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Abstract 

With a direct impact on global food security and public health and providing essential nutrients 

to billions of people, seafood safety is a major concern in today's world. Contaminants such as 

microplastics, heavy metals, other chemicals and even preservation issues are increasingly 

jeopardizing the quality of seafood, posing a risk to both marine ecosystems and human 

consumers. Ensuring safe and sustainable seafood is the key to protecting both the 

environment and human well-being in the face of these growing challenges. 

This dissertation explores sustainable approaches to the use of seafood, focusing on seafood 

safety, nutritional quality and environmental impact.  

In the context of environmental challenges, the study highlights the increasing presence of 

microplastics and chemical contaminants in some seafood products, identifying their 

physiological effects on key species and the associated health risks to human consumers. 

Additionally, the study assesses the efficacy of technological advancements in seafood 

preservation, with particular emphasis on modified atmosphere packaging (MAP) and rapid 

freezing techniques as means for reducing the use of chemical additives while maintaining 

high product quality. These post-harvest technologies play a key role in preserving nutritional 

composition and ensuring safety along the supply chain. 

This work addresses the sustainable use of fisheries and aquaculture resources from a holistic 

point of view, using seafood valorisation as a lever to compensate for the decline in fishery 

resources (and fishermen's profits). It provides ideas and explores innovative strategies for 

better preserving seafood products within the context of a growing global demand for safe and 

sustainable seafood. 
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Introduction 

1. Fishery and aquaculture 

1.1 The state of the art 

The fisheries and aquaculture sector is important for global food security and livelihoods, providing 

millions of people with essential sources of food, nutrition, income and employment. This sector not only 

supports economic growth through the harvesting, processing and marketing of aquatic products but also 

fosters community development and resilience. Many countries, particularly developing nations and small 

developing island states, rely heavily on fisheries and aquaculture, which are  indispensable for the well-being 

of coastal, riverine, insular and inland populations. The development and progress of this sector is closely 

linked, for better or worse, to the issues of biodiversity conservation and sustainable management of aquatic 

resources. According to statistical data from FAO Yearbook 2021 (“Fish. Aquac. Stat. – Yearb. 2021,” 2024), 

the combined production of fisheries and aquaculture reached a remarkable 218 million tons, marking a new 

record. This represents a notable increase of more than 2% compared to the 2020 results (FAO, 2022c).  

As for fishery production by region, Asia emerged as the dominant force and was responsible for 70 

percent of the global production of aquatic animals, with the Americas following at 13 percent, Europe at 9 

percent, Africa at 7 percent, and Oceania at 1 percent. Capture fisheries accounted for 91.2 million tons, 

representing half of the total aquatic animal production, while aquaculture closely matched this figure with 

90.9 million tons. The distribution of aquaculture varied across continents: Asia led with 63%, followed by 

Europe at 21%, the Americas at 19%, Africa at 18%, and Oceania at 14%. When factoring in algae production, 

aquaculture's share of total production rose to 58%. These statistics underscore the growing significance of 

aquaculture in meeting the global demand for aquatic products, while also highlighting regional differences 

in production methods and outputs (“Fish. Aquac. Stat. – Yearb. 2021,” 2024). 

Fishery and aquaculture products are now used in various sectors for direct human consumption or for 

processing into fishmeal and/or oil and, to a lesser extent, for various non-food uses. These non-food uses 

include ornamental fish, culturing fingerlings and fry, bait, pharmaceutical inputs, and feed for aquaculture, 

livestock and other animals. In 2021, nearly 89 percent of the total production of aquatic animals was used for 

direct human consumption, up from 72 percent in 1961. Additionally, 9 percent was processed into fishmeal 

and fish oil, while the remaining 2 percent was used for other non-food purposes. Of the aquatic products 

intended for human consumption, approximately 44 percent were sold as fresh products, 34 percent as frozen 

products, 12 percent as prepared and preserved items, and 10 percent as cured products (e.g. dried, salted or 

smoked) (FAO, 2022b). 

Aquatic foods are among the most highly traded food commodities globally, with 225 states and 

territories reporting trading activities in fisheries and aquaculture products in 2020. In that year, world exports 

of aquatic products, excluding algae, amounted to approximately 60 million tons live weight, valued at 151 

billion USD. This marked a significant decrease (8.4 percent in value and 10.5 percent in volume) from the 

record high of 67 million tons, worth USD 165 billion, achieved in 2018. From 1976 to 2020, the value of 

global exports of fisheries and aquaculture products (excluding algae) saw an average annual growth rate of 

6.9 percent in nominal terms and 3.9 percent in real terms (adjusted for inflation), with an annual growth rate 

of 2.9 percent in terms of quantity over the same period. The global consumption of aquatic foods rose at an 

average annual rate of 3.0 percent from 1961 to 2019, nearly double the annual world population growth rate 

of 1.6 percent during the same period. Per capita consumption of aquatic animal foods increased by 

approximately 1.4 percent annually, climbing from 9.0 kg (live weight equivalent) in 1961 to 20.5 kg in 2019. 

Preliminary figures for 2020 indicate a slight decrease to 20.2 kg. In that year, aquaculture contributed 56 

percent of the aquatic animal food production available for human consumption. Over recent decades, per 

capita consumption of aquatic foods has been significantly influenced by greater availability, shifting 

consumer preferences, technological advancements and income growth (FAO, 2022b, 2022a). 
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1.2 Challenges in the fishery sector 

The  fishery and aquaculture sector must address a variety of challenges. The specific issues faced by 

any given fishery or aquaculture production will depend on the category in question. These can include social, 

gender, economic, scientific, legal and environmental issues. (“Glob. Environ. Outlook – GEO-6 Heal. Planet, 

Heal. People,” 2019). 

Fisheries can be divided into two categories: small-scale fisheries (artisanal fisheries) and large-scale 

fisheries, each with distinct issues. 

Small-scale fisheries are vital for employment, providing nearly 80% of the global fisheries workforce. 

They often use traditional fishing methods and gear and are typically managed at the local level. The role of 

women in this fishery activity is significant, particularly in developing countries and especially during post-

harvest activities. However, their contributions are frequently underreported. Small-scale fisheries are also 

more vulnerable to external threats such as climate change and often cannot sustain households above the 

poverty line (Illuminating Hidden Harvests, 2022).  

Large-scale fisheries, on the other hand, generate higher direct economic revenues but require greater 

capital investment. They tend to have a larger ecological footprint due to bycatch rates and habitat impacts 

from fishing gear (Illuminating Hidden Harvests, 2022). 

Challenges in fisheries include difficulties in management, as systematic data collection for small-

scale fisheries leads to inadequate monitoring of fishing effort and catches, with the consequent risk of 

unsustainable exploitation of marine resources. The lack of clear definitions, uneven adaptive capacity, gender 

dynamics, climate change impacts, health risks and seafood fraud contribute to economic, social and 

regulatory issues. Additionally, environmental concerns such as coral reef damage, heavy metal contamination 

and bycatch further threaten the sustainability and effective management of fisheries (“Glob. Environ. Outlook 

– GEO-6 Heal. Planet, Heal. People,” 2019). 

These challenges are interconnected and require a multifaceted approach to address the complexities 

of fisheries management and to secure the role of small-scale fisheries in sustainable development.  

The specific focus of this PhD was on environmental issues, particularly the effects of contaminants 

on ecosystems and the sustainable use of seafood and fish. This includes investigating contaminant effects on 

marine ecosystems, assessing seafood nutritional quality and safety, and exploring innovative approaches to 

sustainable fisheries management. 

1.3 Environmental Contaminants: Understanding the Impact of Pollutants on Seafood 

Aquatic ecosystems are increasingly threatened by a wide variety of pollutants - especially those 

resulting from human activity - which can threaten the health of living organisms and degrade the environment 

by making water bodies unsuitable for use (Bashir et al., 2020; “Glob. Environ. Outlook – GEO-6 Heal. Planet, 

Heal. People,” 2019). 

The pollutants and their impact on aquatic ecosystems are presented below. Plastic-derived 

contaminants (i.e. nano- and microplastics) are described separately and in detail due to their urgent, real 

global threat to both the environment and food safety. In particular, as part of the PhD programme, a systematic 

review on this topic was published as a book chapter. 

1.3.1 Plastic 

The world generates approximately 350 million tons of plastic waste annually. 

Nearly one quarter of the world’s plastic waste, about 82 million tons, is mismanaged or littered. This 

means it is not stored in secure landfills, recycled or incinerated. Of this mismanaged waste, one quarter, or 

19 million tons, leaks into the environment. This includes 13 million tons entering terrestrial environments 

and 6 million tons reaching rivers or coastlines. From here, 1.7 million tons eventually reach the ocean: 1.4 

million tons are transported via rivers, and 0.3 million tons from coastlines. The remaining plastic waste that 

5



leaks into aquatic environments accumulates in rivers and lakes. Approximately 0.5% of the world’s plastic 

waste therefore ends up in the oceans (Hannah Ritchie, 2023). 

Plastic pollution is largely influenced by fishing and aquaculture activities, primarily due to plastic 

nets abandoned at sea. In the short term, these discarded nets continue to trap marine fauna and cause physical 

damage to the environment, while in the long term they contribute to the increase in micro- and nanoplastics. 

The quantity of abandoned fishing gear and aquaculture waste in European waters is currently estimated at 

11,000 tonnes per year (UNEP (United Nations Environment Programme), 2021). 

Contamination of fish and shellfish by plastic and associated toxins poses risks to fundamental 

physiological processes of aquatic organisms such as cell cycle arrest, growth arrest and other oxidative stress 

(Anbumani et al., 2018). Furthermore, plastic contaminants affect the quality of seafood and fish products. 

The implications of plastic pollution on food security and community well-being are significant,and urgent 

action is required to mitigate these multifaceted challenges. The use of plastic materials has resulted in adverse 

consequences for the environment and food safety, which have collectively contributed to the deterioration of 

ecological systems.  (Thomas et al., 2019). 

1.3.2 Other emerging contaminants in seafood  

Aquatic ecosystems are increasingly threatened by several other contaminants (e.g., heavy metals, 

organochlorine pesticides, polycyclic aromatic hydrocarbons [PAHs], pharmaceuticals and personal care 

products [PPCPs], phthalates and parabens), which pose significant risks to the physiological health of animals 

living in these environments, as well as to the people who rely on these resources for food (“Glob. Environ. 

Outlook – GEO-6 Heal. Planet, Heal. People,” 2019). 

Heavy metals are a serious environmental hazard due to their toxicity, persistence and 

bioaccumulation. These metals, including mercury, lead, cadmium, chromium and arsenic, enter water bodies 

through industrial discharges, urban runoff, atmospheric deposition and improper waste disposal. They pose 

significant risks to aquatic life, including immunotoxicity and neurotoxicity (United Nations Environment 

Programme [UNEP], 2023). 

Organochlorine pesticides, classified as persistent organic pollutants (POPs), are likewise troubling. 

They persist in the environment, bioaccumulate in the food web and cause endocrine disruption, reproductive 

impairment, and immune system effects in marine life. These pesticides enter marine systems through 

historical use, agricultural runoff and atmospheric deposition, affecting top predators and marine mammals 

(Kaw & Kannan, 2017; Kurek et al., 2017). 

Polycyclic Aromatic Hydrocarbons (PAHs), originating from incomplete combustion of fossil fuels 

and organic matter, enter marine environments through oil spills, atmospheric deposition and urban runoff. 

PAHs accumulate in sediments and biota, causing developmental abnormalities, liver damage and reduced 

growth in marine organisms (Arias et al., 2009). 

Pharmaceuticals and personal care products (PPCPs) are emerging contaminants in aquatic 

ecosystems, entering water bodies through domestic wastewater, industrial discharges and agricultural runoff. 

PPCPs, including antibiotics and UV filters, disrupt physiological processes, induce antibiotic resistance and 

cause hormonal imbalances in aquatic organisms (Han et al., 2021; Pan et al., 2017).  

Phthalates and parabens, used as plasticizers and preservatives, respectively, are also problematic. 

Found in various consumer products, they accumulate in aquatic systems, leading to hormonal disruptions and 

immune system effects in marine life (Zhang et al., 2021, 2022).  
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2. Nutritional Quality and Safety of Fish and Seafood Products 

The global seafood industry is a dynamic and multifaceted sector crucial to global food security and 

nutrition. As the demand for seafood rises, driven by its recognized health benefits and high nutritional value, 

it becomes very important to study and ensure the quality and safety of seafood products. The production and 

handling of fish and seafood require special attention due to their particular nature (Boziaris & Parlapani, 

2017). Aquatic products are highly perishable because of their chemical composition, which includes a high 

content of non-protein nitrogen compounds (NPN), as well as high water activity and pH levels. These 

parameters create an ideal environment for microbial colonization and the activity of many spoilage 

microorganisms (Anagnostopoulos et al., 2022; Leroi & Joffraud, 2011). The sector's complexity is 

heightened by diverse supply chains, varying regulatory frameworks and the potential for contamination and 

fraud. Consequently, rigorous scientific research and advanced technological interventions are essential to 

maintain seafood quality and safety standards, safeguarding public health and sustaining the industry's growth 

(Bohnes et al., 2020; Cooney et al., 2023; Regueiro et al., 2022). 

2.1 Nutritional Benefits of Seafood 

The global demand for seafood has surged, driven by its recognized health benefits and nutritional 

value. According to the FAO (FAO, 2020b), aquaculture and fisheries together provided 17% of the total 

animal-source protein consumed by humans. Many countries rely on fish and aquatic products as their primary 

source of dietary protein. Fish plays a crucial nutritional role for many people: 3.1 billion individuals depend 

on fish for 20% of their daily protein intake, with some coastal communities relying on fish for over 70% of 

their protein needs (Sustainable Fisheries UW, 2023). 

 Seafood, including fish, marine mammals, shellfish and various marine flora, offers a rich source of 

high-quality protein and a variety of essential nutrients, notably long-chain omega-3 polyunsaturated fatty 

acids (PUFAs) such as eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and docosahexaenoic acid 

(DHA). These nutrients are important in promoting health and play a significant role in the prevention of 

various cardiovascular diseases and in cognitive development and function. However, the perishable nature 

of seafood products calls for rigorous safety and quality measures from the point of capture to the consumer 

(Alasalvar et al., 2010; Jayasekara et al., 2020; Liu & Ralston, 2021; McManus & Newton, 2011; Nesheim & 

Yaktine, 2007; Reames, 2012). 

During the PhD, I carried out research within the framework of the project CIRCLES (Controlling 

mIcRobiomes CircuLations for bEtter food Systems, - Improving food quality). The main task was to estimate 

the impact of different diets on the nutritional parameters of gilthead sea bream (Sparus aurata) in aquaculture 

production. This topic is expanded upon in the publication 'Nutritional Quality and Safety of Fish and Seafood 

Products'. 

2.2 Challenges in Seafood Safety  

Seafood presents a unique set of safety challenges that must be addressed due to the highly perishable 

nature of these products and their susceptibility to various contaminants. These challenges are further 

complicated by the global scale of the seafood industry, with complex supply chains spanning multiple 

countries and regulatory environments. Addressing these safety concerns is essential to ensure that seafood 

remains safe for consumption while retaining its nutritional benefits. 

2.2.1 Chemical and microbiological spoilage  

Seafood products are subject to rapid chemical and microbiological degradation/spoilage. One of the 

main challenges in managing such products is to maintain their freshness (improving shelf-life), nutritional 

value and, above all, safety. There are three different types of fish spoilage (Microbe Notes, 2023): 
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- Oxidative spoilage: the most common kind of spoilage for fish with high oil/fat contents. Lipid 

oxidation leads to protein denaturation, alterations in protein structure and changes in electrophoretic profiles, 

nutritional degradation and depletion of endogenous antioxidant systems (Geng et al., 2023). 

- Enzymatic spoilage: after capture, dead fish undergo biological and chemical changes catalyzed by 

various enzymes naturally present in their tissues. Proteolysis causes protein degradation, leading to fish 

spoilage through microbial growth (Microbe Notes, 2023). 

-  Microbial growth: the internal tissue of fish is considered sterile, while bacteria are commonly found 

on the slime layer of the skin, gill surfaces and in the intestine. Microbial growth in fish is the primary cause 

of spoilage, resulting in the production of amines, biogenic amines, organic acids, alcohols, aldehydes and 

ketones that impart unpleasant and off flavors. The development of microbiological communities depends on 

the temperature of the products and the method of preparation (Microbe Notes, 2023). 

An important step for minimalizing spoilage degradation of seafood and fish products is to use correct 

methods of preservation for maximizing shelf life and minimizing risks (Microbe Notes, 2023). 

I studied this topic in depth during my doctoral studies and published research papers on the optimal 

methods of preservation and packaging of shrimp products. 

2.3 Supply Chain Complexity 

The seafood industry is characterized by a highly complex supply chain that spans from the capture or 

cultivation of seafood to its processing, distribution and sale to the end consumer. This complexity is driven 

by several factors, including the global nature of the industry, the perishability of seafood products and the 

stringent regulatory requirements for safety and quality (Denham et al., 2015).  

Global Distribution and Trade: Seafood is one of the most internationally traded food commodities. 

According to the FAO report, around 38% of global seafood production is traded internationally (FAO, 

2020a). The global distribution network for seafood involves numerous stakeholders, including fishermen, 

farmers, processors, wholesalers, retailers and exporters. Each link in this chain must coordinate effectively 

to ensure that seafood products are transported and handled in a manner that maintains their quality and safety 

(Anderson et al., 2018; Straume et al., 2024). 

Perishability and Logistical Challenges: Seafood is highly perishable, requiring specific temperature 

and handling conditions to maintain freshness and prevent spoilage (Panebianco et al., 2024). Transport 

logistics from the point of capture or harvest to the consumer involves rapid transportation, cold storage and 

efficient customs procedures. Any delays or failures in these logistics can lead to significant losses in quality 

and increases in waste, such that effective supply chain management is crucial (Bita & Sharifian, 2024). 

Regulatory Compliance: Navigating the complex regulatory landscape is a significant challenge within 

the seafood supply chain. Different countries have varying regulations concerning food safety, quality, 

labeling and sustainability. For instance, the EU has stringent regulations that govern every aspect of seafood 

handling and processing (Gordon & Williams, 2020), as outlined in the document.  

Traceability and Consumer Demand: Modern consumers demand transparency and traceability in their 

seafood products. Customers want to know where and how their food was caught or farmed, and whether it is 

sustainable (Ibáñez, 2015).  

During my doctoral studies, I completed an internship at the United Nations Industrial Development 

Organization (UNIDO), contributing to the Post-harvest Fisheries Development Project (CapFish) by 

undertaking specific tasks pertaining to the complex supply chains of fish and fish products. One such task is 

Official Food Safety Control, which involves establishing an official control framework with the necessary 

tools and procedures and the institutional capacity to train qualified fishery officers and inspectors. The 

Cambodia Quality Seal should be implemented with official control at private sector operations to ensure 
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compliance with international food safety standards and should be supported by increasing national laboratory 

resources and testing capacity (Capfish Postharvest Newsletter, 2023). 

2.3.1 Seafood fraud 

Deceptive practices intended to mislead consumers regarding the origin, freshness, safety, species, or 

quality of the seafood products they buy constitutes seafood fraud. This is an important issue due to its 

implications for consumer safety, economic trust and environmental sustainability (Chai et al., 2021; Donlan 

& Luque, 2019; Horreo et al., 2017). 

The seafood supply chain is vulnerable to various types of fraud at multiple stages, from source to 

consumption (Fox et al., 2018). 

Species Substitution: This is widespread and involves replacing one type of seafood with another, often 

a less expensive or inferior species. Studies have shown that mislabeling rates can range from 25-60% for 

commonly substituted species like red snapper, wild salmon and Atlantic cod. This not only deceives 

consumers but can also pose serious health risks, especially when allergenic or toxic species are involved 

(Miller et al., 2012; Ryburn et al., 2022). 

IUU Fishing: Illegal, unreported and unregulated fishing practices contribute significantly to seafood 

fraud. They make it difficult to trace and verify the origin and the sustainability of seafood, leading to 

overfishing and ecological imbalance. Overall, the global economic cost of this phenomenon is estimated at 

between $36 billion and $50 billion per year. This includes losses from legitimate catch and revenue, as well 

as income and country tax losses (Sumaila et al., 2020). 

Animal Welfare and Ethical Concerns: The conditions under which seafood is harvested can also be a 

part of fraudulent practices, where claims about animal-friendly methods are falsely made to fetch premium 

prices (Ali et al., 2015). 

Regulatory and Monitoring Challenges: The global nature of the seafood trade, combined with visually 

similar species and processing methods that obscure species identity, makes regulation and monitoring 

challenging. This is exacerbated by inadequate systems for documenting catch landings and non-transparent 

supply chains, particularly in major seafood exporting and importing countries (Fox et al., 2018; Lawrence et 

al., 2022).  

During my PhD, I conducted research at the University of Thessaly in relation to the seafood fraud 

project: microbiome analyses were used to distinguish the highly valued Norway lobster (Nephrops 

norvegicus) caught in the Mediterranean Sea from, for example, N. lobsters caught in the seas of northern 

Europe. The main objective of the research was to provide comprehensive information on the authenticity and 

traceability of Mediterranean Norway lobster along the supply chain, as well as to detect possible differences 

between the trophic webs of the three populations, which could be used for ecological studies.  

 

3. Summary of the sections that form the backbone of my thesis  

Considering all of the above, and in view of some of the weaknesses of the seafood fishery and 

industry, I focused research on seven main aspects that will likely further knowledge in this sensitive area of 

the food sector.   

The above abovementioned issues were further grouped into the following two chapters: 

CHAPTER I - Emerging Contaminants in Seafood Products 

CHAPTER II - Postharvest Technologies and Enhancing the Quality of Seafood  

The first chapter deals with the emerging problem of microplastics and other pollutants in the marine 

environment: 
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1. A systematic review of "Detection methods of micro and nanoplastics" was published as a 

chapter in the book "Nano/micro-Plastics Toxicity on Food Quality and Food Safety" edited by Fatih Özogul. 

