x internal diameter)) from 

Macherey–Nagel (Duren, Germany). The oven temperature was set at 30 ºC and an 

injection volume of 20 µL was used. Ultra-pure water (A) and acetonitrile (B) were the eluents 

used. Chromatographic program started with 50% of eluent A and B maintained during 5 

min. Then, a linear increase to 100% of eluent B was made in 15 min and remain during 16 

min. After, 2 min was set to the mobile phase return to the initial composition. The total run 

time was of 45 min with a flow rate of 0.8 mL/min. 

Detection of the studied PAHs was performed using PDA and FLD detectors connected in 

series. Only for Acy the analytical signal was registered in the PDA detector because this 

PAH has limited fluorescence. For the remaining 17 PAHs the analytical signal was 

registered in FLD detector. In the later detector, to achieve better sensitivity, each PAH was 

detected at its optimum excitation/emission wavelength pair. Therefore, 260/315 nm was 

used for the detection of Naph, Ace, and Flu; 260/366 nm was used for the detection of Phe; 

260/430 nm was used for the detection of Ant, Fln, Pyr, BaA, Chry, BbFt, BjFt, BkFt, BaP, 

DBa,hA, Bg,h,iP, and DBa,lP; and 290/505 nm was used for the detection of InP. 

Acyanalysis was performed at 229 nm in PDA detector.  

Risk assessment: The values of Target Hazard Quotient (THQ) were calculated using the 

equation 1, described previously (Conte et al. 2016; Zhu et al. 2016), 

 

THQ = 
𝐶 × (𝐸𝑓 ×𝐸𝑑 ×𝐹)𝑊 ×𝑇 ×𝑅𝑓𝐷  × 10−3                (S1) 
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where, C is the                    H                   (μ / );            x               y 

(estimated consumption of one time per week, 52 days/year); Ed is the exposure duration 

(80 years, average lifetime expectancy Portugal); F is the amount of shrimp ingested (28.8 

g/person/day, maximum value reported, (Jacobs et al. 2017)); W is the mean body weight 

of Portuguese adult population (71.68 kg; (Jacobs et al. 2017)); T is the average exposure 

time (365 days/year x number of exposure years, in this study 80 years); RfD is the 

Reference Dose for Oral Exposure (mg/kg/day); 10–3 is the unit conversion factor (Conte et 

al. 2016; Zhu et al. 2016). 

 

 

 

Fig. SM1 LC overlay chromatograms of a standard solution of PAHs mixture containing 18 PAHs (Naph-207.79 

µg/L, Acy-706.58 µg/L, Ace-207.79 µg/L, Flu-41.00 µg/L, Phe-20.74 µg/L, Ant-20.76 µg/L, Fln-40.87 µg/L, Pyr-

20.07 µg/L, BaA-20.38 µg/L, Chry-20.38 µg/L, BbFt + BjFt-81.60 µg/L, BkFt-20.68 µg/L , BaP-20.78 µg/L, 

DBa,lP-40.00 µg/L, DBa,hA-41.43 µg/L, Bg,h,iP-41.43 µg/L, Ind-20.80 µg/L) obtained in the FLD and in the PDA 

detectors 
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Highlights 

Two shrimp species from the Northwest Portuguese coast were analyzed 

                   y                w      T  HH     ω-6/ω-3 ratios 

Shrimp can be a good dietary source of EPA + DHA, Cu, Se, Fe, Mg, Na, K, Ca, I and Cr 

 

Abstract 

Two shrimp species were sampled in different seasons and locations on Portuguese coast. 

Their fatty acid content and 28 essential, probably essential and potentially toxic/non-

essential elements were quantified. A 100 g serving of shrimp muscle from the Portuguese 

               78%                        y     k .                          w ω-6/ω-3 

ratio, 0.15 for P. serratus and 0.23 for P. varians, respectively. The quality indices presented 

also good values for shrimp samples, hypocholesterolemic/hypercholesterolemic ratio (HH) 

was 2.60 for P. serratus and 2.55 for P.varians. The index of thrombogenicity (IT) were 0.24 

and 0.25 for P. serratus and P. varians, respectively and index of atherogenicity (IA) was 

0.41 and 0.43 for P. serratus and P. varians, respectively. The Mg, Na, K, Ca, I, Cr, Cu and 

Se in shrimp samples analyzed can provide more than 5% of the Recommended Dietary 

Allowance (RDA)/ Adequate Intake (AI). The best nutritional Ca/Mg ratio was found in P. 

serratus (1.7). Portuguese shrimp has proven to be a good dietary source of EPA, DHA and 

some essential elements, also Target Hazard Quotient (THQ) and risk-benefit evaluation 

shown that there is no significant danger associated with the consumption of Portuguese 

shrimp. 

 

 

Keywords 

Shrimp; fatty acids; trace elements; macro elements; daily intake; risk assessment; risk-

benefit ratio. 
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1. Introduction 

Seafood is highly appreciated and indicated as part of a balanced human diet, being 

consumed all over the world and considered high quality food. The seafood market has 

grown over the years, making seafood an important source of nutrients for the human 

population. Shrimp is one of the most consumed crustaceans worldwide, these can be filter 

feeders and a food source for superior animals and can be a healthy complement to human 

diet (Aguzzi et al., 2005; Mercogliano et al., 2020).  

According to available data from the Food and Agriculture Organization (FAO) database, a 

total of 10,624,124 tons of shrimp were consumed in 2018, compared to the 9,357,845 tons 

in 2014 (FAO, 2021). The amount consumed per capita in the world was 1.3 kg in 2014 and 

1.4 kg in 2018. Data for Portugal show a greater growth in shrimp consumption between 

2014 and 2018, specifically from 1.8 kg to 2.5 kg/per capita (FAO, 2021). With regard to the 

capture of shrimp species in Portugal, in 2019 it reached 106 tons. This amount provided 

revenues of 3,292 thousand euros (INE, 2020), highlighting the importance of shrimp in the 

global economy. 

Shrimp is mainly composed of a large amount of water (approximately 75%) and protein 

(approximately 80% of the dry weight) (Dayal et al., 2013). The fat and calorie content are 

very low. The very low lipid content can be divided into phospholipids (65-70%), cholesterol 

(15-20%) and total acylglycerols (10-20%). Furthermore, 32% of total lipids are 

polyunsaturated fatty acids (PUFA), of which about 64% are ω-3  U       33%     ω-6 

 U  . T                  y                                   y. T   ω-3 PUFA component is 

mainly represented by eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 

(AlFaris et al., 2022; Dayal et al., 2013). The PUFA/SFA and ω-6/ω-3 ratios are the most 

used indicators to assess the nutritional value of foods (Chen and Liu, 2020). Shrimp is also 

a good source of essential nutrients, such as B-complex vitamins, vitamin A and E, 

astaxanthin, macrominerals (phosphorus and calcium), and trace elements (selenium, 

copper, zinc and iodine) (Dayal et al., 2013). According to the World Health Organization 

(WHO), trace elements can be classified into three groups (WHO, 1996): essential elements, 

probably essential elements and potentially toxic elements. 

Although shrimp is a good source of nutrients, they can also accumulate potentially toxic 

trace elements from the surrounding environment. Shrimps can be found close to the 

seafloor of most coasts and estuaries. Aquatic ecosystems have been threatened over the 

years by the input of contaminants, which leads to a decrease in the quality of the aquatic 
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environment and the diversity of species, in particular of economically relevant species 

(Nascimento et al., 2016). Even though trace elements are naturally occurring hydrosphere 

constituents, human actions, over time, changed the geochemical cycle, which increases 

their environmental concern. Some trace elements are required in small amounts as 

components of enzymes vital for healthy biota development, but these can also be toxic in 

high concentrations (Silva et al., 2016). 

Heavy metals are a group of trace pollutants that can accumulate in aquatic organisms, such 

as shrimp, and be bioconcentrated along the food chain, reaching humans through their diet 

and posing health risks (Araújo et al., 2016; Di Beneditto et al., 2022). Over time, heavy 

metals can accumulate in organs such as the kidney and liver. Lead and cadmium usually 

target the kidneys and nervous system. Consumption of foods with high levels of arsenic 

can lead to loss of brain function, paralytic syndrome, cardiovascular collapse and increased 

risk of some cancers (Gheysari and Rahimi, 2015). In addition, the International Agency for 

Research on Cancer (IARC) has classified cadmium and arsenic as Group 1 – carcinogenic 

to humans (IARC, 2012, 2011) and lead as Group 2A - probably carcinogenic to humans 

(IARC, 2006). In light of this, the European Union has set maximum levels of heavy metals 

in food. For crustaceans, the maximum level for cadmium and lead is 0.5 mg/kg wet weight 

(ww) (European Commission, 2001).  

This study aimed to characterize the fatty acid profile and the levels of essential, probably 

essential, and potentially toxic/non-essential elements of two shrimp species, Palaemon 

serratus and Palaemon varians, from the NW Portuguese Coast. In addition, the contribution 

of shrimp consumption to the daily intake of several essential and probably essential 

elements was estimated and a risk assessment and risk-benefit assessment was carried out 

for the consumption of shrimp by the Portuguese adult population with regard to potentially 

toxic/non-essential elements. The monitoring of these parameters in terms of environment 

and human health is of particular importance and to our knowledge, this is the first study at 

least in the last decade that performed these analyses in the edible portion of P. serratus 

and P. varians species in a wide geographical and temporal space in Portuguese coast. 

 

2. Material and Methods 

2.1 Chemicals and solutions 

Dichloromethane and n-hexane (99%) were purchased from Merck (Darmstadt, Germany) 

and methanol from VWR Chemicals Prolabo (Fontenay-sous-Bois, France). Sodium 
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hydroxide and anhydrous sodium sulfate were obtained from Pronalab (Lisbon, Portugal). 

Sodium chloride (99.5%) was acquired from Panreac (Barcelona, Spain). Butylated 

 y   xy        ( HT) (≥ 99%)  b                -methanol (BF3) (14% in methanol), and 37 

Component FAME (fatty acid methyl esters) Mix were purchased from Sigma-Aldrich (St. 

Louis, Missouri, USA). Internal standard, Tridecanoic acid (C13:0) was from Fluka (Buchs, 

Switzerland). 

U         w               y    18.   Ω     w                   y 185 w                  

system (Millipore, Molsheim, France). Standard solutions of Na, K, Ca and Mg and 

lanthanum nitrate were from Panreac Química SA (Barcelona, Spain) and 65% HNO3 was 

from Sigma-Aldrich (Steinheim, Germany). Ammonium hydroxide solution (ACS reagent, 

28-30% NH3 basis) was acquired from Fluka (Seelze, Germany). Tetramethylammonium 

hydroxide, TMAH 25% w/w was from Alfa Aesar (Karlsruhe, Germany). The multi-element 

standard solution used to prepare Inductively Coupled Plasma-Mass Spectrometry (ICP-

MS) calibration solutions was PlasmaCAL SCP-33-MS, from SCP Science (Baie- ’U     

Quebec, H9X 4B6, Canada), and the internal standards solution was ICP-MS-200.8-IS-1 

solution (100 mg/L of 89Y, 141Pr, 159Tb and 175Lu), obtained from AccuStandard® (New Haven, 

Connecticut, USA). Tellurium (125Te) isotope were from Sigma-Aldrich (St. Louis, Missouri, 

USA). 

Dogfish liver (DOLT-4) and skimmed milk powder (ERM®-BD151) certified reference 

materials were obtained from the National Research Council Canada (Ottawa, Ontario, 

Canada) and Institute for Reference Materials and Measurements (Geel, Belgium), 

respectively. 

 

2.2 Sampling 

P. serratus samples were gathered along the NW Portuguese coast (namely in Figueira da 

Foz, Ria de Aveiro, Aveiro, Matosinhos and Vila do Conde) by local fishermen. P. varians 

samples (wild and of aquaculture origin) were gathered in the Sado estuary. At each location 

a total of 1 kg of shrimp was collected, the size ranged between 4 - 9 cm and 2 - 4 cm for P. 

serratus and P. varians, respectively. Sampling was carried out in autumn and spring 

between 2017 and 2019, according to the period allowed for the capture (DRE, 2000). The 

shell was separated from the edible portion of the shrimp, and shrimp with eggs were stored 

separately. Thirty-two samples were stored at -80 ºC until analysis. 
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2.3 Total lipid content and fatty acids composition 

The total lipid content (TLC) of shrimp samples was extracted by the Folch procedure (Folch 

et al., 1957), using dichloromethane instead of chloroform as previously described (Ozório 

et al., 2012). For extraction, 1 g of each shrimp sample was used. The TLC evaluation was 

performed in duplicate. 

The lipid residue obtained was then dissolved in 3 mL of dichloromethane, and the fatty acid 

profile of shrimp was determined according to base-catalyzed transesterification method 

(Bondia-Pons et al., 2007), and sodium methoxide (NaOMe) was used as a catalyst to form 

FAME (Sousa et al., 2018). C13:0 was used as an internal standard. 

 

2.3.1 Gas Chromatography-Flame Ionization Detection (GC-FID) 

Analyses were carried out using a GC-2010 gas chromatograph from Shimadzu (Kyoto, 

Japan) equipped with an FID, a Shimadzu AOC-20i autoinjector and An Agilent J&W CP-Sil 

88         y        (1     x  . 5     . .   .   μ           k    ). T               y 

material describes the operating conditions. 

 

2.3.2 Nutritional Quality Indices 

The nutritional quality of the fatty acids was evaluated taking into account the following 

indices: index of atherogenicity (IA), index of thrombogenicity (IT), and 

hypocholesterolemic/hypercholesterolemic ratio (HH), calculated according to the 

respective equations indicated below (1) – (3). In addition, Polyunsaturated/Saturated Fatty 

     ( U  /   )     ω-6/ω-3 ratios were also calculated (Chen and Liu, 2020). 

IA = 
𝐶12:0 + 4 × 𝐶14:0 + 𝐶16:0Ʃ𝑀𝑈𝐹𝐴+ Ʃ𝜔3+ Ʃ𝜔6            (1) 

IT = 
𝐶14:0 + 𝐶16:0 + 𝐶18:00.5 × 𝑀𝑈𝐹𝐴+0.5 × 𝑛6𝑃𝑈𝐹𝐴+3 × 𝑛3𝑃𝑈𝐹𝐴+ 𝑛3/𝑛6          (2) 

HH = 
𝑐𝑖𝑠 𝐶18:1+ Ʃ𝑃𝑈𝐹𝐴𝐶12:0+𝐶14:0+𝐶16:0        (3) 

2.4 Macrominerals and trace element determination 

 

2.4.1 Microwave digestion 

Microwave-assisted wet digestion of shrimp samples was performed using a Microwave 

Accelerated Reaction System (MARS-X, 1500; from CEM, Matthews, NC, USA) equipped 
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with a 14-position carousel and pressure and temperature sensors. Approximately 0.5 g of 

each shrimp sample was weighed into a Teflon microwave vessel, and 10 mL of HNO3 was 

added. Then, the microwave-assisted digestion was run at 1200 W, with a ramp rate of 5 

°C/min to 50 °C and a 10 min hold; then ramped at 10 ºC/min to 100 ºC with a 10 min hold; 

and finally ramped at 10 ºC/min to 150 ºC with a 15 min hold. During the digestion procedure, 

temperature and pressure were checked in a control vessel. After the microwave-assisted 

digestion and cooling, 2,5 mL of the sample solution was immediately added to 20 mL of 

ammonium hydroxide:water (1:1) mixture, for iodine analysis (Lawrence H. P. et al., 2013). 

All samples were analyzed in duplicate. All material used for ICP-MS analyses were soaked 

in 10% HNO3 for 24 h, washed with ultra-pure water and dried prior to use. 

 

2.4.2 Sample solutions analysis 

The macrominerals Na, Mg, K and Ca were determined by flame atomic absorption 

           y (    )              y  ™                  (   k         W            

USA), as described by (Cabrita et al., 2016).  

Trace-elements were determined by ICP-MS using an iCAP Q (Thermo Fisher Scientific, 

Waltham, MA, USA), using the operational parameters described by (Cabrita et al., 2016; 

Leite et al., 2017). 7Li, 27Al, 47Ti, 51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 75As, 82Se, 85Rb, 
88Sr, 107Ag, 111Cd, 118Sn, 121Sb, 133Cs, 137Ba, 208Pb and 209Bi isotopes were monitored for 

analytical determination, with 89Y, 141Pr, 159Tb and 175Lu isotopes as internal standards. For 

iodine determination, the 127I isotope was monitored, with 125Te as internal standard. 