2. This review was followed by a second study on the presence of microplastics in the stomach, 

liver and muscle of thornback rays (Raja clavata), an important commercial Mediterranean elasmobranch that 

is positioned high in the trophic chain. The results of this study are currently being prepared for publication in 

an authoritative journal in the field. An abstract regarding this study was accepted and presented at the World 

Seafood Congress 2023, Portugal. I received the IAFI Peter Howgate Award for participating in this congress. 

3. A third study complements the two previous ones and regards other pollutants: results have recently 

been published in the article «Exploring the Impact of Contaminants of Emerging Concern on Fish and 

Invertebrates Physiology in the Mediterranean Sea», published in the journal "Biology". This publication 

explores the impact of prevalent pollutants on the aquatic ecosystem, focusing on the physiological responses 

of two indicator species: the catshark Scyliorhinus canicula and the mussel Mytilus galloprovincialis. 

Under the heading "Postharvest Technologies and Enhancing the Quality of Seafood" (Chapter II) of 

this thesis, I address: 

1. The effects of storing shrimp in a modified atmosphere (without known chemical additives such as 

sulphites) on the free amino acid (FAA) composition of the deep water rose shrimp (Parapenaeus 

longirostris). Results were published in Frontiers in Nutrition.  

2. The quality of Norway lobster (Nephrops norvegicus) products was also investigated. In particular, 

specimens of this species caught in two Mediterranean fishing grounds were compared with those from the 

North Sea using gut microbiome analysis. The findings from this study can also be used to control Seafood 

Fraud.  

3. During the last year of my dissertation, I focused my scientific work on seabream, a species of great 

interest to the aquaculture industry. The aim of this subtask was to compare three batches of farmed sea bream, 

one fed on a conventional diet (control) and the other two fed on two new experimental probiotic diets (ED1 

and ED2). 

4. As a final activity in the field of valuable crustaceans, which are important assets for international 

seafood trade, we recently completed a systematic review on "The impact of the handling process and different 

storage conditions on shrimp quality", a chapter in the book "Postharvest Technologies and Quality Control 

of Shrimp" published on October 1, 2024. The chapter describes how these valuable crustaceans are caught 

today (worldwide), which processing and preservation techniques are used and what can be done to improve 

the state of the art with a view to the sustainable use of fish resources.  
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CHAPTER I 

Emerging Contaminants in Seafood Products 
As marine pollution is increasing uncontrollably, it has become a topical issue. The first of the two chapters 

that make up my thesis is therefore dedicated to the known recent problem of microplastics and older issue of 

heavy metals and pesticides, etc. - all pollutants that are ubiquitous in the marine environment and 

consequently in edible species.  

The following are two publications and an ongoing research project focusing on these critical issues. 
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Abstract

Plastics and related contaminants (including microplastics; MPs and nanoplastics; NPs)
have become a serious global safety issue due to their overuse in many products and
applications and their inadequate management, leading to possible leakage into the
environment and eventually to the food chain and humans. There is a growing literature
reporting on the occurrence of plastics, (MPs and NPs) in both marine and terrestrial
organisms, with many indications about the harmful impact of these contaminants
on plants and animals, as well as potential human health risks. The presence of MPs
and NPs in many foods and beverages including seafood (especially finfish, crustaceans,
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bivalves, and cephalopods), fruits, vegetables, milk, wine and beer, meat, and table salts,
has become popular research areas in recent years. Detection, identification, and
quantification of MPs and NPs have been widely investigated using a wide range of
traditional methods, such as visual and optical methods, scanning electron micros-
copy, and gas chromatography–mass spectrometry, but these methods are burdened
with a number of limitations. In contrast, spectroscopic techniques, especially
Fourier-transform infrared spectroscopy and Raman spectroscopy, and other emerg-
ing techniques, such as hyperspectral imaging are increasingly being applied due to
their potential to enable rapid, non-destructive, and high-throughput analysis. Despite
huge research efforts, there is still an overarching need to develop reliable analytical
techniques with low cost and high efficiency. Mitigation of plastic pollution requires
establishing standard and harmonized methods, adopting holistic approaches, and
raising awareness and engaging the public and policymakers. Therefore, this chapter
focuses mainly on identification and quantification techniques of MPs and NPs in
different food matrices (mostly seafood).

1. Introduction

Nowadays, plastics, including microplastics (MPs) and nanoplastics

(NPs) are everywhere. As plastic is not a biodegradable material, its wastes

can only be broken down to smaller particles, which accumulate in the envi-

ronment and could end up in the food chain. MPs are particles with a size

smaller than 5mm, whereas NPs are those within a size ranging from 1 to

1000nm ( Jadhav et al., 2021; van Raamsdonk et al., 2020). According to

their sources, MPs can be divided into two classes, namely, primary and

secondary MPs. Primary MPs are plastic particles produced for a specific

function (e.g., specific personal care and cosmetics products) while second-

ary MPs result from the breakdown of larger plastic debris (Dehaut et al.,

2016; van Raamsdonk et al., 2020). MPs can be classified into different

categories according to their different shapes, including fibers, fragments,

pellets, flakes, bead, filament, foam, and granules (López-Martı́nez et al.,

2021; Mercogliano et al., 2020).

Plastic materials are used in numerous food-related applications (e.g.,

agriculture and food packaging) and many other fields, such as automotive

industry, building and construction, and even cosmetic and health care

products (Chatterjee & Sharma, 2019; G€undogdu et al., 2022). However,

improper applications, overuse, and poor management of plastic wastes

are transforming earth planet into a “plastic planet” (Chatterjee & Sharma,

2019). Therefore, environmental ubiquity ofMPs andNPs has become a crit-

ical concern (G€undogdu et al., 2022;Mercogliano et al., 2020). For example,
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plastics materials, such as polypropylene (PP), polyethylene (PE), polystyrene

(PS), polyethylene terephthalate (PET), and polyvinyl chloride (PVC),

among others, continue to be among the most used materials in

conventional food packaging, despite their potential effect on human health

and the environment (Sid et al., 2021; ZabihzadehKhajavi et al., 2019). MPs

can be released from packaging materials and interact with human cells,

increasing acute inflammation and cell damage ( Jadhav et al., 2021).

Over the last few years, a considerable research attention has been paid

to the potential risk of plastics and MPs ingested through food for human

health and environment, which can be reflected by the huge number of

publications, making plastic/MPs/NPs one of the hottest research topics.

In fact, according to the data collected using the Scopus database, the num-

ber of publications on MPs and NPs in food has recently increased signifi-

cantly. Fig. 1 shows this trend in the number of articles published during

the last decade and the corresponding number of citations.
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Fig. 1 Number of publications and citations per year on MPs/NPs in food/seafood over
the last decade (search query was performed on 3rd May 2022). The following keywords
search query was used in Scopus: TITLE-ABS-KEY (Microplastics) OR TITLE-ABS-KEY
(Nanoplastics) AND TITLE-ABS-KEY (Food) OR TITLE-ABS-KEY (Seafood).
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Many publications have been devoted to this topic, reporting the

occurrence of MPs and NPs in different food categories such as fruit and

vegetables (Oliveri Conti et al., 2020), packaged meat (Kedzierski et al.,

2020), seafood (Dehaut, Hermabessiere, & Duflos, 2019; López-Martı́nez

et al., 2021; Vázquez-Rowe, Ita-Nagy, & Kahhat, 2021), salt (Fadare,

Okoffo, & Olasehinde, 2021; Renzi, Grazioli, et al., 2019), honey

(Diaz-Basantes, Conesa, & Fullana, 2020), among many other foodstuffs.

Among these food groups, fish and other marine organisms have

received a particular attention due to the fact that these foods are one of

the most important routes of exposure for humans through the dietary

intake (Dawson et al., 2021; Dehaut et al., 2019). For instance, the occur-

rences of MPs in canned fish (Akhbarizadeh et al., 2020), finfish, predom-

inantly Atlantic salmon (Salmo salar), rainbow trout (Oncorhynchus mykiss),

and channel catfish (Ictalurus punctatus) (Baechler et al., 2020), shellfish, such

as mussel, oyster, clam, winkle, and scallop (Daniel et al., 2021; Li et al.,

2021a, 2021b), and Mediterranean marine species including anchovy

(Sardina pilchardus), sea bream (Sparus aurata), red mullet (Mullus surmuletus),

and sole (Solea solea) (Ferrante et al., 2022) have been recently reported.

Most MPs studies include three steps: (i) extraction, (ii) detection and

quantification, and (iii) identification and characterization. Different

methods have been developed to determine and identify the MPs in recent

years. The most commonly used techniques are visual and optical micros-

copy, spectroscopic methods as well as chromatographic techniques, such

as gas chromatography/mass spectrometry (GC/MS) (Akoueson et al.,

2021; Kwon et al., 2020; Mercogliano et al., 2020; van Raamsdonk

et al., 2020; Veerasingam et al., 2021; Yuan, Nag, & Cummins, 2022).

Especially, the application of Fourier-transform infrared spectroscopy

(FT-IR) and Raman spectroscopy has gained momentum since 2015, as

can be noticed from data collected using the Scopus database (Fig. 2).

During the last few years, the FT-IR has been extensively applied for the

detection of MPs pollution in many various matrices, including dust/air,

water, waste water treatment plants, sediment, biota, and salt (Bai et al.,

2022; Veerasingam et al., 2021). FT-IR is often used in combination with

optical microscopy to increase the detection performance, specifically for

small MPs particles (Dehaut et al., 2019; Veerasingam et al., 2021). The

Raman spectroscopy technique has been used in many applications for

the analysis of very small microplastics (<20μm) (Anger et al., 2018;

Araujo et al., 2018).
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2. Definition, sources, and types

Plastic debris is found in every environmental sphere, with a great

variety of dimensions, shapes, composition, and color. The increased num-

ber of studies on the detection and effects of plastic debris in the last years, in

particular on MPs, led to the need for a proper classification.

In general, plastic particles detected in the environment are classified

according to their size, but there is a lack of a standard classification as many

studies use different approaches. The term MPs was introduced in 2004

(Ivleva, 2021) referring to plastic fragments of small dimensions found in

marine environment. In numerous studies published in the last 20 years,

different upper limits have been considered to define the microplastic class,

specifically from 0.5 to 5mm, with most studies considering as MPs

those particles with dimension lower than 5mm (Hartmann et al., 2019).
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Fig. 2 Number of publications and citations per year on MPs/NPs using Fourier
transform infrared spectroscopy or Raman spectroscopy over the last decade (search
query was performed on 3rd May 2022). The following keywords search query was
used in Scopus: TITLE-ABS-KEY (Fourier AND transform AND infrared) OR TITLE-
ABS-KEY (FT-IR) OR TITLE-ABS-KEY (Raman) AND TITLE-ABS-KEY (Microplastics) OR
TITLE-ABS-KEY (Nanoplastics).
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In 2016, the UN advisory Group of Experts on the Scientific Aspects of

Marine Environmental Protection (GESAMP) recommended the use of

5mm as the cut-off value for MPs to preserve the information of the major-

ity of the published works (Rosal, 2021).

Regarding NPs, many studies define as such those particles with dimen-

sions lower than 0.1μm (Ferreira et al., 2019; Nguyen et al., 2019; Venâncio

et al., 2019), but in other studies, NPs have also been classified considering

dimension ranges up to 1, 20 or even 335μm (Hartmann et al., 2019).

Recently, Hartmann et al. (2019) tackled this problem by suggesting a stan-

dard method for the classification of plastic fragments based on their size;

according to the method proposed, plastic debris are classified as indicated

in Table 1.

Among the plastic debris, MPs, and very recently NPs, have attracted the

attention of researchers all around the world due to their ubiquity and their

dimensions that allow them to enter more easily the food chain and even to

penetrate in the organs and tissues of organisms. The presence of MPs and

NPs in the ecosystem is due to the widespread use of plastic products in a

vast variety of applications. Plastics are produced by polymerization of

different monomers and additives, leading to a wide variety of lightweight

and inexpensive polymeric materials characterized by their low density,

low electrical conductivity, transparency, as well as toughness. The main

polymers used, which account for 90% of the total world plastic production,

are PET, high-density polyethylene (HDPE), PVC, low-density polyethyl-

ene (LDPE), PP, PS, and polyurethane (PU) (Boyle & €Ormeci, 2020).

Often, particular substances, such as phthalate acid esters, perfluoroalkyl

substances, nonylphenol and bisphenol A, are added to the polymer in order

to improve its properties; these additives, being of small molecular size,

have the potential to leach from the plastic matrix during the degradation

processes, and cause damage to the environment and biota (Boyle &
€Ormeci, 2020).

Table 1 Classification of plastic particles according
to dimensions, as proposed by Hartmann et al.
(2019).
Classification Dimension range

Macroplastics 1cm and larger

Mesoplastics 1 to <10mm

Microplastics 1 to <1000μm

Nanoplastics 1 to <1000nm
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Plastics are used in a variety of different applications, such as packaging,

which represent the major sector for plastic consumption, building and con-

struction, textile sector to produce clothes and other products, electrical/

electronic, industry and machinery, personal care products, marine coating,

and others (Ryberg et al., 2019). Due to the wide variety of products

containing polymeric materials, the main criterion for identifying plastic

particles is based on their chemical composition. A distinction can be

made by considering different classes: polymers include all synthetic and

semi-synthetic polymers, copolymers are those materials produced from

more than one type of monomers, and composites include those materials

that contain synthetic polymer as an essential ingredient. All particles that

fall into these categories should be considered as plastic debris (Hartmann

et al., 2019).

Plastic debris has been detected in every environmental sphere all around

the world. Plastic materials find their way to soils, sediments, freshwaters,

oceans, and air through different transport pathways; the most significant

inputs of plastics in the environment are losses from landfills, wastewater

treatment plant (WWTP) effluents and sludge, and mishandled waste.

Ryberg et al. (2019) estimated the global losses of plastics to the environment

occur along the plastic value chains, identifying the municipal solid waste

management as the major source of plastic loss. Rivers represent a major

vector for the transportation of plastics to the oceans; it has been estimated

that from 70% to 80% of the plastics that reach the oceans are transported

through freshwater streams (Alimi et al., 2018).

Usually, MPs found in the environment can be divided according

to their origin: primary or secondary MPs. Primary MPs are manufactured

to be already of microscopic dimensions for different industrial and domestic

applications, such as beads in scrubbers for paint or rust removal, in tooth-

paste formulations and in cosmetic products. Pollution of water bodies by

primary MPs arises from the direct use of these products, while the contam-

ination of agricultural land may occur through the use of fertilizer, or sludge

generated by WWTPs, which can act as a sink for MPs during the water

treatment processes (Sol et al., 2020). Conversely, secondary MPs are those

particles originating from the degradation of bigger plastic debris through

various natural processes, such as physical fragmentation, photodegradation,

chemical, as well as biological degradation (Dehaut et al., 2016; van

Raamsdonk et al., 2020). The same distinction can be applied to NPs:

primary NPs are those produced with dimensions lower than 1μm and

used in different applications, whereas secondary NPs originate from the

fragmentation of MPs (Gonçalves & Bebianno, 2021).

181Detection methods of micro and nanoplastics

21



Once entered the environment, there are many pathways, abiotic or

biotic, through which plastic debris can break down leading to the gener-

ation and dispersion of MPs and NPs, and different processes may often

work synergistically (Alimi et al., 2018). The abiotic pathways by which

plastic debris can be broken down into smaller fragments include mechanical

breakdown and processes involving degradation through oxidation, hydro-

lytic, photo and thermal reactions. Mechanical degradation occurs due to

weathering (e.g., water turbulence, freezing, thawing and changes in

pressures) and it leads to morphological changes, but does not affect the

polymeric bonds in the plastic matrix. This is particularly the case of dispos-

able plastic bags, which represent one of the major plastic wastes often found

in the environment (Ke et al., 2019).

Photodegradation is one of the main processes that damage the most

plastic materials; in particular, the ultraviolet (UV; with wavelengths

between 290 and 400nm) and visible (between 400 and 800nm) radiation

is considered the primary factor in the degradation of polymers in the

environment. Usually, the radiation is absorbed by chromophore groups

or impurities present in the polymer matrix, leading to the formation of

radicals that can react with oxygen generating peroxyl radicals, then hydro-

peroxides. Further reactions between radicals lead to polymer chain scission,

cross-linking, chain branching and formation of groups containing oxygen

(Masry et al., 2021). The oxidation reactions, thermal or photo-induced,

bring about the introduction of carbonyl (C¼O) and/or hydroxyl

(OH) groups in the polymer chain, promoting biodegradation (Boyle &
€Ormeci, 2020).

Biotic degradation processes involve the action of enzymes secreted by

microorganisms that, through hydrolytic reactions, break down the polymer

chains, the progressive loss of molecular weight of the polymeric matrix

triggers further microbial degradation. The continued loss of molecular

structure results eventually in the formation of water-soluble oligomers,

which in turn can be mineralized and assimilated by microorganisms as

carbon and nitrogen (Boyle & €Ormeci, 2020).

Another important input of MP/NP particles in the environment, espe-

cially in the atmosphere, is from the transport sector. In fact, the wearing of

tires on the road over time due to abrasion is a common source of rubber

particles, which enter the atmosphere and they can be transported to long

distances by wind currents and pollute other ecosystems leading to adverse

effects (Šourková, Adamcová, & Vaverková, 2021). Tire wear particles have
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been considered as pollutants for many years although they were recognized

as MPs only recently (Knight et al., 2020). J€arlskog et al. (2020) in their

investigation on the occurrence of MPs on urban streets, sweep sand, and

wash water found that tire tread wear and bitumen made up the largest

proportion of anthropogenic particles detected.

MPs can be found in the environment in a wide variety of dimensions,

shapes and colors depending on the initial material from which they origi-

nate, and the degradation processes they underwent. In general, when

categorized according to their shape, MPs can be described as spheres, fibers,

fragments, pellets, beads, films, flakes, and foams (Hartmann et al., 2019).

MPs in the form of fibers are commonly found in the ecosystems due to

the use of synthetic polymers for the production of textile fibers, and the

presence of fibers of microscopic dimensions in the environment is caused

by ordinary use of clothing and, especially in water, through the discharges

of washing (Dalla Fontana, Mossotti, & Montarsolo, 2020). Fibers can

have different compositional nature: they can be composed of exclusively

synthetic polymers (e.g., polyesters or polyamides), of semi-synthetic mate-

rials (e.g., rayon), or of natural materials (e.g., cellulose). Fibers can pose a

threat to organisms since they usually undergo further processes, such as

dyeing; once in the environment, the pigments can leach from the fiber

and lead to adverse effects toward the biota and the environment (Collard

et al., 2018).

The term “fragments” refers to a broad category of plastic debris char-

acterized by an irregular shape. They can originate from the degradation

of bigger plastic debris, or they can be produced intentionally with irregular

forms, for example, as abrasive particles in personal care products (Sun,

Ren, & Ni, 2020), and enter the environment owing to the use of the

products in which they are contained. Films and flakes are particles with

irregular shapes and with a very thin thickness; they can be found in the

environment due to fragmentation of paint, for instance, the coating of boats

and ships can break down over time releasing small fragments into the water

(Turner, 2021).

Another aspect taken into account when MPs and NPs are considered is

their color; the coloration may help the identification of the sources of

these particles, but it should be noticed that discoloration might occur

due to degradation processes. While the classification of MPs and NPs by

color is usually not crucial, it can be helpful in the biological field because

colored plastic particles can be mixed with food and ingested by marine
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organisms. In fact, MPs have been found in wild aquatic species (Chenet

et al., 2021; Mancia et al., 2020; Tsangaris et al., 2020) where the predom-

inant colors of both filaments and fragments were blue, black, green, and red.

Reinold et al. (2021) investigated the ingestion of MPs in Dicentrarchus labrax

cultivated in aquaculture facilities, finding that 65% of the specimen analyzed

ingested MPs mainly in the form of fibers with blue and yellow as predom-

inant colors. In their study on the uptake routes of MPs by fishes, Roch,

Friedrich, and Brinker (2020) considered, among other factors, the role

presented by the color of the particles on the ingestion; they found that

MPs with food-like coloration were ingested in higher amounts by the

organisms considered.

Density represents another property ofMPs andNPs that plays an impor-

tant role on their distribution and possibility of ingestion by aquatic species

(Roch et al., 2020). According to the composition of the matrix, particles,

once released in water, can float or sink, becoming more prone to transpor-

tation through currents or to deposition in sediments. In the last case, these

particles can pose a risk to marine species, which usually feed on organisms

present on the seabed. The density of a given particle may change over time

due to degradation processes that lead to a variation in the composition of

the matrix, but also to the formation of biofilms onto the surface of the

particles caused by microorganisms (Borges-Ramı́rez et al., 2020).

3. Occurrence of MPs and NPs in seafood products

3.1 MPs/NPs in finfish, crustaceans, molluscs, and other
seafood products

Some 1300 scientific papers published between 2011 and 2021 (source:

Scopus database) reveal how MPs are now ubiquitous in major seafood

products (finfish, crustaceans, bivalves, cephalopods, gastropods, etc.) and

other marine species (anemones, jellyfish, sea cucumbers, etc.) consumed

around the world. Since 2014, 165 papers have also highlighted the threat

of NPs (Fig. 3). Overall, the Scopus search revealed 1547 publications

pertaining to MPs and NPs in the major seafood products listed

above. Publications were grouped into 25 subject areas, 75% of which fall

within the three basic areas of Environmental Science, Agricultural and

Biological Sciences, and Earth and Planetary Sciences.