 

2.4.3 Method validation 

The method detection limit (MDL) and method quantification limit (MQL) were estimated 

from 8 measurements of the digestion blanks. 

Certified reference materials (DOLT-4 and ERM®-BD151) were used for method 

performance control. The certified materials (0.5 g) were digested and analyzed 

simultaneously with the shrimp samples and under the same conditions. 

 

2.4.4 Contribution to recommended element intake 

The percent daily value (%DV) of essential and probably essential elements resulting from 

shrimp consumption was determined based on the content of the element in the samples, a 

serving dose of 100 g of shrimp and the Recommended Dietary Allowance (RDA) or 
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Adequate Intake (AI) values (NIH, 2021) for adult men with 31-50 years old, weighing 70 kg. 

The RDA or AI are presented in Table 1. 

 

Table 1. RDA and AI values for 11 essential and probably essential elements. 

Element Mg Na K Ca I Fe Cr Cu Mn Se Zn 

RDA or AI 
(mg/day) 420 1500* 3400* 1000 0.15 8 0.035* 0.90 2.30* 0.055 11 

*AI values 

2.4.5 Risk assessment 

The Target Hazard Quotient (THQ) values were calculated using the equation 4, described 

previously (Zhu et al., 2016). 

THQ = 
𝐶 × (𝐸𝑓 ×𝐸𝑑 ×𝐹)𝑊 ×𝑇 ×𝑅𝑓𝐷  × 10−3                (4) 

 

Describing the formula, C is the mean of potentially toxic element content in shrimp (mg/kg); 

Ef is the exposure frequency (52 days/year, estimated consumption once a week); Ed is the 

exposure duration (80 years, average lifetime expectancy Portugal); F is the amount of 

shrimp ingested (28.8 g/person/day, the maximum reported value (Jacobs et al., 2017); W 

is the mean body weight of Portuguese adults (71.68 kg, (Jacobs et al., 2017)); T is the 

mean exposure time for noncarcinogens (365 days/year x number of years of exposure, 80 

years in this study); RfD is the reference dose for oral exposure (USEPA, 2021); and 10–3 is 

the unit conversion factor (Zhu et al., 2016). 

 

2.4.6 Risk-benefit assessment 

Hazard quotient for risk-benefit ratio was expressed as the dimensionless hazard quotient 

HQEFA. The values were calculated using the equation 5, described previously (Gladyshev 

et al., 2009; Kosker, 2020). 

HQEFA = 
(𝑅𝑒𝑓𝑎 × 𝐶)(𝐶𝑓 × 𝑅𝑓𝐷  × 𝑊)  × 10−3                (5) 

Describing the formula, Refa is the recommended daily dose of essential fatty acids (EPA + 

DHA) (mg/day); C is the mean of potentially toxic element content in shrimp (mg/kg); Cf is 

the mean  amount of essential fatty acids (EPA + DHA) found in shrimp (mg/100 g); RfD is 

the reference dose for oral exposure (USEPA, 2021); W is the mean body weight of 
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Portuguese adults (71.68 kg, (Jacobs et al., 2017)); and 10–3 is the unit conversion factor.  

The Refa value used was 250 mg per day (EFSA, 2012). For the calculations described in 

section 2.4.5 and 2.4.6, the values obtained for all the elements analyzed were used directly, 

with exception of As, for which a conversion factor was used. Particularly marine species 

are well-known to contain high concentrations of As, and shellfish is described to contain a 

maximum level of inorganic As of about 6% of the total As (EFSA, 2009). This factor is 

relevant since organic As is not as toxic as inorganic forms of As (Kosker, 2020). For As 

calculations, the inorganic As (the toxic form) was assumed to be 6% of the total 

concentration found (EFSA, 2009). 

2.5 Statistical analysis 

Results were obtained from at least duplicates. Data were expressed as mean ± standard 

deviation (SD). The statistical significance of the difference between two groups was 

assessed by nonparametric Mann-Whitney test. Kruskal–Wallis one-way analysis of 

variance was used to compare differences between more than two groups. To evaluate the 

correlation between the elements and fatty acids content, the Pearson correlation coefficient 

was used. Statistical analysis was performed using SPSS Inc., version 22.0 (SPSS Inc., 

Chicago, IL, USA). Differences between means were considered significant when p < 0.05. 

                                      b   w                w                  /√     

   /√            y                                           (H           R     199 ). 

 

3. Results and discussion 

Data describing the detailed fatty acid profile (mg/100g) for the two shrimp species from 

different locations are reported in Tables S1 – S3. The fatty acid ratios and the lipid quality 

indices are presented in Table 2. The main fatty acids found in shrimp muscle tissue were 

palmitic (C16:0), stearic (C18:0), oleic (C18:1 n-9 c), EPA (C20:5 n-3) and DHA (C22:6 n-3) 

acids (Tables S1-S3), a prevalence similar to that was observed in a previous work (Pires 

et al., 2018). 
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Table 2. Fatty acids (mg/100g ± SD) and quality indices in P. serratus and P. varians samples; E-eggs; A-

aquaculture; W-wild. 

 

The elements analyzed in the 32 shrimp samples were divided into three classes: essential 

elements (Ca, Na, K, Mg, Cr, Fe, Co, Cu, Zn, Se, I); probably essential elements (V, Mn, 

Ni); and potentially toxic/non-essential elements (Li, Al, Ti, As, Rb, Sr, Ag, Cd, Sn, Sb, Cs, 

Ba, Pb, Bi). The validation of the methodology is presented in Tables S4 and S5, results are 

presented in Table S6 (essential macrominerals), Table S7 (essential trace elements), Table 

S8 (probably essential trace elements) and Table S9 and S10 (potentially toxic/non-

S
p

ec
ie

 

Location of the sampling, 

season and year 
ΣSFA   ΣMUFA    ΣPUFA   Σω3   Σω6 PUFA/SFA ω6/ω3 IA IT HH 

P
a

la
em

o
n

 s
er

ra
tu

s 

V
il

a
 d

o
 C

o
n

d
e 

Autumn 2017 158.3 ± 0.4   90.4 ± 0.3   204.2 ± 0.7   182.4 ± 0.6   21.8 ± 0.1 1.29 0.12 0.43 0.24 2.45 

Spring 2018 183 ± 16  114 ± 7  265 ± 17  225 ± 14  40 ± 3 1.45 0.18 0.38 0.21 2.83 

Spring 2018 E 166 ± 11  111 ± 10  228 ± 22  192 ± 18  36 ± 3 1.37 0.19 0.38 0.23 2.81 

Autumn 2018 186 ± 13  112 ± 9  223 ± 16  190 ± 13  33 ± 3 1.20 0.17 0.42 0.26 2.54 

Spring 2019 164 ± 6  93 ± 4  217 ± 17  189 ± 15  28 ± 2 1.32 0.15 0.43 0.24 2.51 

Spring 2019 E 158.0 ± 0.5   114 ± 6   222 ± 23   192 ± 21   30 ± 2 1.40 0.16 0.38 0.22 2.80 

M
a

to
si

n
h

o
s 

Autumn 2017 263 ± 61   157 ± 35   348 ± 54   317 ± 49   31 ± 6 1.32 0.10 0.42 0.23 2.56 

Spring 2018 177 ± 4  111 ± 4  264 ± 4  225 ± 3  39.2 ± 0.7 1.49 0.17 0.37 0.21 2.93 

Spring 2018 E 154 ± 39  109 ± 29  212 ± 56  176 ± 48  36 ± 8 1.38 0.20 0.38 0.23 2.86 

Autumn 2018 154 ± 2  72 ± 2  189 ± 12  167 ± 11  22 ± 1 1.23 0.13 0.44 0.25 2.48 

Spring 2019 184 ± 38   106 ± 24   254 ± 54   222 ± 47   32 ± 7 1.38 0.14 0.41 0.23 2.65 

A
v

ei
ro

 Spring 2018 319 ± 30   195 ± 15   435 ± 38   367 ± 33   68 ± 5 1.36 0.18 0.40 0.24 2.64 

Autumn 2018 154 ± 14  66 ± 6  189 ± 20  159 ± 17  30 ± 3 1.22 0.19 0.43 0.25 2.46 