Another Scopus search using the combined terms “TITLE-ABS-KEY

(microplastics) ORTITLE-ABS-KEY (nanoplastics) AND TITLE-ABS-

KEY (crustaceans) OR TITLE-ABS-KEY (bivalves) OR TITLE-ABS-KEY
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(fish) OR TITLE-ABS-KEY (cephalopods) OR TITLE-ABS-KEY (sea

AND cucumber) OR TITLE-ABS-KEY (gastropods) OR TITLE-ABS-

KEY (anemones) OR TITLE-ABS-KEY (jellyfish)” was carried out in

order to perform a cluster-based VOSviewer analysis.

According to the VOSviewer output, co-occurrence analysis identified

15,002 keywords, of which 557 occurred at least 20 times. As expected,

“MPs” was the most frequent keyword identified (the size of the node

indicates the frequency of the keyword), followed by “plastic,” “animals,”

“fish,” “polystyrene,” “nanoplastic,” “particle size,” “polypropylene,”

“ingestion” and “oxidative stress” (Fig. 4). Three “clusters” were generated:

these define thematic proximity among all considered keywords.

In this scenario, by comparing the huge amount of scientific data

produced in just 10 years, it is clear that the millions of tons of plastic

litter that has irresponsibly ended up in the oceans in the last half century

is now returning to us (Ragusa et al., 2021) through the food web:

zooplankton> shellfish> fish>humans.

Not all marine organisms respond in the same way to these emerging

pollutants. MP and NP accumulation is strongly influenced by the environ-

ment in which organisms live (i.e., pelagic-neritic, demersal habitats), what,

Fig. 3 Publications on microplastics and nanoplastics in fish, crustaceans, bivalves,
cephalopods, gastropods, anemones, jellyfish, and sea cucumbers (source: Scopus
database—search within “title, abstract and keywords”) in the years 2011–2021.
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how and where they feed, as well as their trophic level and their anatomic

features (Ribeiro et al., 2020). For example, mussels, clams, oysters and other

minor bivalves are more subject to MP and NP contamination and accumu-

lation because they feed by filtering significant quantities of coastal water,

which is often more polluted than the open sea environment. As they are

eaten whole, they directly transfer to humans a significant portion of

MPs and NPs ingested during their life cycle. Other marine organisms, such

as small fish, gastropods, cephalopods, and other small invertebrates, raise a

similar concern because they are traditionally eaten whole (i.e., including the

gastrointestinal tract), both fresh and/or dried, especially in low-income

countries.

The risk of transferring these emerging pollutants to the food chain is

obviously lower in the case of large marine species consumed after eliminat-

ing the gastrointestinal tract. It should be noted that there might be a micro-

biological risk associated with the consumption of contaminated seafood

products. Recent studies have revealed thatMPs andNPs are associated with

Fig. 4 Network map of 557 keywords (with the minimum occurrence set to 20)
identified by VosViewer on the Scopus (CSV) database. The size of nodes indicates
the frequency of occurrence, while the colors identify three clusters that define the
thematic proximity and indicate research directions.
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a higher risk of transmitting pathogen microorganisms, such as viruses,

bacteria, and fungi (G€undogdu et al., 2022). Considering that seafood prod-
ucts tend to be packed in a modified atmosphere and/or under vacuum skin

packaging, two methods involving a high consumption of plastic [PP,

ethylene vinyl alcohol (EVOH), polyamide (PA), PE], further studies are

needed to understand how much these techniques, and the massive plastic

polymers used, affect the final product in terms of contamination (Sobhani

et al., 2020).

Given the growing interest in these new pollutants, Danopoulos et al.

(2020) state that the issue of contamination by MPs and NPs should be

included in food quality risk analysis and in the HACCP (Hazard Analysis

and Critical Control Point) or HARPC (Hazard Analysis and Risk-based

Preventive Controls for Human Food) programs for food safety.

From a physiological perspective, MP and NP ingestion could also alter

endocrine system functions and the seafood microbiome, reduce the rate of

fecundity, and cause DNA and neurological damage in various species

(Chenet et al., 2021;Mancia et al., 2020). This is due to their intrinsic nature

and to their ability to act as carriers of other pollutants, such as plastic

additives (phthalates, triclosan, bisphenols, brominated and flame retar-

dants), other persistent organic pollutants (POPs) and heavy metals dissolved

in the aquatic marine environment (Guo & Wang, 2019; Kutralam-

Muniasamy et al., 2021; Tourinho et al., 2019), with serious consequences

for marine biota. Owing to their high toxicity, it is important to acquire

greater insight into the effects of MPs and NPs on consumed marine organ-

isms in terms of seafood safety and human health (G€undogdu et al., 2022;

Piyawardhana et al., 2022). According to G€undogdu et al. (2022), another

important aspect is the fate of MPs and NPs once they have been ingested

by marine organisms. Specifically, how long they remain confined to the

gastrointestinal tract before being excreted in feces, or whether they migrate

through the circulatory system to other organs such as flesh muscle and

gonads, as well as the liver and spleen. Therefore, although it seems that

particles smaller than 150μm in size can cross the intestinal epithelium, only

0.2–0.45% of the ingested MPs and NPs (<1.5μm in size) can penetrate

deeply into other organs (Food Safety Authority, 2016; Hazimah et al., 2021).

3.2 Connection between MPs/NPs and the most consumed
wild seafood products

Based on FAO report (2020) “The state of world fisheries and aquaculture,”

Table 2 shows the most caught marine species in 2018. Starting from this
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Table 2 Summary of reported microplastic ingestion by the most caught marine species in 2018 (FAO, 2020).

Common
name Scientific name

Average
production in
2018 (million
tons/percentage) Habitat Studied fishing ground

Presence of
MPs (%) Main recent references

Finfish

Anchoveta Engraulis ringens 7.045 (10%) Pelagic-neritic Pacific Ocean 0.8% Ory et al. (2018)

Skipjack

tuna

Katsuwonus

pelamis

3.161 (4%) Pelagic-oceanic North Maluku Ocean 100% Ridwan Lessy and Sabar (2021)

Indian Ocean (Pantai Baron) 100% Suwartiningsih, Setyowati, and

Astuti (2020)

South Pacific Ocean 23% Markic et al. (2018)

Southeast-south coast of Brazil 25.8% Neto et al. (2020)

Western equatorial Atlantic Ocean 0.75% de Mesquita et al. (2021)

North-East Atlantic 10% Pereira et al. (2020)

Atlantic

herring

Clupea harengus 1.820 (3%) Benthopelagic English Channel 50% Collard et al. (2017)

Baltic Sea 12.7% Białowąs et al. (2022)

Baltic Sea 20% Beer et al. (2018)

Blue

Whiting

Micromesistius

poutassou

1.712 (2%) Bathypelagic English Channel 51.9% Mercogliano et al. (2020)

North-western Iberian Shelf Sea 0.02% López-López et al. (2018)

North Altlantic 0% Murphy et al. (2017)

Not reported 29.8% Walkinshaw et al. (2020)

Tyrrhenian coast 0% Pittura et al. (2018)
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European

pilchard

Sardina

pilchardus

1.608 (2%) Pelagic-neritic Adriatic Sea 96% Renzi, Specchiulli, et al. (2019)

Spanish Mediterranean coast 15.2% Compa et al. (2018)

Southern Tyrrhenian Sea 52.6% Savoca et al. (2020)

Northern Ionian Sea 47.2% Digka et al. (2018)

North Adriatic Sea 30% Mistri et al. (2022)

Mediterranean Sea 57% G€uven et al. (2017)

Western Mediterranean Sea 17.39% Rios-Fuster et al. (2019)

Western and southern parts of

Iberian coast

58% Lopes et al. (2020)

Northwestern Iberian continental

shelf

87% Filgueiras et al. (2020)

South Adriatic Sea 50% Anastasopoulou et al. (2018)

Middle Adriatic Sea 37%

Ionian Sea (Greece) 47%

Pacific

chub

mackerel

Scomber japonicus 1.557 (2%) Pelagic-neritic Southeast Pacific Ocean 3.3% Ory et al. (2018)

South-western Japan 62.5% Yagi et al. (2022)

Mediterranean Sea 57% G€uven et al. (2017)

Mediterranean Sea 50% Bray et al. (2019)

Yellowfin

tuna

Thunnus

albacares

1.458 (2%) Pelagic-oceanic South Pacific Ocean 2% (only

mesoplastics

>5mm)

Chagnon et al. (2018)

Scads nei Decapterus spp. 1.336 (2%) Reef-associated,

demersal,

pelagic-oceanic

benthopelagic

South Pacific 80% Ory et al. (2017)

Indonesia 29% Rochman et al. (2015)
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Table 2 Summary of reported microplastic ingestion by the most caught marine species in 2018 (FAO, 2020).—cont’d

Common
name Scientific name

Average
production in
2018 (million
tons/percentage) Habitat Studied fishing ground

Presence of
MPs (%) Main recent references

Atlantic

cod

Gadus morhua 1.218 (2%) Benthopelagic Fogo Island, Newfoundland and

Labrador

1.4% Saturno et al. (2020)

Baltic Sea 14.8% Białowąs et al. (2022)

Norwegian coast (Bergen City

Harbor)

0–27% Bråte et al. (2016)

Newfoundland 1.7% Liboiron et al. (2019)

North Sea 0–13% de Vries et al. (2020)

Largehead

hairtail

Trichiuruslepturus 1.151 (2%) Benthopelagic Atlantic Ocean 1.4% di Beneditto and da Silva

Oliveira (2019)

Oman Sea 14% Ghattavi, Naji, and Kord

(2019)

South Atlantic Ocean 20% Pegado et al. (2018)

Atlantic

mackerel

Scomber scombrus 1.047

(1%)

Pelagic-neritic Western Mediterranean Sea 49.2% Palazzo et al. (2021)

Portuguese coast 100% Lopes et al. (2020)

Coast of Portugal 31% Neves et al. (2015)

Japanese

anchovy

Engraulis

japonicus

957 (1%) Pelagic-neritic Seto Inland Sea 90–100% Ohkubo et al. (2022)

Pacific Ocean (Tokyo Bay) 77% Tanaka and Takada (2016)

Yellow Sea 33% Sun et al. (2019)
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Sardinellas

nei

Sardinella spp. 887 (1%) Pelagic-neritic,

reef-associated,

pelagic

Southwest coast of India 38% James et al. (2022)

Pantai Indah Kapuk coast,

Indonesia

100% Hastuti, Lumbanbatu, and

Wardiatno (2019)

Northern Bay of Bengal 100% Hossain et al. (2019)

Thoothukudi region (Indian

Ocean)

21% Kalaiselvan et al. (2022)

Indian Ocean 60–100% Palermo et al. (2020)

South eastern Arabian Sea, Indian

coasts

5–9.1% James et al. (2020)

Central Atlantic Ocean, off the

Coast of Ghana

26–41% Adika et al. (2020)

Crustaceans

Gazami

crab

Portunus

trituberculatus

493 (8%) Benthopelagic Yellow Sea 66.7–100% Zhang et al. (2021)

Marine

crabs nei

Pachygrapsus

transversus

Carcinus maenas

Eriocheir sinensis

Callinectes

sapidus

314 (5%) Benthic

benthic

benthic

benthopelagic

Ponta Verde Beach, Brazil 47.4% de Barros, dos Santos Calado,

and de Sá Leitão Câmara de

Araújo (2020)

Thames Estuary 71.3% McGoran et al. (2020)

Thames Estuary 100% McGoran et al. (2020)

Adriatic Sea 83.3% Renzi et al. (2020)

Blue

swimming

crab

Portunuspelagicus 298 (5%) Reef-associated Arabian Sea 13.3% Daniel et al. (2021)
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Table 2 Summary of reported microplastic ingestion by the most caught marine species in 2018 (FAO, 2020).—cont’d

Common
name Scientific name

Average
production in
2018 (million
tons/percentage) Habitat Studied fishing ground

Presence of
MPs (%) Main recent references

Argentine

red shrimp

Pleoticus muelleri 256 (4%) Benthic Southwestern Atlantic Ocean 90% Fernández Severini et al. (2020)

Molluscs

Jumbo

flying squid

Dosidicus gigas 892 (15%) Pelagic South Pacific Ocean 79.2% Gong et al. (2021)

Marine

Molluscs

nei

Mollusca 664 (11%) – Liaohe Estuary (China) 67% Wang et al. (2021a, 2021b)

Cuttlefish,

bobtail

squids nei

Sepiidae,

Sepiolidae

348 (6%) Benthic Portugal 100%

(cuttlefish)

Oliveira et al. (2020)
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baseline, it was added the specific habitat (from pelagic to benthonic) of each

taxa/species and what currently known about the presence of MPs and NPs

(in the gastrointestinal tract, gills, liver, muscle tissue, gonads, etc.) within

each taxa/species on a geographical basis.

In the literature of the last 5 years (2017–April 2022), only one study

(Ory et al., 2018) focused on the most captured fish species in the world

(Engraulis ringens) and yellowfin tuna (Thunnus albacore) (Chagnon et al.,

2018); MP concentrations reported in these studies were 0.8% and 2%,

respectively. No data are available for Alaska pollok (Gadus chalcogrammus),

which is the second most captured species worldwide. Further studies are

needed to discern whether and to what extent this species is affected by

MPs and/or NPs. In studies (two to four) on Scad nei (Decapterus spp.), the

largehead hairtail (Trichiurus lepturus), Atlantic mackerel (Scomber scombrus)

and Japanese anchovy (Engraulis japonicus), MP concentrations ranged from

1.4% in largehead hairtail caught in the Atlantic Ocean (di Beneditto & da

Silva Oliveira, 2019) to 100% in Japanese anchovy caught in the Seto

Inland Sea (western Japan) (Ohkubo et al., 2022).

At least five published studies have reportedMPs in the following marine

species: In Skipjack tuna (Katsuwonus pelamis), MPs ranged from 0.75% in

specimens from the western equatorial Atlantic Ocean (de Mesquita

et al., 2021) to 100% in those from the Indian Ocean (Suwartiningsih

et al., 2020). As for blue whiting (Micromesistius poutassou), MPs concen-

trations ranged from 0% in specimens from the Tyrrhenian Sea (central

Mediterranean) (Pittura et al., 2018) to 51.9% in samples from the English

Channel (Mercogliano et al., 2020). In the case of European pilchardus

(Sardina pilchardus), MPs concentrations ranged from 15.24% in specimens

from the Mediterranean coast of Spain (western Mediterranean) (Compa

et al., 2018) to 96% in specimens from the Adriatic Sea (central

Mediterranean) (Renzi, Specchiulli, et al., 2019). MP concentrations in

Pacific chub mackerel (Scomber japonicus) ranged from 3.3% in specimens

from the southeast Pacific Ocean (Ory et al., 2018) to 62.5% in samples from

south western Japan (Yagi et al., 2022). The Atlantic cod (Gadus morhua)

showed MP values ranging from 1.4% in specimens from Fogo Island,

Newfoundland, and Labrador (Saturno et al., 2020) to 27% in specimens

from Norwegian coast. MP concentrations in Sardinellas nei (Sardinella

spp.) ranged from 5% in specimens from the South-eastern Arabian Sea,

India ( James et al., 2020), to 100% in specimens from the Pantai Indah

Kapuk coast, Indonesia (Hastuti et al., 2019).When considering crustaceans,
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the only available study on the most harvested gazami crab (Portunustri

tuberculats) reports MP concentrations of 66.7–100% (Zhang et al., 2021),

whereas the blue swimming crab (Portunus pelagicus) caught in the Arabian

Sea is impacted the least, with MP concentrations of up to 13% (Daniel

et al., 2021). As for other invertebrates of particular commercial interest, such

as cephalopods, jellyfish, and echinoderms, all three of these taxa have quite

high MP contents ranging from 75% in the sea urchin nei (Strongylocentrotus

spp.) of the northern coast of China (Feng et al., 2020) to 100% in cuttlefish

(Sepiidae) caught from the coast of Portugal (Oliveira et al., 2020). To date,

the literature on the incidence of NPs in marine organism, especially in the

abovementioned major species/taxa, is still scarce. It is evident that more

information is needed concerning the impact of these troubling contaminants

on the food web.

3.3 MPs and NPs in marine aquaculture and processed
seafood products

Considering the general decrease in global wild fishery captures and the

increase in the total aquaculture production (from an average per year of

59.7 million tons in 2015 to 82.1 million tons in 2018) (FAO, 2020), as well

as the forecast will reach 40 million tons in 2030, close attention should

be paid to analyzing the impact of MPs and NPs on fed and non-fed marine

aquaculture products. In 2018, the global production of the top five

marine aquaculture species individually was 5.2 million tons for cupper

oyster (Crassostea spp.), 5 million tons for whiteleg shrimp (Litoenaeus

vannamei), 4.1 million tons for Japanese carpet shell (Ruditapes philippinarum),

2.4 million tons for Atlantic salmon (Salmo salar), and 1.9 million tons for

scallops (Pectinidae) (FAO, 2020). For cupped oysters, the most aquacul-

tured shellfish species worldwide, Walkinshaw et al. (2020) reported an

average MPs value (50–100μm size range) of 0.18–3.84 items/g (w/w)

whereas the average value reported for the Japanese carpet shell ranged from

0.9 to 2.5 items/g (w/w).

For Litopenaeus vannamei farmed in Southern China, Li et al. (2021a,

2021b) reported a MPs abundance of 4–21 items/individual (mean value

10.87), whereas Valencia-Castañeda et al. (2022) found 7.6 items/individual

in the gastrointestinal tract, 6.3 in the gills, and 4.3 in the exoskeleton, with

an average of 18.5 MPs items per shrimp (1.06 items/g, wet weight [ww]).

As for Atlantic salmon, the literature on the incidence of MPs is lacking in

this fish species. Liboiron et al. (2019) found that the frequency of occur-

rence of plastic in the gastrointestinal tract of this highly consumed species
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that is 69 specimens collected in Newfoundland (Canada) was zero.

Focusing on MPs abundance in Pectinidae, Ding et al. (2021) detected an

average of 0.5–2.9 items/individual (0.4–3.4 items/g) in Chlamys farreri

specimens collected around Qingdao, China.

Drying is one of the oldest techniques used for preserving foods at

all latitudes to dehydrate different marine products. For example, it is

traditionally used in the cold northern regions of Europe to produce stock-

fish (Inderhaug, 2020), and in the Mediterranean region to produce

“bottarga,” a delicious seafood-derived product based on salting and subse-

quent air drying of the raw roe of tuna (Thunnus spp.) and gray mullet (Mugil

spp.). In some developing countries of South Asia and sub-Saharan Africa,

this low-cost technique is often the only way to reduce water content

(moisture) and prevent post-mortem degradation of seafood products.

According to Karami, Golieskardi, Bin Ho, et al. (2017), seafood products

prepared using these techniques tend to concentrate more MPs and NPs

than other seafood products. This is due to post-harvest contamination dur-

ing the long period spent in direct contact with common air impurities

during the drying/salting process, which often occurs in environments that

are not particularly healthy. This outcome has been recently confirmed by

Piyawardhana et al. (2022), who studied the occurrence of MPs in 12 dried

seafood consumed throughout the Asia-Pacific region, where such products

are a staple in the diet. They observed that all species samples contained

MPs both in the gastrointestinal tract and in the muscle. The authors also

detected a positive correlation between the incidence ofMPs and the weight

of the analyzed specimens. By contrast, very little information is currently

available on stockfish and salted fish (the Mediterranean salted sardine and

anchovies), or on the abovementioned dried/salted fish roe (bottarga).

Canning is another traditional preservation technique used widely in

fish and shellfish processing because it significantly extends the shelf life

of highly perishable seafood products. In canned tuna and mackerel prod-

ucts, there is a high risk of contamination by MPs during the product

cleaning and canning process (Akhbarizadeh et al., 2020).

4. Presence of MPs and NPs in other foods
and beverages

In addition to seafood, the presence of MPs and NPs has been widely

reported in other food products, such as fruit and vegetables, honey, salt,

sugar, and beer (Table 3). A Scopus search using the combined terms
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Table 3 Identification and quantification techniques of microplastics and nanoplastics in different food matrices.
Food Origin Type (species) Type of MPs/NPs Size References

Fruits and

vegetables

Italy Apple

(M. domestica))

MPs and NPs 2.17μm Oliveri Conti et al. (2020)

Italy Pear

(P. communis)

MPs and NPs 1.99μm Oliveri Conti et al. (2020)

Italy Broccoli

(B. oleracea italic)

MPs and NPs 2.10μm Oliveri Conti et al. (2020)

Italy Lettuce

(Lactuca sativa)

MPs and NPs 2.52μm Oliveri Conti et al. (2020)

Italy Carrot

(Daucus carota)

MPs and NPs 1.51μm Oliveri Conti et al. (2020)

Chile Maize

(Zeamays L.)

PET microbeads – Urbina et al. (2020)

The Netherlands Garden cress (Lepidium

sativum L.)

MPs and NPs <100nm

<5mm

Bosker et al. (2019)

China Seedling growth of wheat

(Triticum aestivum L.)

PSNPs 88nm Lian et al. (2020)

China Lettuce

(Lactuca sativa)

SPS and LPS SPS: 100–1000nm

LPS: >10,000nm

Gao et al. (2021)

China Lettuce

(Lactuca sativa L.)