Spring 2019 130 ± 15   72 ± 10   167 ± 26   147 ± 23   20 ± 3 1.28 0.14 0.42 0.25 2.57 

R
ia

 d
e 

A
v

ei
ro

 Autumn 2017 140 ± 4   51 ± 1   189 ± 3   164 ± 3   24.91 ± 0.02 1.35 0.15 0.47 0.24 2.29 

Spring 2018 143 ± 42  62 ± 20  190 ± 57  164 ± 49  26 ± 7 1.33 0.16 0.44 0.24 2.40 

Spring 2018 E 308 ± 4   165 ± 3   365 ± 5   307 ± 5   58.2 ± 0.1 1.19 0.19 0.46 0.27 2.23 

F
ig

u
ei

ra
 d

a
 F

o
z Autumn 2017 213 ± 34  104 ± 15  251 ± 42  225 ± 38  26 ± 4 1.18 0.12 0.46 0.26 2.28 

Spring 2018 141 ± 2  86 ± 17  191 ± 6  170 ± 5  21.6 ± 0.9 1.35 0.13 0.40 0.22 2.78 

Spring 2018 E 237 ± 40  149 ± 28  282 ± 48  243 ± 41  38 ± 7 1.19 0.16 0.41 0.25 2.59 

Autumn 2018 160 ± 8  97 ± 7  225 ± 18  197 ± 16  28 ± 2 1.40 0.14 0.39 0.22 2.78 

Spring 2019 155 ± 36   83 ± 21   192 ± 48   170 ± 42   22 ± 5 1.24 0.13 0.43 0.25 2.46 

P
a

la
em

o
n

 v
a

ri
a

n
s 

S
a

d
o
 

Autumn 2017 A 197 ± 15  71 ± 7  265 ± 17  223 ± 15  42 ± 2 1.35 0.19 0.41 0.21 2.73 

Spring 2018 A 183 ± 43  98 ± 23  247 ± 58  213 ± 50  34 ± 7 1.35 0.16 0.39 0.21 2.74 

Spring 2018 A E 237 ± 12  117 ± 7  262 ± 16  228 ± 14  34 ± 2 1.11 0.15 0.45 0.25 2.35 

Autumn 2018 A 176 ± 31  88 ± 19  233 ± 49  173 ± 37  61 ± 12 1.32 0.35 0.45 0.25 2.54 

Spring 2019 A 258 ± 12  12 ± 8  244 ± 18  195 ± 14  49 ± 4 0.94 0.25 0.49 0.32 2.11 

Autumn 2017 W 182 ± 30  92 ± 16  227 ± 45  179 ± 37  48 ± 8 1.25 0.27 0.39 0.24 2.85 

Spring 2018 W 158 ± 23  76 ± 13  198 ± 28  172 ± 24  26 ± 4 1.26 0.15 0.39 0.21 2.77 

Spring 2018 W E 262 ± 24  123 ± 12  298 ± 40  258 ± 35  40 ± 5 1.14 0.16 0.41 0.23 2.57 

Autumn 2018 W 216 ± 6  96.5 ± 0.8  308 ± 6  226 ± 5  82 ± 1 1.42 0.36 0.43 0.24 2.69 

Spring 2019 W 159 ± 20   72 ± 9   163 ± 12   130 ± 9   33 ± 3 1.02 0.25 0.49 0.31 2.19 
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essential trace elements) of the supplementary material. Results were expressed as mg/kg 

ww. 

 

3.1 Sampling sites along the NW Portuguese coast 

To compare the samples from different sampling sites Kruskal-Wallis one way test was 

performed and significant differences were observed for Cu, Fe, Zn, V, Mn, Co, I, Ca Li, Al, 

Ti, Sr, Ag, As, Pb, Sb, Cs, Ba and Bi (p ˂  .  1)       H                     (p ˂  . 1)     

    Ʃω-6, Rb and Sn (p ˂  . 5).         (   :5  -3) DHA (C22:6 n-3), SFA, 

Ʃ                    y       ( U  )  Ʃ U       Ʃω-3 the highest values were found in 

samples from Aveiro, whereas the high               Ʃω-6 was found in the samples from 

Sado estuary (Table 2).  

For the essential macrominerals (Table S6) it was observed that in shrimp samples the Mg 

content was higher in Figueira da Foz (334 mg/kg). The Na and Ca contents were higher in 

the Sado estuary samples (3350 and 2100 mg/kg, respectively), and the K content was 

higher in Figueira da Foz (5310 mg/kg). Regarding essential trace elements (Table S7), Cr 

was found above MQL only in samples from the Sado estuary (0.10 – 0.14 mg/kg). For Fe, 

Co, Cu, Zn and Se, the values were also higher in the Sado estuary (63 mg/kg, 0.035 mg/kg, 

13 mg/kg, 11.9 mg/kg and 0.247 mg/kg, respectively), for I the higher value was found in 

Vila do Conde (0.48 mg/kg). Regarding probable essential elements (Table S8), for V, Mn 

and Ni, the highest values were found in the samples from the Sado estuary (0.21 mg/kg, 

1.33 mg/kg and 0.19 mg/kg, respectively). Concerning potentially toxic/non-essential 

elements (Tables S9 – S10), higher contents of Li, Al, Ti, Sr and Cd were observed in the 

aquaculture samples from Sado estuary (0.14 mg/kg, 90 mg/kg, 10.7 mg/kg, 32 mg/kg and 

0.006 mg/kg, respectively), whereas Ba and Pb contents were higher in wild samples from 

Sado estuary (0.3 mg/kg and 0.087 mg/kg, respectively); As, Ag and Cs contents were 

higher in samples from Figueira da Foz (11.2 mg/kg, 0.09 mg/kg and 0.018 mg/kg, 

respectively); Rb and Bi were higher in samples from Aveiro (1.362 mg/kg and 0.033 mg/kg, 

respectively); and Sn and Sb were higher in samples from Ria de Aveiro (0.021 mg/kg and 

0.005 mg/kg, respectively).   

 

3.2 Shrimp species comparison (P. serratus vs P. varians) 

In order to compare the samples from the two shrimp species analyzed, nonparametric 

Mann-Whitney test was performed. The two shrimp species studied showed the same mean 

concentration of TLC of 1.3 g/100g (Table S11), a value within the previously reported range 
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for TLC in shrimp samples: 0.5 – 1.9 g/100g (Li et al., 2011). Comparing the mean value for 

DHA, this was significantly higher in P. serratus  w                        Ʃω-6 was higher 

in P. varians (p ˂  . 1)                      1. R                ential trace elements, P. 

varians samples (Figure 1) presented significantly higher mean content of V, Cr, Mn, Fe, 

Co, Ni, Cu, Zn, I, Na and Ca. 
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Figure 1. Concentration of essential elements in the two shrimp species P. serratus and P. varians. Essential 

trace elements (A), Macro-minerals (B). Different letters (a, b and c) in the bars of each element indicate 

significant differences between the two shrimp species at p < 0.05, p ˂  . 1     p ˂  .  1             y. 

P. varians is the shrimp species from the Sado estuary, the sampling site with higher values 

of most of these elements. Therefore, it is possible to assume that the differences in the 

element content may come from the habitat rather than the species itself. Potassium was 

the most abundant macro-mineral in the two shrimp species analyzed. The mean 

concentration of essential and probably essential elements (Figure 1) followed the order of 

K ˃    ˃    ˃    ˃ Z  ˃    ˃    ˃    ˃   ˃    ˃    ˃    ˃   ˃        P. serratus     K ˃ 

   ˃     ˃     ˃     ˃     ˃  Z  ˃     ˃    ˃     ˃    ˃     ˃     ˃         P. varians. The difference 

in the order of the elements between the two species was the position of Zn, Fe, Cr and V.  

Regarding potentially toxic/non-essential elements, As, Cd, Ag, Sb, Cs and Bi were found 

in significantly higher levels in P. serratus samples, while P. varians showed significantly 

higher levels of Li, Ba, Al, Ti and Sr (Figure 2). The mean concentration of potentially 

toxic/non-essen                                     w                ˃    ˃ T  ˃    ˃ Rb ˃ 

   ˃    ˃    ˃  b ˃    ˃    ˃    ˃  b ˃        P. serratus samples, while for P. varians the 

      w      ˃    ˃ T  ˃    ˃ Rb ˃    ˃  b ˃    ˃    ˃    ˃    ˃    ˃    ˃  b. 
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Figure 2. Levels of non-essential/toxic elements in the two shrimp species P. serratus and P. varians. Different 

letters (b and c) in the bars of each element indicate significant differences between the two shrimp species at p 

˂  . 1     p ˂  .  1             y. 

3.3 Sampling seasons comparison (Spring vs Autumn) 

Regarding the differences between spring and autumn, the statistical analysis was 

performed by nonparametric Mann-W     y           Ʃ U           (T b    ) w          

in spring samples (p ˂  . 5). W                   P. varians              Ʃω-6 content was 

significantly higher in autumn (p ˂  . 1)  w         P. serratus     Ʃω-6 content was 

significantly higher in spring (p ˂  . 5). W                                 w        

w            (         y          )     w              Ʃ     Ʃ U   (p ˂  .  1)     Ʃω-6 

(p ˂  . 5)          w       her in samples with eggs. As previously described, shrimp eggs 

are rich in C16:0, C18:0, C16:1 n-7, C18:1 n-9 c and C18:2 n-6 (Narciso and Morais, 2001). 

In our study, these fatty acids were significantly higher in the shrimp samples with eggs (p 

˂  . 5  p ˂  . 1  p ˂  . 1  p ˂  . 1     p ˂  . 5             y)       b                    

Ʃ     Ʃ U       Ʃω-6 values. Regarding essential and probably essential elements 

(Tables S6 – S8), significant differences were observed for Cu, Se and K. Cu and Se mean 

values were higher in spring samples, while K was higher in autumn samples (p ˂  . 1). 

Higher mean content was observed in spring for Zn (p ˂   . 5)                     (p ˂  . 1). 

Regarding the presence of eggs in the shrimp, Cu was higher in shrimps with eggs, while K 

was higher in shrimps without eggs, in agreement with the results for Cu and K reported for 

the different seasons. Regarding potentially toxic/non-essential elements, P. serratus 

samples presented significant differences for As, Rb, Sn and Bi. As and Bi mean content 
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were higher in spring samples (p ˂  .  1     p ˂  . 5             y)  w     Rb        w    

higher in autumn (p ˂  . 5).            P. varians samples, As, Cd and Rb presented 

significant differences between seasons. As and Rb mean content were higher in spring (p 

˂  .001), while Cd was higher in autumn (p ˂  . 5). W                                     

in shrimp samples, no significant differences were observed. 

 

3.4 Elements comparison with literature  

The results obtained in this study for essential and probably essential elements were 

compared with values from a national food composition database (INSA, 2019) and some 

previous studies (Biswas et al., 2021; Bogard et al., 2015; El Gendy et al., 2015; Gokoglu et 

al., 2008; Liu et al., 2017; Rao, K. R. P.; Sreeramulu and K.; Sreedhar, 2016; Shi et al., 

2015) presented in Table S12. The content of the elements available for comparison (Fe, 

Zn, Cu and Mn) obtained in this work for P. serratus were well within the values reported for 

the same species (Gokoglu et al., 2008). Comparing the different species, some differences 

in the elements content were observed. These differences can be influenced by the habitat 

(sampling location). In general, the content values obtained in this study were within or close 

to the range reported for Mg, Fe, Zn, Se, Cu, Mn, I and Cr (Bogard et al., 2015; El Gendy et 

al., 2015; Gokoglu et al., 2008; INSA, 2019; Rao, K. R. P.; Sreeramulu and K.; Sreedhar, 

2016; Shi et al., 2015).  

The intake of Mg and Ca have showed potential benefits to prevent metabolic syndrome 

dysfunctions when the Ca/Mg is close to 2 (Rosanoff, 2010). In our study, the mean Mg 

content was similar between the two shrimp species, although the mean Ca content was 

higher in P. varians compared to P. serratus (Table S12). This is reflected in the Ca/Mg ratio, 

which was significantly higher (p ˂  .  1)    P. varians (4.1) compared to P. serratus (1.7). 

Based on these results, the best nutritional ratio exists in P. serratus (1.7). 

For Na and K, the values obtained in this work were above the previously reported ones 

presented in Table S12. The Na content was higher than that reported in the National food 

database. These results are not a good nutritional finding due to the importance of reducing 

salt consumption. The biological interactions of Na and K are interesting because they play 

an important role in the development of hypertension and cardiovascular disease (CVD). 

The Na/K ratio (more than individual Na or K intake) has been associated with an increased 

risk of CVD (Cook et al., 2010). According to the AI values recommended for Na and K, a 

      y            b  ≤ .6 (   k      .    1 ). R                                         
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the Na/K ratio were slightly below the recommended value (0.57) for P. serratus and slightly 

above (0.67) for P. varians, (p ˂  .  1).                                                 w  k 

were below the ones reported previously presented in Table S12. Except for K and Mg, all 

the other essential and probably essential elements analyzed presented higher 

concentrations in P. varians (Figure 1 and Table S12). Comparing the species origin (wild 

or aquaculture), the results are very similar. Both samples (wild and aquaculture) were 

collected in the Sado estuary. As the sampling sites in the Sado estuary were close to each 

other, perhaps the elements added to the water for shrimp aquaculture could reach to wild 

ones, which may explain why this specie had a higher content of almost all the essential 

elements analyzed.  

Table S13 provides a comparison between the results obtained for the most studied 

potentially toxic/non-essential elements in our study and in previous reports (Di Beneditto et 

  .      ;        y      .    15;                   15;   k          .     8; K y   ı     

Altun, 2016; Olgunoglu, 2015; Raissy, 2016). The mean for As and Al contents obtained in 

this study were higher than previously reported values (Di Beneditto et al., 2022; Giri and 

Singh, 2015; Olgunoglu, 2015; Raissy, 2016). The release of Al and As to the aquatic 

environment can occur both by natural and anthropogenic ways.  Regarding the content of 

Sr, Cd and Sn, the mean values obtained in the present study were below the previously 

reported data (Di Beneditto et al., 2022; El Gendy et al., 2015; Giri and Singh, 2015; Gokoglu 

     .     8; K y   ı              16; R    y    16). T    b          b       w          

range of some reported values (Di Beneditto et al., 2022; Giri and Singh, 2015). The 

European Commission set a maximum limit of 0.5 mg/kg ww for Pb and Cd content levels 

in crustaceans (European Commission, 2001). As shown in Tables S9 and S10, all samples 

presented values below the legislated maximum. 

 

3.5 Nutritional quality indices and ratios 

The PUFA/SFA ratio is one of the most used to assess the nutritional value of foods. Values 

reported in the literature ranged between 0.5 - 1.6 for fish and between 0.2 - 2.1 for shellfish 

(Chen and Liu, 2020). Dayal et al. consider that a healthy diet must have at least a 

PUFA/SFA ratio of 0.54 or above (Dayal et al., 2013). In this study, as shown in Table 2, all 

wild samples analyzed showed a PUFA/SFA ratio above 1, which indicates a good 

nutritional value of P. serratus and P. varians, and these values are in the range of previously 

reported works (Chen and Liu, 2020). The only exception was the aquaculture sample 

collected in the spring of 2019 (0.94); however, the value is well above the recommended 
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value of 0.54. The mean value of the PUFA/SFA ratio for P. serratus was 1.31, while for P. 

varians it was 1.22 (Figure S1). Regarding the sampling locations, the highest value of 1.49 

was found in Matosinhos.  

ω-3     ω-6                   y                             W                              ω-

3  w                        ω-6/ω-3 ratio, which can have some adverse consequences, 

such as chronic diseases when the ratio is greater than 10 (Simopoulos, 2008). In the 

            y                        w   ω-6/ω-3 ratios below 1, with the mean value being 

0.18 and the range 0.10 -  .36.        Ʃω-3 content in shrimp is very high, the consumption 

                       y                    ω-6/ω-3 ratio in the diet. In addition, P. serratus 

presented significantly lower values (mean 0.15) when compared to P. varians (mean 0.23), 

p ˂  .  1 (        1). ω-3 fatty acids are essential nutrients, humans are unable to produce 

them, so they have to be provided by the diet (Simopoulos, 2008). Thus, it is important to 

consume foods high in EPA and DHA. The European Food Safety Authority (EFSA) has 

recommended a daily intake of 250 mg of EPA+DHA (EFSA, 2012). A 100 g serving of 

muscle of shrimp from the Portuguese coast provides 195 mg of EPA plus DHA (average) 

(78% of the recommended daily intake). 