PVC PVC- [18μm
�100nm]

PVC-b [18–150μm]

Lian et al. (2020)

China Cucumber

(Cucumis sativus)

PSNPs 100, 300, 500, and

700nm

Lian et al. (2020)
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Beverages Ecuador Skim milk MPs 2.48–183.37μm Diaz-Basantes et al. (2020)

Ecuador Refreshing beverage MPs 5.94–247.54μm Diaz-Basantes et al. (2020)

Ecuador Industrial Beer MPs 3.50–202.29μm Diaz-Basantes et al. (2020)

Ecuador Craft Beer MPs 6.15–160.345μm Diaz-Basantes et al. (2020)

Mexico Milk PES andPSU 100–5000μm Kutralam-Muniasamy

et al. (2020)

Germany Beer PET – Liebezeit and Liebezeit

(2014)

Portugal Wine MPs – Prata et al. (2020)

Mexico Cold Tea PA, PET, PEA and ABS 100–2000μm Shruti et al. (2020)

Mexico Soft drink PA, PET, PEA and ABS 100–3000μm Shruti et al. (2020)

Mexico Energy drink PA, PET, PEA and ABS 100–3000μm Shruti et al. (2020)

Mexico Beers PA, PET, PEA and ABS 100–3000μm Shruti et al. (2020)

Honey Ecuador Industrial honey MPs 5.63–182.96μm Diaz-Basantes et al. (2020)

Ecuador Craft honey MPs 5.15–226.01μm Diaz-Basantes et al. (2020)

Salts Eight African

countries

Table salt PVA, PP and PE 3.3–4660μm Fadare et al. (2021)

Turkey Lake salt PE, PET, PU, PP,

PMMA, PA-6 and PVC

20μm–5mm G€undo�gdu (2018)

Turkey Rock salt PE, PET, PU, PP,

PMMA, PA-6 and PVC

20μm–5mm G€undo�gdu (2018)

Turkey Sea salt PE, PET, PU, PP,

PMMA, PA-6 and PVC

20μm–5mm G€undo�gdu (2018)

Continued37



Table 3 Identification and quantification techniques of microplastics and nanoplastics in different food matrices.—cont’d
Food Origin Type (species) Type of MPs/NPs Size References

Spain Sea salt polyethylene

terephthalate (PET),

polyethylene (PE) and

polypropylene (PP)

30μm–3.5mm Iñiguez, Conesa, and

Fullana (2017)

Spain Well salt PET, PE and PP 160–980μm Iñiguez et al. (2017)

Republic of Korea Lake salt PP, PE, PS, PET 100–5000μm Kim et al. (2018)

Republic of Korea Rock salt PP, PE, PS and PET 100–5000μm Kim et al. (2018)

Republic of Korea Sea salt PP, PE, PS and PET 100–5000μm Kim et al. (2018)

Italy Salt MPs 4–4628μm Renzi and Blaškovi�c
(2018)

Italy and Croatia Salt PET, PVC, PE, and PA, 10–150μm Renzi, Grazioli, et al.

(2019)

Others The Netherlands Growth of sediment-

rooted macrophytes

MPs and NPs 20–500μm
50–190nm

van Weert et al. (2019)

China Chicken meat PS and PVC 3μm and 100μm Huang et al. (2020)

France Packaged chicken breasts,

packaged turkey escalopes

(Extruded PS tray)

EPS and XPS 300–450μm Kedzierski et al. (2020)

The Netherlands Chicken gizzard and

Chicken crop

MPs and NPs 1000–5000μm Lwanga et al. (2017)

Italy Terrestrail snail MPs 100–2500μm Panebianco et al. (2019)

PE, Polyethylene; PSNPs, Polystyrene nanoplastics; SPS, Small polystyrene; LPS, Large polystyrene; PVC, Polyvinylchloride; PES, Polyethersulfone; PSU, Polysulfone; PET,
Polyethylene-terephthalate; PA, Polyamide; PEA, Polyester-amide; ABS, Acrylonitrile-butadiene-styrene; PVA, Polyvinyl acetate; PP, Polypropylene; PU, Polyurethane;
PMMA, Polymethyl-methacrylate; PA-6, Polyamide-6; EPS, Expanded polystyrene; XPS, Extruded polystyrene.
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“TITLE-ABS-KEY (microplastics) OR TITLE-ABS-KEY (nanoplastics)

AND TITLE-ABS-KEY (fruits) OR TITLE-ABS-KEY (vegetables) OR

TITLE-ABS-KEY (salt) OR TITLE-ABS-KEY (sugar) OR TITLE-

ABS-KEY (honey) OR TITLE-ABS-KEY (meat) OR TITLE-ABS-KEY

(chicken) OR TITLE-ABS-KEY (wine) NOTTITLE-ABS-KEY(marine)

AND NOT TITLE-ABS-KEY(sea) AND NOTTITLE-ABS-KEY(fish))”

was carried out in order to perform a cluster-based VOSviewer analysis.

Overall, the Scopus search revealed 156 publications pertaining to MPs

and NPs in the food products listed above.

According to the VOSviewer output, co-occurrence analysis identified

2599 keywords, of which 173 occurred at least 5 times. As expected, “MPs”

was the most frequent keyword identified, followed by “water pollutant,”

“soil,” “environmental monitoring,” “vegetable,” “plant leaf,” “fruits” and

others (Fig. 5). Four “clusters” were generated: these define thematic prox-

imity among all considered keywords.

Oliveri Conti et al. (2020) conducted a study to identify and quantify

MPs in common edible fruit (apples and pears) and vegetables (carrot,

Fig. 5 Network map of 173 keywords (with the minimum occurrence set to 5) identified
by VosViewer on the Scopus (CSV) database. The size of nodes indicates the frequency
of occurrence, while the colors identify four clusters that define the thematic proximity
and indicate research directions.
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lettuce, broccoli, and potato). MPs particle sizes extended from 1.51 to

2.52μm, with the smallest size (1.51μm) of MPs being found in the carrot

samples, while the biggest (2.52μm) one was found in the lettuce. The

authors reported that apple was the most contaminated fruit whereas carrot

was the most contaminated vegetable. Depending on vegetable samples,

MPs ranged from 52.050 to 233.000 particles/g. The authors supposed

that MPs could be absorbed and translocated to the vegetal tissues in the

same way as carbon nanomaterials.

Some studies have investigated the impact of plastics and related contam-

inants on plant growth and development. For example, Bosker et al. (2019)

studied the impact of MPs with three different sizes (50, 500, and 4800nm)

on cress (Lepidium sativum). The results showed that the exposure to these

contaminants could significantly affect germination and root growth, which

was explained by a physical blockage of plant pores with plastic particles,

inhibiting water uptake. In a similar study, Gao et al. (2021) investigated

the harmful effects of small (100–1000nm) and large (>10,000nm) MPs

on lettuce under dibutyl phthalate (DBP) stress. The findings suggested that

the adhesion of plastic particles, especially the small MPs, on the root surface

causes the physical clogging of root pores, aggravating the negative effects

(decreased lettuce biomass and oxidative damage in lettuce leaves and roots)

of DBP on lettuce growth.

In a study conducted by Urbina et al. (2020) in an experimental

hydroponic culture of maize, the adsorption and potential uptake, as well

as the physiological effects of PE microbeads were assessed. These authors

observed that plastic accumulation in the rhizosphere provoked an impor-

tant decrease in transpiration, nutrient uptake, and the plant growth. In

another study, the effects of six different MPs, including polyester fibers,

PA beads, PE, polyester terephthalate, PP, and PS, on the growth of spring

onion (Allium fistulosum) and soil microbial activities, as well as soil–plant
interactions, were investigated (De Souza Machado et al., 2019). The find-

ings showed significant consequences of plastic contamination, in particular

the contamination by polyester fibers and PA beads, for agro-ecosystems

and general terrestrial biodiversity. The impact of biodegradable plastic

and PS residues was also reported on wheat (Triticum aestivum) growth

(Qi et al., 2018). The plastic contamination, notably the biodegradable plas-

tic, showed an impact on the plant mass both above and below ground

during the vegetative and reproductive growth.

The aforementioned examples, in addition to many others, reported in

recently published review papers (Bai et al., 2022; Oliveri Conti et al., 2020;

Silva et al., 2021; Vitali et al., 2022) demonstrate the occurrence and the
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negative impact of MPs and NPs on plant growth, biodiversity, and soil

ecosystems. However, more research studies are still needed to confirm

these findings as some investigations seem to indicate contradicting results.

In fact, Lian et al. (2020) studied the influence of PS NPs at level ranges

between 0.01 and 10mg/mL on the germination of seed and growth seed-

ling of wheat. Although the exposure to these NPs extremely altered the

metabolic profiles in wheat leaves, the wheat seedling growth seemed to

be significantly enhanced.

Some studies have reported the presence of MPs and NPs in sea salt,

sugar, honey, milk, wine, beer, and other food and beverages, although

little information is still available on MPs occurrence in these products.

Kutralam-Muniasamy et al. (2021) tested the occurrence of a variety of

MPs with different colors (blue, brown, red, and pink), shapes (fibers and

fragments), and sizes (0.1–5mm) in 23 milk samples in Mexico. The results

showed that thermoplastic sulfone polymers (polyethersulfone and poly-

sulfone) were common types of MPs due to their use in membrane materials

in dairy processes. Blue fibers of size less than 0.5mm were found to be

prevalent in the studied samples.

The presence of MPs was first reported in Germany by Liebezeit and

Liebezeit (2014) who examined 24 German beer brands for the contents

of microplastic fibers, fragments, and granular. The results displayed a high

variability among individual samples and samples from different production

dates, and the counts ranged from 2 to 79/L for the fibers, 12 to 109/L for

the fragments, and 2 to 66/L for the granules. Prata et al. (2020) detected

MPs in 26 bottles of white wine capped with plastic stoppers. MPs were pre-

sent in the examined samples with concentrations up to 5857 particles/L,

and median dimensions of 26�122μm. Shruti et al. (2020) evaluated the

MPs occurrence in Mexican soft drinks, cold tea, energy drinks, and they

found that beer sample had the highest abundance. PA, poly (ester-amide)

(PEA), acrylonitrile-butadiene-styrene (ABS), PET, and blue pigments

were the most identified microplastic polymers, while synthetic textiles

and packaging were reported as the contamination origins in these beverage

products.

MPs contamination in commercial table salts has been monitored and

reported in different countries around the world, such as Spain (Iñiguez

et al., 2017), Turkey (G€undo�gdu, 2018), India (Seth & Shriwastav,

2018), Italy and Croatia (Renzi & Blaškovi�c, 2018), and China (Yang

et al., 2015). Fadare et al. (2021) analyzed 23 brands of table salts from 8

African countries: Nigeria (4), Cameroon (2), Ghana (3), Malawi (1),

Zimbabwe (1), South Africa (6), Kenya (5) and Uganda (1). The highest
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concentration levels (0–1.33 particles/kg) were found in South Africa,

followed by Nigeria, Cameroun, and Ghana with concentrations ranging

between 0 and 0.33 particles/kg. Polyvinyl acetate (PVA), PP, and PE rep-

resented being the most prevalent MPs. Interestingly, the samples originated

from the other countries (Malawi, Zimbabwe, Kenya and Uganda) had no

detectable MPs at 0.3μm filter pore size. In another study, Yang et al. (2015)

reported that China salts are contaminated by MPs, with levels ranging

from 550 to 681 particles/kg in sea salts, from 43 to 364 particles/kg in lake

salts, and from 7 to 204 particles/kg in rock/well salts. The common MPs

were PET, followed by PE and cellophane in sea salts, and 55% of particles

were <200μm. Seth and Shriwastav (2018) have reported several types of

MPs, such PE, PET, PA, polyesters, and PS in Indian salt samples. The

authors suggested a simple sand filtration to remove more than 90% of

the contamination. MPs content of 16 brands of table salts obtained from

the Turkish market was evaluated (G€undo�gdu, 2018). MPs contents in

sea salt, lake salt, and rock salt were in the range of 16–84, 8–102, and
9–16 item/kg, respectively, with PE and PP being the common plastic poly-

mers. Karami, Golieskardi, Choo, et al. (2017) observed MPs in 88% of salt

samples analyzed from eight countries (Australia, France, Iran, Japan,

Malaysia, NewZeeland, Portugal, and South Africa). TheMPs levels ranged

from 0 particles (French sea salt) to 10 particles/kg (Portuguese sea salt).

It has been also reported that MPs can be present in chicken meat and

meat products (Huang et al., 2020; Kedzierski et al., 2020). For instance,

Huang et al. (2020) assessed the level of contamination by PS and PVC

in homogenized chicken meat, while Kedzierski et al. (2020) identified

and quantified MPs in meat packed in extruded PS trays, reporting a value

range of 4.0–18.7 particles/kg. A recent study reported a severe MP con-

tamination, represented by PP, PE, and polyester resin, in livestock and

poultry farms in South China, highlighting the importance of understanding

the contamination risk of MPs in livestock and poultry manure before its

utilization as fertilizers during crop planting (Wu et al., 2021).

5. Identification and quantification of MPs

The presence of MPs in both terrestrial and aquatic ecosystems

has become a widespread problem and an issue of great concern in recent

years. MPs in marine habitats are those small plastic fragments that can be

consumed by different aquatic species including fish, shellfish, marine inver-

tebrates, bivalves, among others, and are ultimately transferred along the
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food chain to human beings (Chatterjee & Sharma, 2019; Dawson et al.,

2021; López-Martı́nez et al., 2021; Savoca, McInturf, & Hazen, 2021;

van Raamsdonk et al., 2020). To detect, identify and quantify MPs, several

approaches have been developed, ranging from the simple visual inspection

(by the naked eye or microscopically) to more advanced techniques such

as chromatography coupled with mass spectrometry and spectroscopic tech-

niques (Dawson et al., 2021; Lv et al., 2021; Razeghi et al., 2021; Silva et al.,

2018; Wang & Wang, 2018). Many review papers have been published

on this topic, comparing these different methods, their applications, advan-

tages and limitations, etc. (Akoueson et al., 2021; Gong &Xie, 2020; la Nasa

et al., 2020; Peñalver et al., 2020). The optical methods based on the visual

inspection or the use of microscopes, scanning electron microscopy (SEM),

and gas chromatography–mass spectrometry (GC–MS) have been widely

used. The spectroscopic methods, especially the microscopic infrared and

Raman spectroscopies remain the most commonly applied techniques

(Cowger et al., 2020; Dehaut et al., 2019; Kwon et al., 2020; Li et al.,

2019; Primpke et al., 2020; Schwaferts et al., 2019).

5.1 Traditional analysis techniques
5.1.1 Optical methods
A number of studies have demonstrated that MPs of size >100μm can be

easily detected and classified directly through a simple naked-eye observa-

tion, based on the examination of size, shape, and color of the microplastic

particles. However, most often, this visual inspection is accompanied

by optical microscopy (Lv et al., 2021; Silva et al., 2018; Zhu & Wang,

2020). For example, a stereomicroscope was used by Bono et al. (2020)

to classify the microplastic particles ingested by Atlantic chub mackerel

(Scomber colias) according to their size, texture, and shape into fragments,

fibers, lines, paint and films.

Visual sorting is simple and cost effective but cannot be used to detect

and identify particles of small size (<100μm). In addition, the human

subjectivity related to visual inspection is a challenging factor that can lead

to variability in the detection results, and either under or overestimation

of MPs can often occur (Cowger et al., 2020; Gong & Xie, 2020; Pinto

da Costa et al., 2019; Strungaru et al., 2019; Zhu & Wang, 2020). It has

been reported that the misidentifications can reach a high percentage rate

(65–67%) for transparent polymers (Lakshmi Kavya, Sundarrajan, &

Ramakrishna, 2020). Microscopic methods also proved to be a weak means
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to distinguish between the synthetic and natural fibers (e.g., PES vs dyed

cotton). To overcome the limitations, several approaches have been devel-

oped in recent years. For example, Nile red staining and fluorescent micros-

copy has been applied in several studies in order to identify MPs in fresh and

processed fish samples (Akhbarizadeh et al., 2020; TaghizadehRahmat

Abadi et al., 2021).

5.1.2 Scanning electron microscopy (SEM)
SEM uses focused electron beams to investigate size, shape, and other phys-

ical parameters of MPs, providing high-resolution surface images under

high-magnification overcoming all the limitation of optical microscopy.

This technique is often coupled to energy dispersive X-ray spectroscopy

(EDS or EDX) to obtain detailed information about the elemental compo-

sition of the microplastic particles (Primpke et al., 2020; Silva et al., 2018;

Wang & Wang, 2018; Zhu & Wang, 2020) to ensure differentiation

between plastics and gives the possibility to distinguish between organic

and plastic particles.

Several studies have used SEM-EDS (or SEM-EDX) for the characteriza-

tion of surface structure and elemental composition in MPs (Akhbarizadeh

et al., 2020; Bermúdez-Guzmán et al., 2020; Jonathan et al., 2021;

Karbalaei et al., 2019) (Table 4). For instance, in a recent one, the presence

of MPs ingested by fishes of Magdalena bay was examined by means of

SEM microscope in conjunction with EDS ( Jonathan et al., 2021). SEM

images showed angular and irregular edges of MPs, revealing the impact of

mechanical disintegration of plastic fibers due to probably weathering pro-

cesses, whereas the majority of the EDX spectra of the fibers presented carbon

and oxygen peaks, suggesting them as plastics. Similarly, Martinez-Taveraand

coauthors used the same techniques (i.e., SEM and EDX) to study the surface

morphology and the elemental composition of MPs in freshwater tilapia

(Oreochromis niloticus) that caught from a metropolitan reservoir in Central

Mexico (Martinez-Tavera et al., 2021). However, these techniques are

destructive and can be time-consuming and quite expensive and thus only

few samples are usually examined in order to confirm the width and length

of the fibers.

5.1.3 Gas chromatography-mass spectrometry (GC–MS)
Chromatographic techniques coupled with mass spectrometry have

attracted increasing attention, and they have been widely used in the mic-

roplastic research to enable quantitative analysis. Two GC–MS-based

approaches have been commonly applied: pyrolysis gas chromatography
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Table 4 Examples of analytical methods used for the detection and identification of microplastics in fish/seafood and other food products.
Products
category Species/products Analytical approach Main conclusions References

Fish and

other

seafood

Norway lobster SEM, μ-Raman 83% of the examined samples contained plastic filaments Murray and Cowie

(2011)

Laboratory fish

(Medaka), Pelagic

prey fish (Myctophid)

Optical microscopy,

SEM/EDS,

μ-FT-IR, μ-Raman

Optical microscopy is not enough to identify MPs, especially

if the particles are of various morphologies

Wang et al. (2017)

Pelagic and demersal

fish

Py-GC–MS The technique was able to identify the chemical composition

of plastic polymers by analyzing its characteristic thermal

degradation products and comparing with pyrolysis reference

maps of known pure polymers

Fischer and Scholz-

B€ottcher (2017)

Demersal and pelagic

fish

Microscopic analyses 828 pieces of MPs were detected, most of them were in the

form of fibers

Abbasi et al. (2018)

Commercial marine

fish from Malaysia

SEM-EDS

Raman

MPs were detected in 9 out of 11 samples, and polyethylene

was the most abundant plastic polymer

Karbalaei et al. (2019)

Mussels and cockles TED-GC–MS,

μ-Raman

Up to 58% of the samples were contaminated by MPs.

13 plastic additives and 27 hydrophobic organic compounds

were quantified in bivalves’ flesh

Hermabessiere et al.

(2019)

Herring

Opisthonema sp.

Optical microscopy,

SEM-EDX,

FT-IR-ATR

MPs were detected in all the sampled fishes; 20.5% were

classified as particles and 79.5% as fibers

Bermúdez-Guzmán

et al. (2020)

Continued
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Table 4 Examples of analytical methods used for the detection and identification of microplastics in fish/seafood and other food products.—cont’d
Products
category Species/products Analytical approach Main conclusions References

Four fish species

(Clarias gariepinus,

Cyprinus carpio,

Carassius carassius, and

Oreochromis niloticus)

from the Lake Ziway

ATR-FT-IR Polypropylene, polyethylene, and alkyd-varnish were found

to be the dominant polymers

Merga et al. (2020)

Penaeid shrimp μ-FT-IR Polyamide-6 and rayon polymers were the most dominant

polymers detected in the samples

Hossain et al. (2020)

Sea bass Fluorescence

microscopy

Feeding juveniles of fish with a diet containing fluorescent

microplastic particles showed that the entrance of MPs to

lymphatic and/or vascular systems through the gastrointestinal

tract was the most likely pathway for translocation of MPs

Zeytin et al. (2020)

Commercial fish

from Southeast coast

of the Bay of Bengal

SEM

FT-IR

20 plastic particulates (of polyethylene, polyamide and

polyester types) were isolated from the gastrointestinal tract of

17 fish

Karuppasamy et al.

(2020)

Tuna and mackerel SEM-EDX,

fluorescence analysis,

μ-Raman

At least one microplastic particle was found in 80% of the

investigated samples, and polyethylene terephthalate,

polystyrene, and polypropylene were the most abundant

polymers

Akhbarizadeh et al.

(2020)

24 fish species from

Beibu Gulf

μ-FT-IR Polyester and nylon were the predominant polymer types and

the fibers were the dominant form of particles

Koongolla et al. (2020)
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Shrimp

Pleoticus muelleri

SEM/EDS,

μ-Raman

Complete studies of MPs require both physical and chemical

analysis using microscopy (to measure color, size, shape) and

spectroscopy (to identify polymer types), respectively

Fernández Severini

et al. (2020)

Commercial fish

from the Arabian

Gulf

FT-IR 5.71%, of the examined fish was contaminated with MPs

(especially polyethylene and polypropylene)

Baalkhuyur et al.

(2020)

Commercial fish

from Tunisian coasts

μ-Raman Small MPs (�3μm) were found in the in the gastrointestinal

tracts and muscle of the examined fish

Zitouni et al. (2020)

Blue panchax fish

(Aplocheilus sp.)

FT-IR 75% of the samples were contaminated by various types of

microplastic shapes and sizes

Cordova, Riani, and

Shiomoto (2020)

Oysters Optical microscopy,

μ-ATR-FT-IR

About 83% of MPs in samples were identified as plastic

materials, including polyethylene, polypropylene,

polystyrene, polyvinyl chloride, polyethylene terephthalate,

rayon, and nylon

Wang et al. (2021a)

Kutum fish SEM-EDS,

fluorescent

microscopy

80% of investigated fish contained MPs, and fibers were the

dominant type followed by fragments and synthetic

microbeads

TaghizadehRahmat

Abadi et al. (2021)

Various seafood (fish,

crustaceans, and

molluscs)

Py-GC–MS,

fluorescence

microscopy, SEM,

ATR-FT-IR,

μ-Raman

Digestion efficiency was more than 98% in most of the

analyzed seafood. Optimization of a protocol for the isolation

of MPs present in the edible part of seafood

S€ussmann et al. (2021)

Continued
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Table 4 Examples of analytical methods used for the detection and identification of microplastics in fish/seafood and other food products.—cont’d
Products
category Species/products Analytical approach Main conclusions References

Fruit and

vegetables

Apples, pears,

broccoli, lettuce and

carrots

Scanning Electron

Microscopy—

SEM-EDX

Apples were the most contaminated fruit samples, whereas

carrot was the most contaminated vegetable

Oliveri Conti et al.

(2020)

Maize Isotope analysis

(δ13C)
About 30% of the carbon in the rhizosphere of

microplastic-exposed plants was derived from PE

Urbina et al. (2020)

Carrots, lettuces,

broccoli, potato

apples and pears

SEM-EDX Apple was the most contaminated samples, while carrots were

the most contaminated vegetable. The smallest MPs size was

found in carrots (1.51μm) and the biggest ones in lettuce

(2.52μm)

Oliveri Conti et al.

(2020)

Milk and

dairy

products

Milk Visual identification

and enumeration,

SEM-EDS,

μ-Raman

MPs exhibited variety of colors (blue, brown, red and pink),

shapes (fibers and fragments) and sizes (0.1–5mm)

Blue colored fibers (<0.5mm) were predominant. The most

common microplastic particles were polyethersulfone and

polysulfone

Kutralam-Muniasamy

et al. (2020)

Farm milk,

reconstituted milk

powder and skimmed

milk

SEM–EDX,

μ-Raman

PE, PES, PP, PTFE and PS were the most common MPs.

Smaller quantities of PA, PU, PSU and PVA were detected.

The concentration of MPs ranged varied between 204 and

1004 MPs per 100mL of milk

da Costa Filho et al.

(2021)

Meat and

meat

products

Homogenized

chicken meat

ATR-MIR PVC (particle size: 3μm, 100μm and 2–4mm) and PS

(particle size: 100μm) can be detected and quantified by

ATR-MIR at a concentration between 1% and 10%

Huang et al. (2020)

SEM, Scanning electron microscopy; EDS, Energy dispersive spectroscopy; EDX, Energy dispersive X-ray spectroscopy; GC–MS, Gas chromatography-mass spectrometry;
Py-GC–MS, Pyrolysis-gas chromatography–mass spectrometry; FTIR, Fourier-transform infrared spectroscopy; ATR, Attenuated total reflection.
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mass spectrometry (Py-GC–MS) and thermal extraction desorption gas

chromatography mass spectrometry (TED-GC–MS). However, these tech-

niques have been mainly used to analyze plastic and MPs in environmental

samples (e.g., water or sediment) while few studies have been conducted on

seafood (Dehaut et al., 2019; la Nasa et al., 2020; Peñalver et al., 2020;

Yakovenko, Carvalho, & ter Halle, 2020). For instance, a Py-GC/MS

approach was applied for polymer identification of microplastic ingested

by benthivore fish from the Texas Gulf Coast (Peters et al., 2018).

The results showed that PVC and PETwere the most common microplastic

polymers collected from the stomach content of the fish. In another study,

Dehaut and coauthors investigated the potential of Py-GC–MS to identify

polymers in mussel, crab, and fish tissues using different digestion protocols

(Dehaut et al., 2016). The effect of the different approaches was tested on a

set of 15 different plastic polymers, and the authors found that alkaline diges-

tion procedures (KOH 10%) gave the best results, enabling a correct iden-

tification of all the polymer types, except in the case of cellulose acetate. The

same protocol was later applied to characterize MPs in mussels and cockles

(Hermabessiere et al., 2018). In a recent study, Ribeiro and coworkers

succeeded in developing a Py-GC/MS methodology for the identification

and quantification of MPs isolated from edible portions of oysters, prawns,

squid, crabs, and sardines (Ribeiro et al., 2020). Five different plastics,

including PS, PE, PVC, PP, and methyl methacrylate were appropriately

identified and quantified. Nevertheless, it should be stressed that the tech-

nique is destructive and may be used only as a complementary technique to

spectroscopic methods.

5.2 Spectroscopic methods
Spectroscopic techniques, especially vibrational spectroscopy (i.e., total

reflection FT-IR and μFT-IR, Raman or stimulated Raman scattering;

SRS) are tools that have been found to be useful for MPs identification

and characterization.

5.2.1 Infrared (IR) spectroscopy
FT-IR spectroscopy is certainly the most popular technique for MPs quanti-

fication and characterization. This is probably due to the sensitivity of FT-IR

to functional groups (C-H, N-H, O-H) providing a spectral fingerprint (dis-

tinct absorption bands) of the analyzed polymers (Cowger et al., 2020;

Veerasingam et al., 2021). The identification of the polymer is also an easy task

when using this technique due to a possible comparison to commercially
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available polymers library. However, the identification is generally complex

because there is no standardized method defining different parameters, such

as hit quality index (HQI) threshold or spectral pre-treatment. In addition, dif-

ferent forms (with irregular shapes), colors, chemical additives can be found in

MPs, making their identification complex. Moreover, their affinity to chem-

ical pollutants from seawater, denaturation by sun light, temperature variation,

and biodegradation add complexity to this task (Kwon et al., 2020; Lv et al.,

2021; Renner et al., 2019; Renner, Schmidt, & Schram, 2018; Veerasingam

et al., 2021). Therefore, a consolidation of databases seems necessary.

FT-IR spectroscopy can be used in attenuated total reflection (ATR),

transmission or reflection modes, noticing that each mode has some advan-

tages and disadvantages (Gong & Xie, 2020; Renner et al., 2019). For

instance, the ATR and reflectance modes are more suitable for thick and

opaque samples compared to the transmission mode and needs no or little

sample preparation. Furthermore, the use of ATR provides a stable and reli-

able spectral line data, even with surfaces presenting a rough texture

(Lakshmi Kavya et al., 2020). An intimate contact must be established

between the sample and the ATR crystal. This can be obtained by pressing

the sample to the crystal; however, this can damage the fragile particles or alter

polymers and cause tiny particles to stick to the crystal due to electrostatic

forces (Shim, Hong, & Eo, 2017). A recent study conducted by Daniel

et al. (2021) proved that this method is suitable for studyingMP contaminants

in various seafoods. They identified the presence of MPs in the size range of

100μm–5mm in four species of shellfishes (two species of shrimp, one species

of crab, and one species of squid). Three common polymers (including PP,

PE, and PS) were isolated from these shellfishes and identified.

However, it is well known that FT-IRmeasurements are limited to a size

of MPs of about 20μm. This drawback can be overcome by using FT-IR

microscopy (μ-FT-IR). This technique combines FT-IR with microscopic

imaging and provides both high spatial resolution and spectral information

of the analyzed sample. Nevertheless, μ-FT-IR can be time-consuming

(Pinto da Costa et al., 2019). There are essentially three FT-IR microscopy

configurations: (1) point detector analysis in a confocal arrangement;

(2) FT-IR mapping, performed by integrating the signal from successive

locations of the specimen surface; and (3) FT-IR imaging, performed with

bi-dimensional arrays, e.g., focal plane array (FPA) detectors. A wide range

of studies using μ-FT-IR for MPs analysis has been reported and proved the

effectiveness of this technique for polymer characterization and identifica-

tion. For instance, μ-FT-IR was used to describe the distribution of MPs
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in gut, gills, and muscle of fish and the possibility of bioaccumulation in their

tissues (Su et al., 2019). The μ-FT-IR was also used to analyze MPs in four

species of finfish samples as well as water and sediment (Saha et al., 2021).

This study proved the reliability of the μ-FT-IR to analyze a huge variety

of MPs polymers, up to 37. ATR-FT-IR was also suitably used to differen-

tiate between low density polyethylene (LDPE) and high density polyeth-

ylene (HDPE) in ingested plastic by sea turtles ( Jung et al., 2018).

Despite the many advantages of the different techniques presented above,

one of the biggest drawbacks is the need to apply robust methodologies to

separate plastic products from organic-rich intestinal tract content. The sep-

aration and preparation of sample are often time-consuming. This is generally

performed by density separation and visual inspection before positioning

the sample on a filter. In recent years, Vis-NIR (Visible Near Infrared) hyper-

spectral imaging (HSI) has been investigated as a new approach for rapid and

non-invasive, and online determination and identification of MPs (Huang

et al., 2020; Zhang et al., 2019). Vis-NIR HSI allows to obtain 3D

images(data cube) in the 400–1000nm range. The data cube is characterized

by two spatial axis and one wavelength axis. Different configurations exist;

point scanning, line scanning and area scanning. Zhang and coauthors pro-

posed this technique to separate, identify, and characterize MPs without prior

separation from the intestinal tract content of crucian carps (Carassius carassius)

(Zhang et al., 2019). The sample analysis was performed in a short time (sam-

ple preparation, image acquisition, and data analysis were performed in only

36min). The analysis of data by a machine learning algorithm (support vector

machine: SVM) allowed to obtain recall and precision factors higher than

96.22% for five MPs (PE, PS, PET, PP and PC). This method was capable

of identifying only plastics with a size higher than 0.2mm that is larger than

the particle size sensitivity of the μ-FT-IR. This limit of detection was also

reported for seawater study (Shan et al., 2019). However, it is admitted that

the general MPs size found in fish is >0.1mm (Garnier et al., 2019; Yuan

et al., 2019; Zhu et al., 2019) meaning that this technique could lead to under-

estimation of MPs contamination in biomass.

5.2.2 Raman spectroscopy
Raman spectroscopy is another vibrational spectroscopic technique that has

been frequently used to identify MPs in different environmental samples

with high reliability. A Raman spectrum is obtained after irradiation with a

monochromatic laser source, generally 455, 633, 532, 785, and 1064nm

(Anger et al., 2018; Araujo et al., 2018; K€appler et al., 2016). After molecule
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irradiation, a unique backscatter is recorded (L€oder & Gerdts, 2015).

Compared to FT-IR, Raman spectroscopy has several advantages, such as

detection of smaller size of microplastic particles, higher spatial resolution, less

interference of water, narrower spectral bands with wider spectral range. In

addition, the technique provides detailed compositions of the polymers

(Gong &Xie, 2020; Lv et al., 2021;Wang &Wang, 2018). Like FT-IR spec-

troscopy, Raman spectroscopy and its variants (surface-enhanced Raman,

FT-Raman, tip-enhanced Raman, confocal Raman imaging, and others)

have become a common technique to study MPs.

As with IR spectroscopy, Raman spectroscopy can be associated with

microscopy (μ-Raman), making it possible to identify plastic particles of

various and small sizes (below to 1μm in size) (Anger et al., 2018; Lv

et al., 2021). For instance, by using μ-Raman coupled with other tech-

niques, Akhbarizadeh and coauthors showed that PET was the most abun-

dant polymer in canned fish samples, followed by PS and PP (Akhbarizadeh

et al., 2020). However, the long time required to acquire Raman spectra and

the interference of fluorescence, as well as overlapping of signals due to the

presence of additives or other contaminants and the high costs of instrumen-

tation limit its applications for identification of microplastic polymers (Araujo

et al., 2018; Peñalver et al., 2020; Zhu & Wang, 2020). To overcome these

limitations, several studies have suggested the combined use of FT-IR and

Raman for a reliable and complete chemical characterization of MPs, espe-

cially in the case of colored particles (K€appler et al., 2016; Xu et al., 2019).

One example is a recent study conducted by Vinay Kumar and coauthors,

who combined μ-Raman with μ-FT-IR to identify a broad size range (from

3 to 5000μm) of MPs in commercial mussels (Vinay Kumar et al., 2021).

Recently, a new trend has been emerging in the field of analytical tech-

niques: the development of portable devices and miniaturized systems that

are suitable for in situ accurate detection and monitoring of MPs and NPs

(Asamoah et al., 2021).

6. Conclusions

There is ample evidence that plastics, MPs, and NPs are everywhere.

They can interact with vegetable and animal organisms, causing acute

inflammation and cell damage, among other health concerns. Therefore,

the environmental ubiquity of these emerging pollutants, in both aquatic

and terrestrial environments, has become a critical concern, especially in

the food sector. In addition, the COVID-19 pandemic has increased our
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utilization of plastics, specifically single-use plastics (Vanapalli et al., 2021),

emphasizing the need for urgent solutions.

The majority of seafood, fruit, vegetables, meat, and beverages used today

can be seriously impacted by MPs and other pollutants that use this micro-

scopic material as a carrier. An intensive research interest has been recently

devoted to this topic with a special focus being put on the occurrence of plastic

materials in marine aquaculture and processed seafood products.

MPs and NPs ingestion by marine organisms could alter endocrine sys-

tem functions and the seafoodmicrobiome, reduce the rate of fecundity, and

cause DNA and neurological damage in various species. Moreover, plastic

materials could act as carriers of other pollutants, such as plastic additives and

other persistent organic pollutants, including heavy metals, dissolved in the

aquatic marine environment, with serious consequences for marine biota.

It has been reported that marine products of particular commercial inter-

est, such as finfish, crustaceans, molluscs, jellyfish, and echinoderms, have

quite high microplastic contents. Specifically, MPs accumulation in seafood

products is strongly influenced by the environment in which organisms live,

what, how and where they feed, as well as their trophic levels and anatomic

features. In particular, close attention should be paid to some of them such as

mussels, clams and oysters that seem more subject to MP and NP contam-

ination and accumulation because they feed by filtering significant quantities

of coastal water, which is often more polluted than the open sea environ-

ment.Moreover, drying, canning, salting and other traditional methods used

to produce special seafood products seem to concentrate MPs and NPs. This

is due to post-harvest contamination during their processing that often

occurs in environments that are not particularly healthy.

The occurrence of MPs and NPs in terrestrial food (crops and livestock)

has received less attention, although contaminations have been recently

documented in fruit and vegetables, beer and wine, soft drinks, sugar,

table salt, chicken and other meat products. Some publications reported

that plastic particles could cause mechanical blocking of the pores in con-

taminated plants, thus reducing water and nutrient uptake and impairing

growth.

To detect, identify, and quantify plastics, MPs, and NPs, several

approaches, particularly optical methods and chromatography coupled with

mass spectrometry have been developed. The optical detection, based on

manual or microscopic counting, chromatographic-based methods and

scanning electron microscopy have been widely used, but cannot be consid-

ered as standard methods due to their multiple disadvantages. Spectroscopic
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methods, specifically, Fourier-transform infrared spectroscopy and Raman

spectroscopy, have been extensively suggested over the past few years as

alternative techniques to achieve rapid and non-destructive measurements.

However, spectroscopic techniques would not be a silver bullet as they still

suffer from some limitations; e.g., the size of plastic particles must be higher

than 10–20μm and 1μm to be detected and identified using Fourier-

transform infrared spectroscopy and Raman spectroscopy, respectively

(Silva et al., 2018). Therefore, more efforts are still needed to develop effi-

cient, sensitive, and reliable detection, identification, and quantification

methods. The ongoing development in hyperspectral imaging and the most

recent trend of miniaturization and portability are promising strategies in this

direction.

There is also a need for national and international authorities to provide

stricter regulations so that plastic litter’s impact on the environment and the

food web could be better studied and managed. For instance, it can be rec-

ommended to include this new threat in food quality risk analysis and in the

HACCP (Hazard Analysis and Critical Control Point) or HARPC (Hazard

Analysis and Risk-based Preventive Controls for Human Food) programs

for food safety. Promoting social awareness to reduce the consumption of

single use plastics and increase the use of bio-plastics is one of the actions

that should be encouraged. It is important to acquire greater insight into

the MPs and NPs detection and their effects on food chain, both in terms

of food safety and human health. Additionally, holistic approaches are

needed and common standards and operating procedures for routine analysis

should be implemented to address this global complex issue.

Finally, it is crucial to explore new technologies and innovative solutions

that could contribute to solving the problem of plastics. Recently, a study

published in Nature has opened up a new promising avenue, reporting

on the possibility of breaking down plastics in days (instead of years), using

an enzyme named FAST-PETase, acronymic for “functional, active, stable,

and tolerant PETase” (Lu et al., 2022). This study is one example among

others that show the significance of research and innovation to help solve

the plastic dilemma.
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Investigating the presence of microplastics in the Raja clavata species  

“The study described below has been completed and a manuscript is currently being prepared 

for possible scientific publication” 

1. Laboratory activity 

Laboratory cleaning procedures 

Before starting work, laboratory air was purified using a HEPA-H14 filter. Air filtration took 

place during all activities (Fig. 1.1). 

 

Figure 1.1 – Air Purifier with an H14 HEPA filter 

Pure water (filtered to 0,01 micron) was used to clean all laboratory surfaces and instruments 

and to rinse specimens and laboratory tools (Fig.1.2). 

 

Figure 1.2 – Water filter 

Although an air filtration system was used, microplastic fallout in the lab environment was 

assessed and sampled during laboratory activities. Every 5 specimens, environmental fallout 
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was caught in a Becher with 250 ml of pure water.  The sample was then placed in a glass bottle 

capped with a pure cork stopper (Fig. 1.3). 

 

 

Figure 1.3 – Water control samples 

Specimen processing  

Biometric and biological data (total length, disc width, sex, gonadal maturity, total body weight, 

total liver weight, total gastrointestinal tract (GIT) weight, total gonad weight, muscle weight, 

catch, etc.) were collected (Figs. 1.4-1.8). All data were then summarized in a table for further 

use (Fig. 1.9). 

 

Figure 1.4 –Raja clavata specimens 

(with number of haul) 

Each specimen was rinsed with pure water to remove any contaminants (Fig.1.5). 
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Figure 1.5 – Rinsing samples with pure water. 

The total length, disc width and total weight of each specimen was recorded. Each 

specimen was dissected along the abdomen (Fig.1.6). 

 

Figure 1.6 – Dissecting the abdomen 

The liver (Fig. 1.7), gastrointestinal tract (GIT) and muscle were removed from each 

specimen (Fig. 1.8). Each part was rinsed with pure water before weighing. 

  

70



 

Figure 1.7 – Removing the liver from the Raja Clavata specimen and measuring its 

weight 

 

 

Figure 1.8 –Removing the muscle  
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Figure 1.9 – Collection of biometric and biological data 

Lastly, each sample was quickly packed in aluminum foil to minimize plastic contamination. It 

was then labelled and stored at -80 °C until spectroscopic analysis at the NORCE Institute 

(Norway). 

2. Laboratory activity at the NORCE INSTITUTE, Norway 

Analyses focused on removing as much organic material as possible from the sample (Fig. 2.1). 

Special care was taken in the laboratory to avoid the loss of any microplastic contaminants in 

the sample. To this end, an ultrasonic cleaner was used after each filtration. 

 
Figure 2.1 – Accumulation of organic material during the first filtration  
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Figure 2.2 – Ultrasonic cleaning 

 

First filtration 

Addition of sodium dodecyl sulfonate (SDS) to cover samples, which were placed in the oven 

at +50°C for 24-48h + filtering of samples + ultrasonic cleaning (Fig. 2.3).  

 
Figure 2.3 – Preparing the first filtration 

Second filtration 

Addition of glycine buffer (glycine 7,5g, sodium hydroxide 3,7g, Milli-Q Water to 1 liter,  pH-9 

using 5ml of hydrochloric acid) + 1-5 ml protein enzyme (depending on the sample size) and 

storage in the oven at +50°C for 24-48h + filtering of samples + ultrasonic cleaning (Fig. 2.4): 
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Figure 2.4 – Preparing the second filtration 

Third filtration 

Addition of 100ml of hydrogen peroxide and storage in the oven at +50°C for 24-48h + filtering 

of samples + ultrasonic cleaning. 

Fourth filtration 

Addition of ethanol + filtering of samples + vaporing of samples + packing of samples (Fig. 

2.5). 

 
Figure 2.5 – Evaporation process and final packing of sample  

Fifth filtration 

Lastly, the filtration system shown in Figure 2.6 was used to collect microplastics in a zinc oxide 
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filter: these were then subjected to spectroscopic analysis. 

 
Figure 2.6 – Filter system & filter 

 

Spectroscopy analyses (via µFTIR) 

Spectroscopic analyses were performed using a Thermo Scientific™ Nicolet™ iN10 IR 

microscope. This infrared (IR) microscopy system provides chemical images of heterogeneous 

samples. The system includes tools to capture images and determine the form factors (shape and 

size) of each particle. For higher precision, an N2-cooled 64 × 64 line array mapping detector 

and a quantum MCT detector were used, providing detection in the mid-IR range of 4,000-850 

cm-1 with a spectral resolution of 4 cm-1. This configuration allows for the detection of particles 

down to 6.25 µm, although particles smaller than 10 µm may not be fully quantified due to the 

steel filter mesh used during pre-treatment. The system also enables ultra-fast mapping (10 

steps/second) with a resolution of 16 cm-1, covering 1.2 × 1.2 mm in 4.5 minutes. In this 

process, each pixel in the mapped area contains an IR spectrum, allowing for comprehensive 

chemical mapping across the entire sample. To identify the polymer types, the system's 

software compares the spectra of particles with a reference library (SiMPle, v1.3.1β). Particles 

with a spectral match of 70% or higher are automatically identified, whereas 65%-70% matches 

are reviewed manually. The software also calculates the mass of each particle by multiplying its 

volume (derived from dimensions) by the polymer's density. For shape classification, fibers are 

defined as having a length-to-width ratio greater than 3, while fragments have a ratio of up to 3. 

This classification system, along with the precise chemical identification and particle size 

measurements, allowed for detailed analysis of microplastics in samples (Fig.2.7) (Haave et al., 

2024; Primpke et al., 2018).  
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Figure 2.7 – Identifying the type of plastic 

 

Preliminary results for Raja clavata (Norce Institute) 

Spectroscopy analysis revealed the following types of Microplastics (MPs), both  particles and 

fibers: polypropylene (PP), polyethylene (PE-LDPE, LLDPE), polystyrene (PS), polyvinyl 

chloride (PVC), polyamide or nylon (PA), polyester, ethylenevinilacetate, polycaprolactone, 

polyethylene terephthalate, rubber, polyurethane, polycarbonate (PC). 