Quality index IA demonstrates the association between the main SFA and the main classes 

of unsaturated fatty acids (UFA). SFA are considered pro-atherogenic (promote lipid 

adhesion to blood vessels wall cells), and UFA are considered anti-atherogenic (inhibit 

platelet aggregation and decrease cholesterol and phospholipids levels, preventing the 

development of micro and macro coronary diseases) (Soares et al., 2021). Lower values of 

IA indicate better nutritional quality. The IA values calculated in this study (equation 1) 

indicate a healthier index compared to previously reported values for shrimp samples. The 

mean value determined in this study for P. serratus was 0.41 and for P. varians was 0.43 

(Figure S1), whereas previously reported values ranged between 0.71 and 0.82 (Chen and 

Liu, 2020). The IT quality index indicates the thrombogenic potential (tendency to form clots 

in blood vessels), using the association between SFA, considered pro-thrombogenic 

(increases thrombus formation), and MUFA and PUFA, considered anti-thrombogenic 

(decreases thrombus formation) (Soares et al., 2021). Consequently, it is beneficial for 

cardiovascular health to consume foods with lower IT (Chen and Liu, 2020). The mean 

values for IT determined in this study (equation 2) were 0.24 and 0.25 for P. serratus and P. 

varians, respectively (Figure S1, which are in agreement with previously reported values 

(0.21 and 0.30) for shrimp samples (Chen and Liu, 2020). Lower IA and IT values in foods 
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are associated with better nutritional quality, and their consumption can help reduce the risk 

of coronary disease (Chen and Liu, 2020). The HH quality index is associated with CVD risk. 

This ratio indicates the relationship between hypo- and hypercholesterolic fatty acids, 

essential in lipoprotein metabolism, for the transport of plasma cholesterol (Paszczyk and 

Ł   yń k       ).             y                 HH     x w     .6       .55     P. serratus 

and P. varians, respectively (Figure S1), and these are in the range of previously reported 

values for shellfish species (0.21 – 4.75) (Chen and Liu, 2020).  

 

3.6 Daily value of elements 

The RDA and AI (NIH, 2021) define quantitative recommendations of essential elements for 

the general population to remain healthy. These recommended values (RDA and AI) can be 

used to determine daily values, as described in section 2.4.4, and the results are described 

in Figure 3. 
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Figure 3. Daily value (DV%) of one serving dose (100 g) of shrimp for essential and probably essential elements.  

 

Overall, shrimp can be a valuable food source of the elements evaluated (Figure 3), except 

for Mn (only between 1 – 4% of the RDA/AI) and Fe in P. serratus (which provides only 4% 

of the RDA/AI). For all other elements (Mg, Na, K, Ca, I, Cr, Cu and Se; and Fe in P. varians) 

shrimp can provide more than 5% of the RDA/AI. For some elements the contribution may 

be dependent on the shrimp species. For Cu, P. varians may represent 114% of the RDA 

(exceeding the recommended daily value), while P. serratus may represent 76% of the RDA. 
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Regarding Fe, P. varians accounts for 35% of the RDA, but P. serratus represents only 4% 

of the RDA. 

3.7 Risk assessment 

The elements of the group of potentially toxic/non-essential elements are one of the most 

important forms of marine pollution due to their accumulation and toxicity to aquatic 

organisms, such as shrimp (Rao, K. R. P.; Sreeramulu and K.; Sreedhar, 2016). The THQ 

for Cd, Pb, As, Al, Ag, Sr, V, Sb and Ba was calculated using the reported RfD for these 

elements (USEPA, 2021), equation 4. 

 

Table 3. THQ and HI for potentially toxic/non-essential elements resulting from shrimp consumption.  

 

 

The Hazard Index (HI) is calculated as the sum of THQ for all elements shown in Table 3. 

THQ represents the risk of adverse health effects of a particular element, while HI represents 

the potential risk of the exposure to the combined elements (Zhu et al., 2016). If the THQ 

and HI values are less than 1, it is assumed that there is no adverse health risk due to 

exposure to the elements (alone or in combination, respectively). If it is above 1, a potential 

risk may arise from the exposure (USEPA, 2000). The THQ and HI values determined for 

the two shrimp species are presented in Table 3 and were calculated using the average 

values for each sampling location. The THQ value for Al in P. varians were found to be 

above 1. Although, the value for Al was above 1, this element is practically not absorbed by 

the gastrointestinal tract, not posing a particular risk. Regarding HI, the values were above 

1 also for P. varians, due to the high values of Al. 

    THQ 

  P. serratus P. varians 

Element RfD 

Vila do 

Conde Matosinhos Aveiro 

Ria de 

Aveiro Figueira da Foz 

Wild 

Sado 

Aquaculture 

Sado 

Cd 0.001 0.0001 0.0001 0.0001 0.0001 0.0002 0.00007 0.0001 

Pb 0.004 0.0001 0.0005 0.00006 0.0003 0.00009 0.0005 0.0004 

As 0.0003 0.1 0.09 0.08 0.05 0.09 0.04 0.03 

Al 0.0004 0.2 0.3 0.03 0.2 0.4 5.4 5.0 

Ag 0.005 0.0008 0.0008 0.0008 0.0006 0.0009 0.0003 0.0003 

Sr 0.6 0.0005 0.0006 0.0005 0.0008 0.0006 0.002 0.002 

V 0.009 0.0003 0.0004 0.0005 0.0004 0.0002 0.0009 0.001 

Sb 0.0004 0.0003 0.0003 0.0003 0.0005 0.0004 0.0002 0.0002 

Ba 0.2 0.00001 0.00001 0.000008 0.000008 0.00002 0.00005 0.00004 

HI 0.3 0.4 0.1 0.3 0.5 5.4 5.0 

* Arsenic calculation was made by assuming the inorganic As 6% of the total concentration. 
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3.8 Risk-benefit assessment 

The HQEFA for Cd, Pb, As, Al, Ag, Sr, V, Sb and Ba was calculated using the reported RfD 

for these elements (USEPA, 2021) and the recommended daily dose of EPA + DHA (EFSA, 

2012), equation 5. For these results, if HQEFA < 1, means the consumption of shrimp 

species studied is beneficial to health, on the other hand if HQEFA > 1 suggests that shrimp 

consumption may pose a risk. The HQEFA values determined for the two shrimp species in 

the different sampling locations (average values) are presented in Table 4. The HQEFA 

value was found to be above 1 for Al in P. varians. However as described previously, this 

element may not pose a particular risk. Moreover, for all the other calculations the HQEFA 

was below 1. 

Table 4. Risk-benefit ratio (HQEFA) for the two shrimp species analyzed. 

 

3.9 Correlations between fatty acids and elements 

T              b      w                                (  .5 < |   | ˃ 1)     p ˂  . 5 

between the levels of fatty acids and elements (Table 5). The fatty acid profile of shrimp is 

essentially dependent on their food sources (Gatune et al., 2014). The levels of fatty acids 

with odd numbers of carbon atoms, C15:00 and C17:00, correlate with a high number of 

element concentrations, with positive and negative correlations. C15:0 and C17:0 fatty acids 

are considered phytoplankton biomarkers as they are unique to individual groups of algae 

(Taipale et al., 2013). In aquatic food webs, most fatty acids are synthesized by 

phytoplankton and bacteria before being transferred via herbivorous invertebrates to fish 

and crustaceous. A possible explanation for these positive correlations is that these 

elements may act as enzyme co-factors or play a role as positive modulators. Negative 

correlations can be explained by toxic elements such as As or a role as negative modulators. 