A total of 127 MPs were collected in the gastrointestinal tracts (mean: 4,3±2,8 MPs/ GIT of 

specimens) and PE was the predominant material (27 particles and 11 fibers). 

A total of 87 MPs were detected in the liver (mean: 3±1,9 MPs/liver): polyamide was the 

predominant polymer (9 particles and 6 fibers), followed by polyester (8 particles and 7 fibers). 

The microplastics count in the different tissues of Raja clavata includes approximately 3-5% 

fallout contamination. 

Figure 2.11 shows details of MP particles and fibers detected in R. clavata. 
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Figure 2.11 – Percentage of different plastic contaminants  

 

MP concentrations did not vary significantly between males and females, nor did they vary with 

the size of specimens (Fig.2.12) or the depth of catch (Fig. 2.13) 

 

Figure 2.12 – Distribution of plastic contaminants in samples with different total weights 
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Figure 2.13 – Distribution of plastic contaminants in samples from different catch depths 

 

The aim of this study was to evaluate the ingestion of plastic by thornback rays caught 

during the MEDITS 2021 survey in southern Sicily [according to the FAO General Fisheries 

Commission for the Mediterranean (GFCM), Geographical Sub-Area 16]. The study also aimed 

to investigate possible differences in relation to sex, size and depth of capture and the effects of 

MPs on the body condition of specimens.  

Results indicate that all specimens examined had ingested plastic objects. Counts are 

higher than, for example, those reported for another Selachian species (Scyliorhinus canicula), 

where up to 71% of specimens had ingested MPs (Mancia et al., 2020). Findings are similar to 

those of Mancuso et al. (2022), who found plastic particles in all Scyliorhinus canicula 

specimens caught within the same fishing area. In agreement with the works cited above, the 

high percentage of plastic particles in the GIT of thornback rays can be attributed both to the 

behaviour of the species and to the state of pollution of the area studied, which is subject to 

heavy commercial maritime traffic, especially along the Gibraltar-Suez Canal route (Bono et al. 

2020). It is also one of the most important fishing areas in the Mediterranean, with one of the 

largest fishing fleets (Mazara del Vallo) (Fiorentino et al., 2024; Mancuso et al., 2022). All these 

anthropogenic and environmental processes have led to a high abundance and density of marine 

litter in southern Sicily, as highlighted by another study on the distribution of macro-litter on this 

seabed (Garofalo et al., 2020). 
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Simple Summary: Consumption and excessive use of substances or items that are taken for granted
in our daily lives such as personal care products, plastic objects, and medicines inevitably lead to their
release into marine and freshwater systems with, unfortunately, potentially devastating consequences
over time. For this reason, it is of crucial importance that the scientific community, as well as society,
is aware of the environmental problems linked mainly to the release of contaminants into the sea.
In this context, the Mediterranean Sea is a special biodiversity hotspot of marine fauna and flora.
Nevertheless, it is becoming a source of concern due to the presence of emerging pollutants. In
the present paper, the specific focus on the catshark Scyliorhinus canicula, as a vertebrate species,
and on the Mediterranean mussel Mytilus galloprovincialis, as an invertebrate, lies in their ability to
provide appropriate information about the health conditions of their surrounding environment. The
studies reported on this topic show that it is rather evident that entire aquatic ecosystems suffer from
anthropogenic pollution. Therefore, this review aims to collect and demonstrate its effects on the
environment and organisms’ health.

Abstract: In this historical context, the Mediterranean Sea faces an increasing threat from emerg-
ing pollutants such as pharmaceuticals, personal care products, heavy metals, pesticides and mi-
croplastics, which pose a serious risk to the environment and human health. In this regard, aquatic
invertebrates and fish are particularly vulnerable to the toxic effects of these pollutants, and several
species have been identified as bio-indicators for their detection. Among these, bivalve molluscs and
elasmobranchs are now widely used as bio-indicators to accurately assess the effects of contaminants.
The study focuses on the catshark Scyliorhinus canicular and on the Mediterranean mussel Mytilus
galloprovincialis. The first one is a useful indicator of localised contamination levels due to its exposure
to pollutants that accumulate on the seabed. Moreover, it has a high trophic position and plays an
important role in the Mediterranean Sea ecosystem. The bivalve mollusc Mytilus galloprovincialis,
on the other hand, being a filter-feeding organism, can acquire and bioaccumulate foreign particles
present in its environment. Additionally, because it is also a species of commercial interest, it has
a direct impact on human health. In conclusion, the increasing presence of emerging pollutants in
the Mediterranean Sea is a serious issue that requires immediate attention. Bivalve molluscs and
elasmobranchs are two examples of bio-indicators that must be used to precisely determine the effects
of these pollutants on the marine ecosystem and human health.

Keywords: bioindicators; emerging contaminants; environmental toxicity; Mediterranean Sea

Biology 2023, 12, 767. https://doi.org/10.3390/biology12060767 https://www.mdpi.com/journal/biology80

https://doi.org/10.3390/biology12060767
https://doi.org/10.3390/biology12060767
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biology
https://www.mdpi.com
https://orcid.org/0000-0003-1694-2281
https://orcid.org/0000-0002-4736-1087
https://orcid.org/0000-0002-0066-2421
https://doi.org/10.3390/biology12060767
https://www.mdpi.com/journal/biology
https://www.mdpi.com/article/10.3390/biology12060767?type=check_update&version=2


Biology 2023, 12, 767 2 of 16

1. Introduction

Environmental quality standards and emerging contaminants are linked. Data on a
novel drug’s environmental chemistry, ecotoxicology, human toxicity, and epidemiology
grow as it begins to rise concerns. Finally, this prompts the creation of environmental
standards or criteria by the governments to ensure proper protection. Directly measures on
invertebrate models and fish are the best way to study the toxic effects of some emerging
contaminants on marine organisms. Additionally, by utilising some models, we can better
appreciate the difficult effects on the environment and conservation.

The Mediterranean Sea is a unique and diverse marine ecosystem, home to a variety
of invertebrates, fish, and other aquatic species. Recently, however, the Mediterranean Sea
has become a source of concern due to the presence of emerging pollutants, including phar-
maceuticals and personal care products, heavy metals, pesticides, and microplastics [1–7].

Many of these substances reach coastal and marine waters through direct discharge
or river transport due to human activities, including the use of pharmaceuticals on farms,
the discharge of untreated wastewater, and the release of heavy metals and pesticides by
industry. All these voluntary or involuntary patterns of release of toxic substances into the
environment can threaten aquatic ecosystems [8].

Generally, all these pollutants are highly toxic to marine life, through studies showing
that they are able to lead to physiological changes, reproductive issues, and even mortality.
In the Mediterranean, numerous species are indicated as bio-indicators for the detection
of toxic substances in the environment [9,10]. Most of them belong to the invertebrates,
such as the mollusc Mytilus galloprovincialis, which, as a benthic filter-feeding organism, is
reported to be one of the most appropriate bio-indicators. Indeed, they have been widely
used to learn about the effects related to pharmaceuticals and personal care products. The
effects of two toxicants, i.e., Acetylsalicylic acid (a drug commonly used as an analgesic)
and Quaternium-15 (a surfactant easily found in soaps) were evaluated by considering
the alteration on the digestive gland cells functionality of Mytilus galloprovincialis from the
Ionian coast of the Strait of Messina [11]. Particularly, these studies showed a decrease in
the normal cellular capacity on the Regulatory Volume Decrease (RVD) test. Cell volume
regulation is essential for maintaining the physiology of cell metabolism steady and is
involved in specific vital functions such as maintaining the correct cellular pH and ensuring
the correct conditions for membrane transport [12]. Particularly, cell volume regulation
involves the process of regulatory volume decrease (RVD) response, which entails the
efflux of ions and osmolytes from the cell to reduce its volume. However, exposure to
pollutants and other environmental stressors can result in damage to the cell membrane
and its associated proteins, leading to a loss of the RVD response. When this occurs, cells
are unable to return to their original volume, which can disrupt normal cellular processes
and contribute to physiological alteration progression. This mechanism, via the analysis
of this capacity, reflects the cellular physiological state of the animal and is particularly
valued as a method for testing model organisms such as Mytilus galloprovincialis for the
toxicity of numerous contaminants [13].

Mediterranean Sea invertebrates and fish are particularly vulnerable to the effects
of pesticides, as demonstrated through a study on the haematological parameters of the
freshwater catfish Mystus keletius [14].

In order to measure the impact of these emerging pollutants on invertebrates and
fish in the Mediterranean Sea, researchers used a range of methods to assess the levels
of pollutants in the water and the body of studied species in the Mediterranean region.
These include chemical water analysis and monitoring the presence of pollutants in the
tissues of invertebrates and fish. In addition, researchers also examined the reproductive
success of Mediterranean Sea invertebrates and fish, and their ability to survive in polluted
water. The results of these studies have been mixed, with some species showing signs
of physiological stress, while others appear to be relatively unaffected by the presence of
emerging pollutants [15].
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However, it is clear that the presence of these pollutants is having a significant impact
on the health of the fish and invertebrates in the Mediterranean Sea, and further research
is required to understand the full extent of the damage caused. It is important to under-
stand the long-term effects of the pollutants on species’ health, as well as the potential
bioaccumulation of the pollutants in the tissue of fish. For instance, two commercial fish
from the Mediterranean Sea were used in a comparison of the bioaccumulation of total
aliphatic hydrocarbons (TAH), and it was discovered that each fish had a unique capacity
for bioaccumulation that was correlated with the number of fatty acids in the liver [16]. In
conclusion, researchers should prioritize studying the effects of emerging pollutants on
Mediterranean Sea invertebrates and fish due to their reported association with a variety of
adverse health effects in these organisms.

2. Materials and Methods

The data presented in this review were obtained through a careful search of several
search engines commonly used for scientific research, including Google Scholar https://
scholar.google.it (accessed on 10 March 2023); Pubmed, https://pubmed.ncbi.nlm.Nih.gov
(accessed on 11 March 2023); Web of Science, https://clarivate.com/webofsciencegroup/
solutions/web-of-science/ (accessed on 13 March 2023); and Scopus, https://www.scopus.
com/home.uri (accessed on 13 March 2023).

The search criteria included Boolean structure using “and” or “+” to obtain better
results. During the search, the following keywords were used: “pollutant”, “emerging
pollutants”, “impact”, “Scyliorhinus canicula”, “biomarker”, “daily care”, “shark”, “fish”,
“plastic”, “aquatic invertebrates”, “Mytilus galloprovincialis”, and the articles were selected
based on the presence of the keywords in the title or abstract. The search also followed a
temporal order in which the most recent papers were favoured.

The information has been classified into two tables. The first concerns the direct
influence on organisms. The second concerns the different emerging contaminants and
their presence in different species, with emphasis on the species Mytilus galloprovincialis as
an invertebrate model, and Scyliorhinus canicula, as a vertebrate species.

3. Bivalve Molluscs and Elasmobranchs as Suitable Indicators of Emerging Pollutants
3.1. Bivalve Molluscs

Among model organisms commonly used in experimental research, invertebrates play
a crucial role, due to their intermediate position in food chains [17]. Among bivalve mollusc
species, M. galloprovincialis is highly valued for its crucial role in environmental monitoring
programmes as an early indicator of pollution [18,19]. These mussels have become a
cornerstone of such programmes [20,21] due to their unique ability to accumulate and
reflect the presence of contaminants in their tissues. As filter feeders, they actively extract
water from their surroundings, inadvertently ingesting various substances, including
pollutants. Consequently, contaminant levels detected in mussel tissues provide valuable
information on the quality of the surrounding aquatic environment [22]. Furthermore, the
use of mussels as bio-indicators offers several advantages. Their stationary nature allows
for convenient and economical sampling, making them suitable for long-term monitoring.
In addition, the ability of mussels to integrate the effects of multiple contaminants over
time provides a comprehensive perspective on the overall state of environmental pollution.

Due to their capillary distribution, high filtration rate and long-life span, mussels serve
as effective sentinels to assess the health of marine and freshwater ecosystems [23]. Their
regular monitoring allows researchers and environmental agencies to detect and assess
the presence of emerging pollutants, such as heavy metals, pesticides, and pharmaceutical
residues, which may pose a risk to human and ecosystem health [24].

3.2. Elasmobranchs

In recent years, researchers have become increasingly interested in studying the impact
of various types of environmental pollutants such as heavy metals, Dichlorodiphenyl-
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trichloroethane (DDT), polychlorinated biphenyls (PCBs), microplastics, and personal
care products on marine organisms, especially Elasmobranchs. In addition, one of the
interesting aspects, because more attention has been focused on other vertebrate groups
than the Elasmobranchs group, is that many Elasmobranch species already have strong
anthropogenic influence, such as unrestricted illegal fishing activity [25]. As a result of
this non-ecological-friendly way of using biological recourse, one in four of these Elasmo-
branch species (with special attention on the largest sharks and rays) are threatened with
extinction [26].

Indeed, to confirm this, Falco et al. [27] in their studies conducted on the blood
biomarkers of the catshark Scylyorinus canicular and suggested that over-exploitation can
be detrimental to the physiological system of the aforementioned species. Moreover,
Elasmobranchs have a unique physiology that can make them particularly vulnerable to
environmental pollutants due to their slow growth, low reproductive rate, long lifespan,
and occupancy of top trophic positions. These factors make them more susceptible to the
accumulation of pollutants over time, which can have negative impacts on their health,
overall survival and in general the population. For our research, we chose one of the most
common species of subclass Elasmobranchii, which includes sharks, rays, and skates [28].

Our focus is on the shark species Scyliorhinus canicula. Our choice is explained by a
few reasons. Firstly, S. canicula is a relatively small, non-migratory species that spends
much of its life on the seafloor. This means that it is exposed to pollutants that accumulate
on the seafloor, making it a useful indicator of localized pollution levels [29,30]. Secondly,
the small-spotted catshark—S. canicula has a high trophic position and an important role
within marine ecosystems and in the Mediterranean Sea. S. canicula is a mesopredator,
which impacts the dynamics and stability of marine systems, by connecting different food
webs and trophic levels in aquatic ecosystems. The diet of S. canicula consists of several
other species, including crustaceans, molluscs, and other fish. The latter could account for
the bioaccumulation of pollutants in its tissues over time, making it a useful bio-monitor
for longer-term exposure to sea pollutants. One of the important parameters for choosing
S. canicula as an indicator of pollutants [31–33] is that it is a hardy and resilient species that
can tolerate a range of different environmental conditions. This means that it can be found
in a range of different habitats and is less likely to be affected by natural fluctuations in the
environment, making it easier to identify changes in pollutant levels [34].

4. An Overview of Emerging Contaminants Toxicity

The topic of emerging contaminants and their toxicity is of great significance and
continues to attract the attention of the scientific community. In recent years, a signifi-
cant number of articles have been published on this subject in different scientific journals.
According to our search on Google Scholar, it has been found that approximately 20,900 re-
search papers have been published on emerging contaminants in water over the last ten
years, indicating the significant attention and research dedicated to this topic over the
past decade.

As shown in Table 1, different emerging contaminants may have different effects
depending on their type and chemical composition, although the results of numerous
studies conducted on their toxicity represent them as harmful substances to both ecosystems
and organisms.

In this section, the effects of the relevant contaminants on the model organisms
described will be addressed, in order to understand their mode of action within organisms,
as well as their consequences at population and ecosystem levels. Moreover, Table 2
contains many of the emerging contaminants reported in this review also highlighting the
specific part of the Mediterranean Sea to which each study refers.
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Table 1. Effects of emerging contaminants on several species identified as model organisms.

Type of Pollutant Impact on Aquatic Organisms References

DDTs and toxic evaluation of
polychlorinated biphenyls (PCBs)

Accumulation profile analysis of individual PCB congeners and
the levels of DDT and its metabolites in the liver of S. canicula,

from the Mediterranean Sea.
Storelli et al. [35]

Microplastic particles and textile
microfibers

Occurrence of MPs in Adriatic food webs in different species
(several fish and invertebrates including M. galloprovincialis) Avio et al. [36]

MPs MPs influence on marine organisms Baldwin et al. [37]

MPs Plastic impact on sharks and rays. Lipej et al. [38]

MPs Analysis of the different influence of water depth, feeding habits
and diets on microplastics accumulation. Aiguo et al. [39]

MPs and NPs Toxic effects and bioaccumulation on several aquatic species
identified as suitable bioindicators of microplastic pollution. Multisanti et al. [22]

MPs in cosmetics Statistical data on MPs in cosmetics. Guerranti et al. [40]

Pharmaceuticals and Personal
care products

Deep explanation about different chemical compositions:
pharmaceuticals and personal care products. Salimi et al. [41]

Pharmaceuticals

Analysis on the impact of tricyclic antidepressants on non-target
organisms showed hearth, brain, and cranial and caudal kidney

damage; oxidative damage of lipids and also a significant
increase in mortality.

Sehonova et al. [42]

Pesticide (fungicide)
Study of the potential risks of a fungicide in the model organism
M. galloprovincialis, mainly through its bioaccumulation, and the

alteration of fundamental physiological processes.
Tresnakova et al. [13]

Pesticide (insecticide)

Evaluation of toxicity due to NeemAzal T/S exposure on
early-life stages of common carp (Cyprinus carpio L.) showed gills

histophatological changes linked to a significant increase in
glutathione oxidase, glutathione S-transferase activity and also an
increase in oxidised lipids. Moreover, the exposure also induced

slow hatching and an increase in mortality.

Chromcova et al. [43]

Table 2. Occurrence and effects of emerging contaminants in relation to samples of species from
different geographical areas of the Mediterranean Sea.

Geographical
Location Kind of Pollutant Species Influence References

Strait of Messina,
central

Mediterranean Sea

Polystyrene
microplastics

Mytilus
galloprovincialis

Insights into early mechanisms of toxicity of
polystyrene MPs in mussels. Disorders in

osmoregulation, energy and protein metabolism,
and oxidative stress were detected.

Cappello
et al. [44]

North Adriatic Sea 3 µm polystyrene
microplastics

Mytilus
galloprovincialis

(larvae)

Gene expression of genes involved in growth and
adaptation mechanisms, due to exposure to

polystyrene MPs, was altered.

Capolupo
et al. [45]

Black Sea, Aegean,
and the Marmara

Sea

Microplastic
particles

Mytilus
galloprovincialis

Occurrence of MPs in all the samples from each
geographic area analysed.

Gedik and
Eryaşar [46]

Southern region of
the central

Mediterranean
Sea.

Plastics injection Scyliorhinus
canicula

The presence of plastics, especially macroplastics
in the gastrointestinal (GI) tract, was correlated

with an increase in the hepatosomatic index and
an increased expression of 3 essential immune

system genes. It is hypothesized that these effects
are induced by additives that are leaching from
the ingested plastics. Moreover, plastic particles

also act as endocrine disruptors.

Mancia et al.
[47]
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Table 2. Cont.

Geographical
Location Kind of Pollutant Species Influence References

Portuguese coast Plastic injection/
particles and fibers

Scyliorhinus
canicula

Depending on the size of the animal, ingested
plastic fragments can be small enough to be

expelled from the organism through faeces, but
larger fragments may be retained in GI tract,

causing a false sense of satiety.
This paper showed that pelagic species ingest
more particles, whereas benthic species ingest
more fibres (in relationship to the presence of

high quantities of fibres on the seabed).

Neves et al.
[48]

Tyrrhenian Sea Plastic injection Scyliorhinus
canicula

MPs occurrence in sharks’ GI tract. The main part
of particles detected were dark-colored fibers

(blue or black) in the size range of
100 µm–330 µm and in high percentages recorded
in all three examined species, in high percentages.

Valente et al.
[49]

Bay Biskay Plastic injection Scyliorhinus
canicula High percentage of MPs occurrence.

López-
López et al.

[50]

Spanish Atlantic
and Mediterranean

coasts
Plastic injection Scyliorhinus

canicula
17% of sharks analysed were found to contain

MPs in their stomach.
Bellas et al.

[51]

The west coast of
Mallorca and in

the Mallorca
Channel

Plastic injection Scyliorhinus
canicula

This paper demonstrated that increasing plastic
pollution is related to the increase in water depth,
which possibly indicates that plastic pollution is
more dependent on depth than spatial coverage.

Alomar et al.
[52]

Scotland
Concentration and
biomagnification of

PCBs and PBDEs

Scyliorhinus
canicula

All marine mammals, demersal, and pelagic fish
had detectable PCBs in their tissues.

Madgett
et al. [53]

Tipaza, Algeria Mixture of Cd, Zn,
Cu

Mytilus
galloprovincialis

Short-term sublethal effects of cadmium (Cd),
zinc (Zn), and copper (Cu), carried out via the
bioaccumulation. The results revealed a high

mortality in mussels exposed to the lowest
concentrations of Cu. However, Cd and Zn
exposure did not induce a high mortality.

Boudjema
et al. [54]

NW
Mediterranean Sea

& N.E Atlantic
Ocean

Metals Scyliorhinus
canicula

The shark S. canicula had the highest Zn
concentrations, and this aspect has a connection

because bioaccumulation capacity of Zn from
seawater was particularly pronounced in this

species. Thus, the peculiar metabolism of
S. canicula regarding Zn may explain the high

values measured excluding local contamination.

Mille et al.
[55]

NW
Mediterranean

Sea&NE Atlantic
Ocean

Metals Scyliorhinus
canicula

Analysis of Hg concentrations in sharks.
Particularly, S. canicula presents the highest Hg

concentrations

Chouvelon
et al. [56]

Portugal Metals Scyliorhinus
canicula

Atlantic lesser-spotted dogfish accumulate high
levels of As, Zn, Fe, and Al, which were found to

accumulate more in the skin than in sharks’
muscles. As levels in muscle reveal this fish unfit
for feed production in the EU. Indeed, guideline
limits for human consumption were overcome for

Hg and As.
Risk assessment of meHg and iAs levels indicate

a potential risk for human health.

Marques
et al. [57]
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Table 2. Cont.

Geographical
Location Kind of Pollutant Species Influence References

Great Sole Bank
and the Atlantic

coast of the Iberian
Peninsula

Metals Scyliorhinus
canicula

Analysis of pollutant levels in discarded fish
species by coast of the Iberian Peninsula trawlers

showed Hg, Cd, and Pb concentrations in
different sampled tissues.

Antelo et al.
[58]

NW French
Mediterranean Trace elements Scyliorhinus

canicula
S. canicula presents the highest Al, As, Cd, Co,

and Hg concentrations.
Bouchoucha

et al. [59]

Mediterranean Pollutant Pb burden Centroscymnus
coelolepis

Pb content of Mediterranean deep-sea C. coelolepis
is among the lowest encountered in sharks from

various habitats.
Pb isotope imprints reveal that Pb is mainly from

anthropogenic origin in C. coelolepis tissue

Veron et al.
[60]

Nigeria
Pollutant from a

solid waste
dumpsite

Clarias
gariepinus

These pollutants were found to, possibly, induce
endocrine disruption.

Ibor et al.
[61]

4.1. Microplastics

The production, use, and mass consumption and disposal of plastic objects are causes
of environmental pollution, especially in aquatic habitats. Once plastic wastes are released
into the environment, they are subjected to mechanical forces and sunny radiations resulting
in the formation of microplastics [62–65]. Indeed, microplastics are small plastic particles
less than 5 mm in diameter [66–68] that enter the ecosystem as a result of the breakdown of
large plastic particles or the direct release of small plastic particles by climate and human
activities [69]. Due to size, shape, and composition, microplastics can be confused with food
from aquatic animals actively feeding, whereas they are naturally internalized by filtering-
feeding organisms [70]. For example, nanoplastics are even smaller plastic particles than
microplastic (which measure less than 100 nanometers in size) and because of their tiny
size, have the potential to enter living organisms at the cellular level. Nanoparticles possess
distinctive physicochemical properties that can lead to unpredictable interactions with
cells and tissues [71]. Due to their comparable size, fabricated nanoparticles may directly
interact with cellular molecular organelles and macromolecules, revealing potential nano-
bio interface effects [22]. For these reasons, microplastics and nanoplastic can easily reach
the top of trophic chains through bioaccumulation and biomagnification processes [62,72].

The Mediterranean Sea accumulates an estimated annual amount of 150 to 610 thou-
sand tonnes of plastics (with an average of 229 thousand tonnes), of which 94% consists of
microplastic debris and 6% are microplastics, as stated by IUCN [73]. Plastic particles with
a density lower than seawater (which includes most synthetic polymers) typically float on
the water’s surface, whereas those with higher density sink and accumulate on the seafloor.
However, buoyant particles may also sink due to biofouling and particle adherence, and
this can significantly impact the distribution of plastic pollution in the ocean. The impacts
of microplastics by ingestion, smothering, or entanglement have been well documented
for a variety of marine species, which has led to the consideration of plastics as hazardous
materials [33,48].

For example, in a study conducted by Álvarez-Ruiz et al. [24]., the bioaccumulation
of 20 emerging contaminants, including pharmaceuticals, pesticides, and perfluoroalkyl
substances (PFAS), in the mussel Mytilus galloprovincialis with or without the presence of
microplastics was assessed. The results revealed that some contaminants accumulated in
the visceral mass and haemolymph of the mussels and that the presence of microplastics
facilitated higher bioconcentration factors and slower elimination rates. Another study
conducted by the research group of Trestrail et al. [74] examined the impact of spherical
microplastics ingested by the mussel M. galloprovincialis on digestive enzyme activities.

86



Biology 2023, 12, 767 8 of 16

This resulted in alterations that may affect the mussels’ acquisition of energy from food
and deplete their energy reserves.

In addition to the mentioned studies, another research conducted by Mancia et al. [47]
assessed plastic ingestion by the catshark Scyliorhinus canicula in the Mediterranean Sea
and analyzed the expression levels of immune-related genes. The findings revealed that
microplastics were widely ingested, and macroplastics were present in approximately 18%
of the specimens. Moreover, specimens with macroplastic ingestion exhibited a significant
increase in the expression of immune genes, indicating that plastic pollution represents an
emerging threat to catsharks and the Mediterranean food web.

4.2. Personal Care Products

The current society has become accustomed to using a wide range of personal care
products (PCPs) [75–79]. The class of PCPs includes a variety of products such as body
creams and soaps, sunscreens, exfoliants, shampoos, detergents, perfumes, cosmetics,
and toothpaste [80,81], according to the US Environmental Protection Agency (US EPA).
Nevertheless, the removal of PCPs from wastewater is not always successful, and their
concentrations, in both marine and freshwater environments, have been found to be in the
range of ng/L–µg/L, which may not seem that high, but still biologically relevant [81]. For
this reason, PCP-related substances can lead to potential risk as a source of stress for marine
species and ecosystems, affecting different biological levels from cellular interactions to
the whole ecosystem, as shown in Table 1. An investigation of the toxicity of sodium
lauryl sulphate (SLS), an anionic surfactant used as an emulsifying detergent, conducted on
the Mediterranean mussel, M. galloprovincialis, and reported by Freitas et al. [82] revealed
that the substance had a wide range of effects on the organism. There was a noticeable
reduction in respiration rate, which led to a loss in filtration capacity and had negative
consequences on the physiological development of organisms. Furthermore, SLS bioaccu-
mulation in mussels affected their metabolic performance and a reduction in the efficiency
of natural antioxidant mechanisms. SLS toxicity was also evaluated on the antioxidant
system in primary hepatocyte cultures of Van fish (from Lake Van, Turchia). Again, the
results showed alterations in the enzymatic activity of the antioxidant defense system [83].
Briefly, changes in the antioxidant defense system, lead to an imbalance between the free
radicals produced by cellular metabolic reactions (known as cellular respiration) and the
substances used by the body to counteract their effects. This imbalance in turn leads to
the expression of oxidative stress. Lastly, it has been observed that modifications brought
about by PCPs at the cellular and sub-cellular levels can have far-reaching consequences,
which may culminate in effects on populations, including entire communities and thus
marine ecosystems [84]. Little is currently known about how personal hygiene items affect
elasmobranchs, in particular, S. canicula.

A study on the Brazilian guitarfish, Pseudobatos horkelii [85] showed how PCPs, partic-
ularly legacy pollutants, can influence maternal load and transmit it to the offspring.

Indeed, they hypothesized that the highest transfer rates of methylparaben to the
offspring were 6%, due to the presence of this pollutant in the maternal uterus samples.
Additionally, a prior study by Martins et al. [86] on the subject of the aforementioned
species, as well as other guitarfishes revealed that it is possible for PCPs contaminants to
be transferred from mothers to offspring during vitellogenesis when yolk precursors are
transferred to ovarian follicles. As a result, the contaminated yolk may be a significant
source of contamination for these organisms.

A recent study [87] conducted by the same group investigated the effects of prenatal
exposure to contaminants including PPCs in embryos of Brazilian guitarfish. The results
suggest that prenatal exposure to contaminants may impact redox status and lead to
oxidative damage in embryos.
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4.3. Pharmaceuticals

Nowadays, drug consumption is also increasing due to the growing demand for
various applications related to chronic diseases, but also, for example, to ageing or always
much-increasing demand for farmed food without neglecting or forgetting all agricultural
activities [88,89]. The consumption of pharmaceuticals by humans leads to the excretion
of their metabolites, which are subsequently released into the environment [42]. Pharma-
ceuticals, as well as some personal care products, can act as endocrine disruptors. In other
words, they can activate or inhibit specific signalling pathways that are downstream of
hormonal activity, acting as “hormone mimics” [90]. This kind of interference could lead
to damage to the immune system, reducing its effectiveness, hormonal imbalances, and
other adverse effects in organisms exposed to these compounds. In this context, according
to Pagano et al. [11], the toxicity of anti-inflammatory drugs, i.e., acetylsalicylic acid (ASA)
on M. galloprovincialis caused alterations in hepatocytes volume regulation, which also
resulted in inflammation at the histological level. The gills were also damaged by exposure
to ASA and showed numerous alterations such as infiltration of haemocytes, which are
responsible for the first defense of the organism against pathogens and xenobiotics. The
toxicity due to waterborne antidepressant presence in aquatic environments on non-target
organisms living in surface waters was also assessed. Indeed, as stated by Sehonova
et al. [42], the investigation conducted into the effects of selective serotonin and selective
serotonin-noradrenalin reuptake inhibitors on invertebrates, amphibians, and fish showed
that the first tested drug negatively interfered with the behaviour, reproduction, and de-
velopment of both invertebrates and fish. However, concerning the second antidepressant
tested, it was shown not only to affect fish behaviour but also lead to an increase in fish
mortality associated with developmental delay, and morpho-pathological alterations in the
brain, heart, and cephalic and caudal kidney. Finally, alterations in the natural antioxidant
system and an increase in lipid peroxidation were also detected, indicating the high toxicity
of the drugs even at the lowest concentrations.

Sharks, compared to bony fish, have received little attention with regard to drug
exposure. Information on the effect of drugs on elasmobranch species is very scarce, and
we would like to note the gap on this point. For this reason, we chose to consider reporting
in this review the literature studies on elasmobranchs conducted in recent years. The
main works on the effect of drugs have been conducted on river elasmobranchs, such
as those on the absorption of any active pharmaceutical ingredient of human drugs (e.g.,
citalopram, fluoxetine, fluvoxamine, paroxetine, sertraline, venlafaxine) that were examined
and compared in the plasma of neonatal bull sharks (Carcharhinus leucas) residing in pristine
tributaries (Myakka River) and in tributaries with sewage (Calohosaatchee River) of the
Charlotte Harbor estuary in Florida. Gelsleichter and Szabo [91] showed that in the latter
case, the drugs can accumulate and put the C. laucas population at risk, although the effect
remained undiscovered. Instead, Martins et al. [85] demonstrated that the transfer of
diclofenac from a maternal uterus to the offspring can occur at a rate of 27%.

4.4. Pesticides

The growing society’s demand for plant products has also led to an increase in the use
of useful products to safeguard crops from pathogens and predators, i.e., pesticides [92–94].
Within the class of pesticides, insecticides, fungicides, and herbicides, which may have a
specific or broad-spectrum mode of action, occupy a key position. These compounds are
easily able to reach aquatic ecosystems through several pathways, including wastewater
and the atmosphere, interacting with the environment and the organisms that inhabit
it [95].

In this context, the question that naturally arises is: why are aquatic invertebrates
so sensitive, for example, to insecticides? The answer lies in their proximity to insects,
as they share not only the same neurological and respiratory mechanisms but also the
same detoxification system, which in both cases is not enough efficient in degrading
pesticides [96].
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Particularly relevant is a study conducted by Bado-Nilles et al. [97], in which the
effects of a mix of 14 pesticides on the oyster Crassostrea gigas haemocytes were investigated.
In addition, Matozzo et al. [98] also observed that Ruditapes philippinarum exposure to
different concentrations of glyphosate (a non-selective herbicide) had a significant impact
on its haemocytes. Indeed, the results showed that after 7 days of exposure to the pollutant,
the total number of haemocytes decreased, and their volume increased significantly in
the specimens exposed to 100 and 1000 µg/L of glyphosate. Belonging to the class of
neonicotinoids is thiacloprid, a neuroactive insecticide whose chemical structure resembles
that of nicotine. As neonicotinoids are competitors of acetylcholine, their action mech-
anism involves disrupting signal transmission. An investigation of thiacloprid toxicity
on haemocytes was conducted by long-term exposure of M. galloprovincialis to different
concentrations of the compound. The results showed that both concentrations of 1.5 and
10 µg L−1 caused a significant decrease in Cl− and K+ and a significant increase in glucose
content [42].

Some pollutants belonging to the class of pesticides are also known as endocrine
disruptors and have been shown to alter the expression of hormones such as 17β oestradiol,
progesterone, testosterone, and vitellogenin. The effects of nonylphenol (NP), an environ-
mental pollutant similar to oestrogen, have been evaluated on the synthesis of vitellogenin
of adult male cartilaginous fish “Torpedo marmorata” [99]; the latter studies showed that
injecting T. marmolata males with nonylphenol in the liver and kidney resulted in the
presence of VTG; this is an extraordinary factor given that this lipophosphoglycoprotein
is physiologically induced by oestrogens only in females of oviparous and ovoviviparous
vertebrates.

Marsili et al. [100] proposed skin biopsies to assess the toxicological effects of this
organochlorine (OC) and polycyclic aromatic (IPA) pollutants in Carcharodon carcharias
from the South African coast. These studies showed that high concentrations of OC and
IPA caused significant loading responses of cytochrome P4501A (CYP1A) in the animal; in
addition, vitellogenin and radiated zone proteins were also affected by these contaminants.
These latter protein biomarkers were found in the gonads of immature males and females.

4.5. Heavy Metals

Heavy metal pollution by anthropogenic activities is a major concern due to its impact
on the environment and aquatic organisms [101,102]. Anthropogenic sources of metals
include wastewater, traffic emissions, coal and oil combustion, industrial production, and
many others [103]. Aquatic organisms counteract continuously with heavy metal ions also
ingesting them from their diet, and their removal from tissues is not always constant as
several factors come into play, such as time of exposure to the metal, temperature, metabolic
activity, and metal chemistry. At low concentrations, most of these metals are essential for
life, as they contribute to bone and shell or muscle development, as well as being cofactors
in many biochemical reactions within the body. In the case of invertebrate organisms, the
accumulation of heavy metals can directly impact the central nervous system and disrupt
homeostasis. Mussels, being filter feeders, are particularly prone to accumulating heavy
metals in their tissues due to their feeding habits and prolonged exposure to contaminated
water. These effects can manifest in malformations, impaired growth, and reproduction,
weakened immune responses, and even mortality [104–106].

In addition, sharks showed to be particularly sensitive to heavy metals, such as
mercury, lead, and cadmium. Typically, heavy metals tend to accumulate in the liver,
kidneys, muscle tissue, and blood of fish [107] as well as in sharks [108]. These metals can
also accumulate in the shark’s skin and cartilage, depending on the species and the type
of metal [108]. The liver is often the primary site of heavy metal accumulation in sharks
because it plays a critical role in the detoxification and processing of these metals. The
kidneys also play a similar role in removing toxic metals from the shark’s body. However, in
some cases, the concentration of heavy metals in the muscle tissue can also be high enough
to make the consumption of shark meat potentially hazardous to humans. According to
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Wosnick et al. [32], S. canicula exposure to heavy metals could lead to alterations in hepatic
markers with the bioaccumulation of Co, Fe, and Hg in the liver of sharks, in urea and
lactate with the bioaccumulation of Fe and Hg in the gills. Moreover, in sharks, the rectal
gland plays an important role in shark osmoregulation and associated homeostatic balance.
In this context, alteration in phosphorus content with the bioaccumulation of Co, Mn, and
Hg in the rectal gland of sharks was also observed.

5. Research Gaps and Opportunities

Scientific progress in the field of environmental pollution studies is of paramount
importance as, unfortunately, recent years are witnessing an increase in environmental
pollution with certain future consequences on human health as well. Precisely for this
reason, we believe that disseminating information and making the community increasingly
aware of the risks linked to pollution is of fundamental importance. Indeed, toxicological
studies are part of the priorities of those who wish to protect the environment, organisms,
and also human health, in accordance with the “One Health” approach.

One point that must be borne in mind is that different contaminants will be present
in aquatic ecosystems at the same time and as mixtures, so they may have synergistic,
antagonistic, or neutral effects on each other toxicity. Briefly, a synergistic effect entails an
increase in the effect of the toxicant on the established endpoints, whereas an antagonistic
effect leads to a reduction in the contaminant toxicity with direct results on the biomarkers
analyzed. Therefore, toxicological studies of aquatic environment contaminants require
knowledge of the impact of individual contaminants, as well as the effects resulting from
their interactions.

Moreover, although there is a growing general interest in the scientific community
and more data are available in the literature for some of the emerging contaminants
reported in this review, according to our research, effects related to personal care products
and pharmaceuticals are still under-investigated, and fairly recent data of heavy metals
detection on model organisms such as Mytilus galloprovincialis, in the Mediterranean Sea,
are not still available.

Of critical importance also turns out to be recognizing these effects on a large ecological
scale, from the individual organism to the biodiversity-level interaction. Indeed, the health
of an ecosystem depends on the interaction of multiple physical, chemical, and biological
factors. Particularly, ecosystem processes, such as productivity and nutrient recycling,
are directly related to the functional diversity of biotic communities, which in turn are
determined by species biodiversity. Nevertheless, species biodiversity can be altered in
response to pressures by environmental changes, and this is directly reflected in ecosystem
processes’ functionality [109].

For these reasons, in accordance with the needs arising from the adverse effects of
emerging contaminants, it is of paramount importance for the scientific community to
continue in this direction carrying out investigations related especially to aquatic environ-
ments, which play the role of one of the greatest pollutant sinks, with a special focus on
the effects at different ecological levels, from the individual organism to the influence on
biodiversity.

6. Conclusions

The research conducted highlighted how starting from our daily habits, as well as
societal and industrial development, it is made possible to negatively interfere at different
biological and ecological levels. A crucial point is to make today’s society aware of the
impact it has on its surroundings, which is reflected both in animal organisms and their
biodiversity, a very important index of health in any environment, as well as indirectly on
our own health. Therefore, the purpose of this review is to provide information highlighting
the toxic effects on suitable model organisms in order to raise awareness of the responsible
and conscious use of the major part of the products we mentioned whose use is now
extremely common. From the analysis carried out in this review, it is crucial to monitor
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contamination levels and implement effective management strategies to prevent further
damage to the environment and vulnerable species. It is imperative that action is taken to
mitigate the impact of emerging pollutants on the Mediterranean Sea and its inhabitants.
Our objective was to describe the type of difference between two different organisms
used as models, albeit belonging to different levels of the food web. In this review, it was
highlighted how all effects are refined at the level of the physiological system; if we do
not pay sufficient attention to how to defend the environment from contaminants, we risk
incurring serious diseases and subsequently human extinction.
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CHAPTER II 

Postharvest Technologies and Enhancing the 

Quality of Seafood 
As mentioned in the introduction to this thesis, this second chapter focuses on enhancing the quality of 

seafood, understood as a tool to guarantee consumers increasingly healthy, safe and traceable fishery and 

aquaculture products. At the same time, fishermen are provided with new tools for innovating onboard storage 

and packaging. All of this is in line with a holistic approach to the use of fishery resources (sensu lato): by 

combining the three pillars of sustainability (environmental, social and economic), it is possible to meet the 

needs of the present without compromising the ability of future generations of fishermen to meet their own 

needs. 

The following data and publications were produced during my three-year doctoral research studies. 
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The composition of free amino acids (FAAs) in seafood products contributes

to characterizing their flavor, as well as freshness and quality during storage.

Deep-water rose shrimps (Parapenaues longirostris, Lucas, 1846) (DWRS) are

being increasingly harvested in the Mediterranean Sea, and the captured

specimens are quickly frozen onboard fishing trawlers to preserve freshness

and post-harvest quality. Here, we quantified the FAA profiles of DWRS

packaged using five methods: (1) 100% N2; (2) vacuum; (3) 50% N2 + 50%

CO2; (4) commercial anhydrous sodium sulfite; and (5) air (control). All samples

were quickly frozen at −35◦C and stored for 12 months at −18◦C. Arginine

(661 mg/100g), proline (538 mg/100g), and glycine (424 mg/100g) were the

most abundant FAAs, whereas the least abundant were tyrosine (67 mg/100g),

histidine (58 mg/100g), and aspartic acid (34 mg/100g). FAAs in all samples

gradually (and significantly) increased in the first 6 to 8 months of storage,

and then significantly decreased. The sodium sulfite treatment (Method 4) kept

the initial FAA contents lower than the other treatments, due to the strong

antioxidant action of sulfite agents. Interestingly, similar results were obtained

for vacuum packaging (Method 2). Thus, combining frozen storage with

vacuum packaging represents an alternative approach to chemical additives

in shrimp/prawn processing to meet the increasing demand for high-quality

seafood products with long shelf-life.

KEYWORDS

shrimp, free amino acids, modified atmosphere packaging, vacuum, sulfites, freezing

shelf-life, seafood quality
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Introduction

Free amino acids (FAAs) are among the most essential

fractions of non-protein nitrogen compounds found in the

tissues and muscles of several seafood products (1–3). Some

FAAs, such as alanine, glycine, lysine, and taurine occur at

relatively high concentrations in fishery products and are the

basis for a balanced healthy diet (4). Many important fractions of

non-protein nitrogenous compounds could be used as indicators

of food product spoilage, as they are the precursors of biogenic

amines (5). FAAs also determine the sweetness, sourness,

bitterness, and umami taste of fish products (3, 6). For instance,

glycine, alanine, and glutamic acid are associated with the typical

“umami” taste in crustacean products (1). In particular, FAAs

can interact with reducing sugars, which is demonstrated via

the Maillard reaction or non-enzymatic browning in seafood

products, altering aroma, color, and taste (3). The composition

of FAAs in seafood products inevitably changes during storage

as a function of food packaging and processing technologies (3).