    HQEFA 

  P. serratus P. varians 

Element RfD 

Vila do 

Conde Matosinhos Aveiro 

Ria de 

Aveiro 

Figueira da 

Foz 

Wild 

Sado 

Aquaculture 

Sado 

Cd 0.001 0.00004 0.00004 0.00004 0.00004 0.00006 0.00002 0.00004 

Pb 0.004 0.00005 0.0001 0.00002 0.00009 0.00003 0.0001 0.0001 

As 0.0003 0.03 0.03 0.03 0.02 0.03 0.01 0.01 

Al 0.0004 0.05 0.1 0.009 0.08 0.1 1.7 1.6 

Ag 0.005 0.0003 0.0003 0.0003 0.0002 0.0003 0.00009 0.0001 

Sr 0.6 0.0002 0.0002 0.0002 0.0003 0.0002 0.0005 0.0006 

V 0.009 0.0001 0.0001 0.0002 0.0001 0.00007 0.0003 0.0003 

Sb 0.0004 0.0001 0.0001 0.0001 0.0002 0.0001 0.00007 0.00006 

Ba 0.2 0.000004 0.000004 0.000002 0.000003 0.000007 0.00002 0.00001 

* Arsenic calculation was made by assuming the inorganic As 6% of the total concentration. 
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Some potentially toxic/non-essential elements (Al, As, Li, Ti, Sr, Ag, and Pb) showed an 

unexpected positive correlation with the levels of some fatty acids. One possible explanation 

is that these elements inhibit downstream metabolism, increasing these fatty acid levels.  

Table 5. Positive and negative strong correlations between fatty acids and elements. 

 

4. Conclusion 

In general, the results obtained in this study showed that shrimp from NW Portuguese coast 

have an average TLC of 1.3 g/100 g and that palmitic, stearic, oleic, EPA and DHA acids as 

             y      .                                     y              H      Ʃω-6 content, 

         b          w      T  HH     ω-6/ω-3 ratio, which represents good nutritional 

quality. Regarding the elemental composition, the shrimp species showed significant 

differences for the content of Na, Ca, Cr, Fe, Co, Cu, Zn, I, V, Mn and Ni (essential and 

probably essential elements) and As, Cd, Ag, Sb, Cs, Bi, Li, Ba, Al, Ti and Sr content 

(potentially toxic/non-essential elements). Thus, the daily value for essential elements 

resulting from the consumption of 100g of Portuguese shrimp was estimated, and shrimp 

can be a good nutritional source of EPA + DHA, Cu, Se, Fe, Mg, Na, K, Ca, I and Cr. The 

THQ, HI and risk-benefit ratio values calculated shown that there is no significant threat 

associated with Portuguese shrimp consumption for adult population. 

 

Fatty acids Elements 

Positive correlation 

C14:0 Cu, Fe, Ni, Zn, Li, Ti, Mn, Co, Sr and Ca 

C15:0 Cu, Fe, Ni, Zn, Li, Ti, Mn, Co, Sr, Ca, Cr, Al, V and Ba 

C17:0 Cu, Fe, Ni, Zn, Li, Ti, Mn, Co, Sr, Ca, Cr, Al, V and Ba 

C16:1 n-7 Fe, Cr, Li, Al, Mn, Co and I 

C18:1 n-9 c As 

C18:1 n-9 t Fe, Pb, Ni, Cr, Li, Al, Mn and Co 

C18:2 n-6 c Cu, Ni, Zn, Ti, Sr and Ca 

C18:3 n-3 I 

C20:1n-9 As and Ag 

C22:0 Pb, Cr and Al 

C22:6 n-3 (DHA) Cs 

Ʃω-6 Zn, Sr and Ca 

Negative correlation 

C15:0 As and Ag 

C17:0 As, Ag and Cs 

C20:1 n-9 Mn, Co and Ba 
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Gas Chromatography-Flame Ionization Detection (GC-FID): 

Operating conditions were as follows: split mode, with a split ratio of 1:10 and an injection 

          1 μ .                                    w                   5       6  °   

           y.      w         3    /                               (       ó          y ≥ 

99.999%), 40 mL/min of hydrogen and 400 mL/min of air was used. The column thermal 

gradient was as follow: initial temperature of 80 °C, which was increased at 4 °C/min to 

220°C; hold for 5 min, then increase at 2 ºC/min to 228 ºC; hold for 0.5 min, then increase 

at 2ºC/min to 230 ºC; hold for 0.5 min, then increase at 4ºC/min to 240 ºC; hold for 12 min. 

FAME were identified by comparison with a known standard FAME Mix and quantified using 

the software GC solution for GC systems (Shimadzu). The quantification of FAME in 

mg/100g of shrimp was obtained using the known concentration and area of the used 

internal standard (C13:0).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



164 FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

 

 

 

 

 

 



   FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

165 

 

 

 



166 FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

 

 

 

 

 

 



   FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

167 

 

 

 



168 FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

 

 

 

 

 

 



   FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

169 

 

 



170 FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

 

 

 

 

 



   FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

171 

 

 



172 FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

 

 

 

 

 



   FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

173 

 

 

 



174 FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

 

 

 

 

 

 

 

References 

Biswas, C., Soma, S.S., Rohani, M.F., Rahman, M.H., Bashar, A., Hossain, M.S., 2021. 

Assessment of heavy metals in farmed shrimp, Penaeus monodon sampled from Khulna, 

Bangladesh: An inimical to food safety aspects. Heliyon 7, e06587. 

https://doi.org/10.1016/j.heliyon.2021.e06587 

Bogard, J.R., Thilsted, S.H., Marks, G.C., Wahab, M.A., Hossain, M.A.R., Jakobsen, J., 

Stangoulis, J., 2015. Nutrient composition of important fish species in Bangladesh and 

potential contribution to recommended nutrient intakes. J. Food Compos. Anal. 42, 120–

133. https://doi.org/10.1016/j.jfca.2015.03.002 



   FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

175 

 

Di Beneditto, A.P.M., Pestana, I.A., de Oliveira, B.C.V., de Rezende, C.E., de Carvalho, C., 

2022. Health Risk Assessment Related to As, Cd and Pb Due to the Consumption of Shrimp 

Species from Southeast Brazil. Int. J. Environ. Res. 16, 1–8. https://doi.org/10.1007/s41742-

022-00400-1 

El Gendy, A., Al Farraj, S., El Hedeny, M., 2015. Heavy metal concentrations in tissues of 

the shrimp Penaeus semisulcatus (De Haan, 1844) from Jazan, southern Red Sea coast of 

Saudi Arabia. Pak. J. Zool. 47, 671–677. 

Giri, S., Singh, A.K., 2015. Metals in Some Edible Fish and Shrimp Species Collected in Dry 

Season from Subarnarekha River, India. Bull. Environ. Contam. Toxicol. 95, 226–233. 

https://doi.org/10.1007/s00128-015-1573-x 

Gokoglu, N., Yerlikaya, P., Gokoglu, M., 2008. Trace elements in edible tissues of three 

shrimp species (Penaeus semisulcatus, Parapenaeus longirostris andPaleomon serratus). 

J. Sci. Food Agric. 88, 175–178. https://doi.org/10.1002/jsfa.3086 

INSA, 2019. Food composition table. Natl. Heal. Inst. Doutor Ricardo Jorge. 

K y   ı   .          . .    16.                                           T              

and Contaminants in Five Shrimp Species from Iskenderun Bay and Their Consumibility as 

Human Food. Bull. Environ. Contam. Toxicol. 97, 237–243. https://doi.org/10.1007/s00128-

016-1851-2 

Liu, Y., Liu, G., Yuan, Z., Liu, H., Lam, P.K.S., 2017. Presence of arsenic, mercury and 

vanadium in aquatic organisms of Laizhou Bay and their potential health risk. Mar. Pollut. 

Bull. 125, 334–340. https://doi.org/10.1016/j.marpolbul.2017.09.045 

Olgunoglu, M., 2015. Heavy Metal Contents in Muscle Tissues of Three Deep-Seawater 

Mediterranean Shrimp Species (Plesionika martia, Plesionika edwardsii, Aristeus 

antennatus). Polish J. Environ. Stud. 24, 2553–2557. https://doi.org/10.15244/pjoes/58945 

Raissy, M., 2016. Assessment of health risk from heavy metal contamination of shellfish 

from the Persian Gulf. Environ. Monit. Assess. 188, 1–7. https://doi.org/10.1007/s10661-

015-5071-8 

Rao, K. R. P.; Sreeramulu, V., K.; Sreedhar, U. et al., 2016. Proximate Composition and 

Heavy Metal Accumulation in Deep-Sea Crustaceans from Selected Stations in the Indian 

Exclusive Economic Zone (EEZ). Fish. Technol. 53, 155–161. 



176 FCUP 
Chapter 4 – Fatty acids and minerals composition of Portuguese coast shrimps 

 

 

 

 

 

Shi, R., Lin, J., Ye, Y., Ma, Y., Cai, M., 2015. The level and bioaccumulation of Cd, Cu, Cr 

and Zn in benthopelagic species from the Bering Sea. Acta Oceanol. Sin. 34, 21–25. 

https://doi.org/10.1007/s13131-015-0683-y 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   FCUP 
Chapter 5 – Conclusion and future perspectives 

 

177 

 

________________________________________________________ 

Chapter 5 

Conclusions and future perspectives 

________________________________________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



178 FCUP 
Chapter 5 – Conclusions and future perspectives 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   FCUP 
Chapter 5 – Conclusion and future perspectives 

 

179 

 

Conclusions 

In the last decades, environmental pollution has been recognized as a major concern, 

particularly in coastal areas due to the rapid development of these regions. Oceans are 

known to be important in the transport and fate of environmental pollutants, such as OCPs, 

OPPs, BFRs, PCBs, PAHs, SMs and heavy metals, being a reservoir for many of them. 

Despite several of these pollutants are nowadays prohibited or restricted, these can still be 

detected in the environment, due to lipophilic and persistent properties. 

In the present work, analytical methodologies were implemented for the determination of 

several environmental pollutants in shrimp samples and water from their habitat, as well as 

the evaluation of nutritional properties by the analysis of minerals and fatty acids. The spatial 

and seasonal occurrence of environmental pollutants and alterations in nutritional 

composition were investigated. Additionally, the possible effects of environmental pollutants, 

specifically BFRs, in lipid metabolism were explored. 

The extraction of all environmental pollutants evaluated in Portuguese shrimps with 

exception of heavy metals was achieved by applying QuEChERS methods. The analysis 

was performed using GC with electron capture detector (ECD) for OCPs, PCBs and BFRs, 

GC with tandem mass spectrometry (MS/MS) for SMs, GC with flame photometric detector 

(FPD) for OPPs. All positive results were confirmed by GC-MS/MS. HPLC with photodiode 

array (PDA) and fluorescence (FLD) detectors in series was used for PAHs monitoring. In 

the case of heavy metals, microwave-assisted wet digestion was applied and analyzed using 

ICP with mass spectrometry (MS). The determination of OCPs, OPPs, PCBs, BFRs and 

SMs in water from the       ’    b     w             by applying solid phase extraction 

(SPE) method with C18-E cartridges in a vacuum system manifold and analyzed by GC as 

described for shrimp samples.  

The results from this work showed the presence of OCPs (Lindane and DDD) and BFRs 

(BTBPE) in water from        ’ habitats.  

Concerning shrimp samples, OCPs (DDD), SMs (HHCB, AHTN and ketone), PAHs (Naph, 

Ace, Flu, Phe, Ant, Fln, Pyr, BaA, BbFt, BkFt, BaP, Bg,h,iP, BjFt and Da,lP) and heavy 

metals (such as arsenic, cadmium, lead and aluminum) were found. PAHs and heavy metals 

were not evaluated in water samples. For the environmental pollutants with legislated 

maximum values, the concentrations found in this study were below the legislated values. 

Nevertheless, some of the environmental pollutants found have no legislation regarding 
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maximum allowable values, emphasizing the need of more monitoring studies to reinforce 

existing legislation. 

Considering seasonal variations of the environmental pollutants found in shrimp samples, 

the average concentrations of the SMs and PAHs and the concentration of arsenic detected 

were observed to be higher in spring than in autumn. These results may be explained by the 

increase in physiological activity and growth rate of shrimps during spring resulting in higher 

environmental pollutants accumulation. Regarding the location of the shrimp sampling, 

differences were observed for PAHs and some heavy metals concentrations. PAHs and 

arsenic were higher in Figueira da Foz, this could be justified by the intensive shipping and 

fishing in the area, lead and aluminum were higher in Sado estuary, more stationary waters. 

The values of SMs exposure estimated were below the tolerable daily intake (TDI), so it is 

improbable that a potential health risk occurs from SMs ingestion through shrimp 

consumption. For PAHs and heavy metals, the target hazard quotient (THQ) was calculated, 

only aluminum presented values above 1, which may represent the potential risk of adverse 

health effects through shrimp consumption. However, as aluminum is poorly absorbed by 

the gastrointestinal tract, it does not present a particular risk. 

The presence of these pollutants in food, such as shrimps emphasizes the need to examine 

the possible outcomes of the exposure to them. For that, a pre-adipocyte and hepatocyte 

cell lines were used to examine adipocyte/hepatocyte function and lipid metabolism by 

applying in vitro assays suitable for BFRs screening. BFRs exposure caused a disturbance 

in lipid metabolism and different effects were observed between the BFRs investigated. HBB 

seems to lead to adipocyte hypertrophy, whereas PBT, TBB and HBCD appear to cause 

lipid accumulation in hepatocytes. These findings suggest that BFRs could increase the risk 

of metabolic dysfunction of adipose tissue with a possible impact on liver metabolism. 

The beneficial aspect of shrimp consumption was also evaluated through the 

characterization of the fatty acid profile and the levels of essential and probably essential 

minerals. Minerals were extracted and analyzed as described for heavy metals. Regarding 

the determination of fatty acids, the extraction was performed by the Folch procedure 

followed by base-catalyzed derivatization and analyzed using GC with flame ionization 

detection (FID). Portuguese shrimps analyzed presented good nutritional quality 

represented by the low values in the nutritional indices and ratios, index of atherogenicity 

(IA), index of thrombogenicity (IT), hypocholesterolemic/hypercholesterolemic ratio (HH) 

    ω-6/ω-3 ratio. The content of sodium, calcium, chromium, iron, cobalt, copper, zinc, 



   FCUP 
Chapter 5 – Conclusion and future perspectives 

 

181 

 

iodine, vanadium, manganese, and nickel presented significant differences between the two 

shrimp species analyzed, being the highest values present in P. varians, the shrimp specie 

from Sado estuary. The sampling sites in the Sado estuary were close to each other, so its 

possibly that some elements added to the water for shrimp aquaculture could reach to wild 

ones, explaining why this specie had a higher content of almost all the essential elements 

analyzed. The consumption of Portuguese shrimp can be a good nutritional source of EPA 

+ DHA, copper, selenium, iron, manganese, sodium, potassium, calcium, iodine. The 

assessment of risk-benefit ratio for the two shrimp species analyzed, concerning heavy 

metals (risk) and EPA + DHA (benefit) confirms the good quality of Portuguese shrimps. 

Overall, the present study confirmed the presence of environmental pollutants in Portuguese 

shrimps (representing a risk of their consumption) and the existence of good amounts of 

essential minerals and fatty acids (representing the benefit of their consumption). Although 

pollutants levels found were generally quite low, the accumulation and the synergy of 

different pollutants could pose risks. So, the results emphasize the importance of constant 

monitoring of pollutants in marine environments and organisms, ensuring the safety of 

consumed Portuguese shrimps. 

 

Future perspectives 

Even though the findings of this work, some banned pollutants are being replaced for several 

new alternatives with unknown impacts on the environment, therefore further studies and 

the continuous monitorization of Portuguese coast are essential. In addition, the large 

consumption of shrimps generates considerable amounts of shellfish waste, which although 

biodegradable should be studied as a raw material for new products promoting a circular 

economy.  

Lastly, to improve the knowledge regarding the condition of Portuguese coast and the 

consequent risk-benefit to human Portuguese population, further studies need to be 

performed.  

Therefore, some proposals for future work are: 

-The analysis of other contaminants, such as phthalates, antibiotics and microplastics in 

shrimp samples from Portuguese coast; 

-Besides the parent compounds, metabolites and transformation products should be also 

included in monitoring studies. In this way, a more embracing knowledge of environmental 
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contamination could be acquired, contributing to future improvements in the legislation 

(environmental control and food safety); 

-Determine the antioxidant and antimicrobial capacity of shrimp shell waste (shrimp waste 

valorization) to develop new valorized by-products; 

-Extend the analysis of contaminants to different species of different trophic levels and highly 

consumed by the Portuguese population, such as, Atlantic chub mackerel (Scomber colias). 

Being a secondary consumer in the trophic chain, this fish feeds on, for example, 

zooplankton, cephalopods and crustaceans) and can be found in the Atlantic Ocean, 

including the Portuguese west coast; 

-Extend the in vitro studies to other environmental pollutants, such as synthetic musks and 

mixtures of contaminants; 

-Develop a risk assessment based on more data of species and contaminants; 

-Develop a more extensive risk-benefit assessment. 
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