In the Mediterranean region, after harvesting, shrimp

products are preserved directly onboard fishing trawlers using

air blast freezing techniques (at −35◦C), followed by storage

at −18◦C in a static freezer (7). Although the freezing process

prevents bacterial activity, biochemical processes continue to

take place at a very slow rate during storage, irreversibly altering

the freshness and flavor (8). In addition, the preservative success

of freezing is affected by the size and muscle structure of fishery

products (7, 9). Bono et al. (7, 10, 11) showed that the ability of

MAPs to prevent fishery products from deteriorating increases

when they are combined with other preservation methods,

such as freezing. For instance, Bono et al. (10) showed that

lipid oxidation and volatile amines were significantly reduced

in DWRS when MAP was combined with frozen storage. Yet,

the freshness of a fish product varies noticeably depending

on packaging method (N2, CO2, or vacuum package), storage

temperature, and species. Therefore, it is important to quantify

FAAs from a production perspective of biogenic amines, due

to the capacity of MAP/vacuum package to preserve the FAA

profile of seafood products (7), as well as documented changes

in FAA concentrations during processing and storage (12).

In countries bordering the Mediterranean Sea (i.e., Italy,

France, Spain, Algeria, Tunisia, Greece, and Turkey), DWRS

are one of the most highly harvested crustaceans (13–15).

DWRS are usually caught by bottom trawling vessels, and are

quickly frozen onboard to preserve the high quality of the fresh

harvest. However, dark discoloration that arises post mortem

makes the shrimp unacceptable for purchase by consumers (16).

Previous studies demonstrated that post mortem discoloration

could be prevented by pretreating DWRS with various chemical

approaches, such as those using chemical antioxidants (e.g.,

resorcinol, sulfites), melanosis-inhibiting formulations, phenolic

extract derived from olive vegetation water, or applying

non-thermal processes, such as MAP combined with frozen

storage (10, 17–19). Quantifying FAAs in fishery products

could advance our current understanding of various autolytic

processes, as well as muscle degradation, which decisively

influences FAA evolution (20, 21). Investigating how FAA

levels in DWRS change under frozen storage combined with

MAP/vacuum could help promote the use of this approach by

the fishermen and associated stakeholders in the Mediterranean

basin. It might also provide a baseline for assessing general risks

to health from consuming seafood products packaged under

different methods and conditions.

Thus, here, we aimed to determine FAA content in DWRS

after harvesting and to assess the impact of five different

packaging methods, followed by frozen storage at −18◦C for 12

months on FAA profiles.

Materials and methods

Overview of the experimental program

An overview of the experimental program is presented

in Figure 1. This schematic representation depicts the major

stages of this work, including harvesting DWRS samples by

bottom trawl vessels, onboard collection, handling, packaging

protocols, and analytical determination of FAAs. FAA analysis

was initiated on day 6 after the catch and onboard packaging

of DWRS, due to the time required for landing and transfer of

samples to the laboratory. Thus, “time zero” captured this delay

used in the following sections and graphs. Before laboratory

analyses, DWRS samples were thawed, beheaded, and peeled. All

chemicals and reagents employed were of analytical grade.

Onboard handling, packaging, and frozen
storage of shrimp

Handling and packaging

DWRS samples were processed directly onboard a shrimp

trawler, according to the method described by Bono et al. (7, 10)

with minor modifications. A bottom trawler equipped with a

semi-automatic MAP system (Mondini, Brescia, Italy) was used

to collect 50 kg of shrimp during a single haul (to remove

any bias caused by sampling time and/or fishing operation).

Shrimp had an average carapace length of 22 ± 5mm. Shrimp

were washed in flowing seawater and pre-chilled (1 ± 0.5◦C)

within 1 h of capture, by dipping them in a 1:1 mixture of

seawater and ice. After approximately 15min, when the core

temperature of the shrimp was equal to the temperature of the

ice-seawater mixture, the ice water was drained from the shrimp,

and the shrimpwere randomly separated into five lots for the five

treatment/packaging protocols (Figure 1):
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FIGURE 1

Schematic representation showing an overview of the experimental program, starting from the harvesting of DWRS samples by bottom trawl

vessels to the analytical determination of FAAs.

• Lot 1 was quickly frozen in an air blast freezer room at

−35◦C (air speed of 4–5 m/s). When the water at the

thermal center of the DWRS samples became ice, they were

packaged under 100% N2 gas using the semi-automatic

MAP system;

• Lot 2 was frozen in air in the blast freezer room at −35◦C

(similar to Lot 1). It was then vacuum-packaged using the

semi-automatic MAP system;

• Lot 3 was packaged under 50% N2 + 50% CO2 gas mixture

to allow the full dissolution of CO2 in the shrimp tissue

(22), and was then frozen in the air blast freezer room

at−35◦C;

• Lot 4 was dipped in seawater solution (4% w/v)

of commercial anhydrous sodium sulfite (shrimp-

to-dipping solution ratio of 1:4), according to the

preservation techniques and materials usually employed
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by Mediterranean fleet crews. After 20min dipping,

shrimp were dried, frozen in the air blast freezer room at

−35◦C, and finally packed under atmospheric air using the

semi-automatic MAP system;

• Lot 5 was frozen in the air blast freezer room at−35◦Cwith

no treatment, packed under atmospheric air using the semi-

automatic MAP system and served as the control for the

current study.

Packaging materials

DWRS samples were packaged using the method previously

described by Bono et al. (7). Transparent A.PET/EVOH/PE

barrier bags (bag size: 290 × 200mm; bag volume: 1.8 L;

laminate density: 1.39 g/cm3; thickness: 500µm) (Arcoplastica

Srl, Andezeno, Italy) were used for packaging, and were

manufactured with oxygen (O2) and water vapor permeabilities

of 1.8 cm3 m−2 day−1 atm−1 and 4 g m−2 day−1, respectively.

Packaging bags were heat-sealed by a semi-automatic packaging

machine (Mondini S.p.A., Brescia, Italy), which employed a

multiflex OPP/EVOH/PE (Cryovac, Sealed Air Corp., Italy) film

(weight: 72 g m2; thickness: 75µm) that operated O2, CO2,

and water vapor permeabilities of 3 cm3 m−2 day−1 atm−1,

10 cm3 m−2 day−1 atm−1 and 3 g m−2 day−1, respectively.

For MAP samples, a gas-to-product ratio (v/w) of 2.25:1 was

applied. An additional anti-pinhole lamina (weight: 340 g/m−2;

thickness: 250µm) was inserted in the headspace, which helped

to minimize damage to the multiflex film by shrimp horns.

Frozen storage

When all packaging operations onboard were complete,

all packaged DWRS samples were subjected to frozen storage

(−18◦C) for 12 months. According to Blond and le Meste (23),

this is the optimum storage temperature when considering both

the financial costs of freezing and shelf-life of frozen foods. The

frozen storage of DWRS samples adhered consistently to widely

recognized storage regulations in Europe and other countries

globally, particularly for the temperatures of frozen foods (7).

Determination of FAA profiles

The FAAs were analyzed, from extraction to

chromatography, according to a previously described method

(7, 24), with minor modifications. Ten grams of shrimp and

40mL extracting solvent (75% methanol in distilled deionized

water) were homogenated, transferred to a 100mL volumetric

flask, and stored for 60min at 4◦C. The contents of the flask

were transferred to a 50mL centrifuge tube and centrifuged

at 15,000 rpm for 40min at 4◦C. The supernatant was filtered

on a PTFE 0.2µm filter membrane (Gelman Sciences), before

derivatization. By way of o-phthaldialdehyde (OPA) pre-column

derivatization, the OPA Thiol Reagent (OPT) was prepared 24 h

before use by dissolving 27mg of o-phthaldialdehyde in 500

µL absolute alcohol. Then, 5mL of 0.1M sodium tetraborate

(Na2B4O7,10H2O) (pH 9.5) were added, followed by 50 µL

mercaptoethanol, which were mixed and stored in the dark. The

amino acid standard stock solution was prepared by dissolving

the equivalent of 2,500 nmol of each amino acid in 0.05M

NaH2PO4 buffer (pH 5.5), which was then diluted for the

calibration curve. Then, 400 µL of OPT was added to 100 µL

of the amino acid standard or 189 diluted sample supernatant

under High Pressure Liquid Chromatography (HPLC), and

the sample was manually injected onto the column of the

HPLC system. Mobile phase A was made up of 0.05M sodium

phosphate buffer (pH 5.5), methanol, and tetrahydrofuram

(THF) (80: 19:1). Mobile phase B was made up of 80% methanol

and 20% of the 0.05M NaH2PO4 buffer. The pH of the

phosphate buffer was adjusted to 5.5. The mobile phases were

filtered through 0.2µm filter membranes (Gelman Sciences,

Ann Arbor, MI) and were degassed by vacuum for 5min. The

HPLC column was an Ultrasphere ODS with 5µm particle size,

4.6mm × 25 cm (Beckman Instruments, Inc., Fullerton, CA).

The elution gradient was generated using an Elite LaChrom

equipped with a L-7100 pump (LaChrom, Hitachi), oven L-7350

(LaChrom, Merck), programmable fluorescence detector, which

had an excitation monochromator setting of 330 nm and

emission cut-off filter of 418 nm. Chromatographic data were

processed using software EZChrom Elite (Agilent Tech., Santa

Clara, CA 95051, USA). The FAA results are presented as the

mean of four replicates ± standard deviation and expressed in

mg/100 g.

Statistical analyses

For each FAA, we tested the differences between treatments

and the existence of linear and simple polynomial trend as

function of the storage time. Ordinary least square models were

used introducing the treatment as factor (fixed with 5 levels)

and time as continuous variable. Models were fitted in which

the highest order polynomial term can be linear, quadratic, or

cubic function of time. This analysis, also called trend analysis,

is basically an extended ANCOVA which allows us to model

quantitative predictors with higher-order polynomials. Fitting a

polynomial allowed us to express the impact of the continuous

predictor (time in this case) on the response to separately

evaluate the contributions of linear and non-linear components

of the polynomial. The best formulation was chosen using the

small-sample equivalent Akaike Information Criterion (AICc).

A Tukey test was used to perform pairwise comparisons between

levels of the factor treatment when it was significant in the

regression analysis.

We used heat maps to visualize, graphically and

simultaneously, clusters of FAA concentrations across
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FIGURE 2

Overview of free amino acids (FAAs) concentrations (essential, red; non-essential, gray) in DWRS arranged in decreasing order (left to right),

regardless of the e�ect of storage time (12 months at −18◦C) or packaging method.

treatments and storage time. Hierarchical clustering on

the Euclidean dissimilarity matrix was first performed on

both the treatments and time storage, using the complete

linkage method in which the distances between two clusters are

defined as the maximum value of all pairwise distances between

elements in of different clusters. Then, it was visualized by

re-ordering the observations based on their similarity according

to the hierarchical clustering results. The heat maps were

constructed by using the “heatmap” functions in the “stats”

package which is part of R statistical software (37).

Results and discussion

Overall snapshot of FAAs

Figure 2 presents a snapshot of each FAA (essential and

non-essential AAs are presented in red and gray, respectively)

in DWRS caught in the Strait of Sicily during spring season.

The data are arranged in decreasing order (from left to right),

regardless of the effects of storage time (12 months at −18◦C)

and the five packaging methods.

Three FAAs constituted more than 40% of total FAAs

(Figure 2). Arginine was the most prominent (661 mg/100 g;

17% of total), followed by proline (538 mg/100 g equal to

14%) and glycine (424 mg/100 g equal to 11%). Aspartic

acid, histidine, and tyrosine had the least concentrations. The

high levels of glycine and arginine detected corroborated that

reported for the Norway lobster Nephrops norvegicus (Linnaeus

1758) in the same region (11), and prawns (25). The ratio

of essential amino acids (EAAs) to non-essential amino acids

(NEAAs) was 0.9 (data not shown), which was higher than that

reported by Iwasaki and Harada (26) for many other seafood

products (0.7). According to Gómez-Limia et al. (3), the amount

of EAAs is an important factor that affects the nutritional value

of proteins.

High levels of typical (sweet) FAAs such as arginine, proline,

and glycine (27) detected in this study might be associated

with the high acceptability and palatability, particularly for

shrimp and lobsters. In addition, high quantities of FAAs

detected in DWRS (such as glutamic acid, glutamine, lysine and

arginine) could exhibit anxiolytic-like and/or antidepressant-

like activity, and might reduce corticosterone and cortisol

levels in stressed animals (28). There was also a noticeable

variation for given FAAs (which was more marked in some),

which might be associated with storage time (one year) and/or

packaging method.

According to Chen and Zhang (27) and Dai et al. (29),

FAAs can be grouped into two main categories: pleasant FAAs

(PFAAs), including threonine, glutamic acid, aspartic acid,

alanine, glycine, serine, proline and arginine, and unpleasant

FAAs (UPFAAs), including leucine, phenylalanine, isoleucine,

lysine, valine, methionine, tyrosine, histidine and cysteine. Based

on this classification, Figure 3 shows the trends in total FAAs,

total PFAAs, and total UPFAAs in DWRP after 12 months of

storage at−18◦C, regardless of the effects of packaging. The total

FAA content of all five packaging methods increased over the

treatment period (start: 2,781 mg/100 g; after 6 months storage:
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FIGURE 3

Trends in total FAAs (red), pleasant FAAs (PFAAs, blue), and

unpleasant FAAs (UPFAAs, gray) in DWRP taking frozen storage

time into account (12 months at −18◦C), regardless of the

e�ects of packaging methods.

4,937 mg/100 g). Then, the total FAAs content decreased slightly

until the end of storage (12 months; mean 3,535 mg/100 g).

The increase of total FAAs during the first/eight months of

storage might be associated with the degradation of proteins via

endogenous protease activity (30). Over the 12-month period,

mean PFAA content ranged between 1,832 and 2,058 mg/100 g

in the five groups. Similarly, over the 12 month period, total

UPFAA concentrations ranged between 624 and 1,171 mg/100 g.

Comparing our results with those in existing literature, the

zero timepoint FAA observation in our study was about 30%

higher than that previously recorded for the same species (31).

This difference might be explained by the 6 days of time-lapse

between the shrimps catch and the FAAs analysis or attributed

to geographical factors (i.e., different fishing areas; Central

Mediterranean vs. East Atlantic Ocean) or biological factors

(i.e., trophic conditions, catch period, size and developmental

stage of specimens, quantity and distribution of lipids in muscle,

especially in lean specimens).

Changes to FAAs during frozen storage
time

Trends in the concentrations of each essential and non-

essential FAA (pleasant, unpleasant and flat/tasteless) in

DWRS samples per packaging/treatment method and frozen

storage time were evaluated (Figures 4, 5, respectively). The

concentrations of each FAA differed with packaging method,

several of which depicted diverse non- and bow-like shapes. On

day 6 after catch (time 0 on the graph), the concentrations of

some FAAs already exhibited significant differences among the

five packaging methods, especially for both sulfited and vacuum

lots when compared to N2, N2/CO2, and control. Thus, FAAs

appear to change immediately after the catch, with preservative

treatment having a strong effect.

During the first 6–8 months of frozen storage time, all FAAs

(essential/non-essential, pleasant/unpleasant), except aspartic

acid, showed a gradual significant increase, and then declined

at 8–12 months (p < 0,05). Pleasant FAAs that constituted

over 40% of total FAAs (i.e., arginine (Figure 4C), proline

(Figure 5H), and glycine (Figure 5E) exhibited a similar pattern,

rising until the sixth month, and declining until the 12th month

of frozen storage, with ultimate values being slightly lower than

those detected at zero time. The similarity among arginine,

proline, glycine, and glutamine was also confirmed by the heat-

map coupled with cluster analysis depicted in Figure 6 in which

the hierarchical clustering was applied only on the FAAs. Proline

appeared to be strongly correlated with glycine, while glutamine

(one of flat/tasteless FAAs) was correlated with arginine (red

cluster). On the other hand, Figure 7 showed the hierarchical

clustering applied on both the treatments and FAAs.

When considering the effect of treatments on each FAA,

the cluster analysis also highlighted three other groupings.

Threonine, phenylalanine, isoleucine, valine, and glutamic acid

were clustered together to form a second group (yellow lines).

Serine, asparagine, methionine, tyrosine, histidine, and aspartic

acid (green lines) were clustered together to form a third group.

Lysine, alanine, and leucine (violet lines) were clustered together

to form a fourth group.

Hong et al. (32) found that the loss of quality is generally

accompanied by an increase in glycine, whereas higher glycine

levels denote high quality and acceptability of fish products.

Certain FAAs (such as arginine, proline, and glycine) have

important roles in the freshness and palatability of fish and

shellfish muscle. Our results showed that DWRS samples

remained in good condition throughout the 12 months of

storage. The best condition for DWRS samples was reached at

the sixth month, when arginine, proline, and glycine approached

maximum values (>500 mg/100 g) (27, 33).

Protein degradation by endogenous protease should also

be evaluated when exploring shelf-life during frozen storage,

as it caused FAAs to increase, particularly at 6–8 months

of storage. Furthermore, protein degradation is impacted by

the rate of freezing, effect of ice crystals, and packaging

method. The general reduction in FAAs observed in the last

3 months, reflected that also recorded for Norway lobster by

Bono et al. (11). This phenomenon might be attributed to

decarboxylation by decarboxylase enzymes, and the consequent

formation of breakdown products such as biogenic amines

(34, 35) that can cause relevant modifications in the sensory

properties, nutritional and safety quality of seafood products

with negative effects on consumers health. Indeed, consuming

seafood products with high levels of histamine, tyramine and

cadaverine (formed by decarboxylation of histidine, tyrosine and

lysine, respectively) can produce some acute forms of urticaria,

vomiting and diarrhea, as well as could be involved in more

Frontiers inNutrition 06 frontiersin.org

102

https://doi.org/10.3389/fnut.2022.955216
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Rusanova et al. 10.3389/fnut.2022.955216

FIGURE 4

(A–I) Trends obtained for each essential FAA in DWRS samples in relation to the packaging method over 12 months of frozen storage. FAAs were

grouped as pleasant and unpleasant.

serious complications affecting the nervous and vascular system,

or become potential precursors of carcinogens (3).

Changes to FAAs under the five
packaging methods

For all five tested packaging methods, the levels of arginine,

proline, and glycine (first, second, and third most abundance

FAAs, respectively), as well as glutamic acid, glutamine, alanine,

and tyrosine were similar (Figures 4, 5; Supplementary table 1).

A similar result was obtained by Bono et al. (7) for Giant red

shrimp Aristeomorpha foliacea (Risso, 1827) caught in the same

fishing area. On the other hand, Supplementary table 2 shows

the result of the Tukey test used to perform a paired comparison

between levels of the factor treatment when it was significant in

the regression analysis.

The sulfiting treatment maintained the initial state of FAAs

lower than the four other preservation methods. This result

was obtained for most detected FAAs, and can be attributed to

the strong antioxidant action of sulfite additives (36). Vacuum

packed samples had the most similar results to sulfited samples

for FAAs. Heat map analysis also confirmed the stability of FAAs

with sulfiting agents during storage (Figure 6). Furthermore,

heat maps confirmed our second unexpected finding on the

stability of vacuum FAAs, especially at 8–12 months storage

(Figure 6, two blue rectangles for sulfited and vacuummethods).

In contrast, the heatmap showed that nitrogen preservation
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FIGURE 5

(A–I) Trends obtained for each non-essential FAA in DWRS samples in relation to the packaging method over 12 months of frozen storage. FAAs

were grouped as pleasant, unpleasant, and flat/tasteless.

caused FAAs to change in a similar way to the control sample,

especially in the last 6 months (intense coloring; two black

rectangles Figure 6).

The good performance of FAAs in samples packed

under vacuum to resemble those of sulfite-treated samples

required further considerations. This result was novel, and

was not obtained in the two previous analogous studies

on Giant red shrimp (7) and Norway lobster (11) caught

in the same geographical region. If the high performance

of vacuum samples was due to the almost total absence

of oxygen in the headspace (which is directly involved

in the oxidative denaturation/deamination of proteins

and FAAs), we should have obtained similar results for

samples preserved in N2 (100%), as they were also packaged

in anoxic atmosphere. Indeed, in our similar study on

FAAs in giant red shrimp (7), 100% N2-treated group

appeared with improved individual FAAs compared with

other treatments.

As for FAAs in shrimp samples preserved in N2/CO2 (whose

content was slightly higher compared to sulfited/vacuum, but

lower compared to N2 and control samples), this result might be

due to the positive acidification effect of CO2 on muscle tissue.

However, the FAA content of our samples was higher for N2

(100%) compared to N2/CO2 (50%-50%), and was similar to the

control sample. As equivalent studies are currently not available

in the published literature, more research on this phenomenon is

required to draw conclusions on the evolution of FAAs in frozen

seafood products.
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FIGURE 6

Heat map visualization and clustering results of FAAs of deep water rose shrimps during frozen storage. The heat map was generated using

hierarchical clustering analysis to identify the color intensity for each FAA (minimum intensity, no color; average intensity, yellow; maximum

intensity, brown). Values adjacent to packaging methods represent frozen storage time in months.

Conclusions

In this current study, changes in FAA profiles of post-

harvest DWRS subjected to five different MAPmethods, quickly

frozen at −35◦C, and thereafter kept for 12 months in frozen

storage (−18◦C) were investigated. Although the concentrations

of FAAs differed with packaging and treatment methods, they

appeared very high compared to the control. Furthermore, the

ratio between essential vs. non-essential amino acids, as well as

pleasant vs. unpleasant FFAs, was, interestingly, unbalanced in

favor of the first ones (i.e., essential and pleasant amino acids).

Additionally, regardless of the effects of treatment/packaging

methods, the typical (sweet) FAAs arginine, proline and glycine

constituted more than 40% of total FAAs. This might be

associated with the high acceptability and palatability that

characterize this valuable DWRS product. More so, the sulfiting

treatment maintained the initial state of FAAs lower than

the four other preservation methods. Overall, the frozen

storage combined with MAP continues to be a promising

alternative to chemical additives in shrimp/prawn processing,

which not only could help sustain the FAAs as this current

work has demonstrated, but more so, would help cater for
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FIGURE 7

Heat map visualization and clustering results of FAAs in deep water rose shrimps during frozen storage, regardless of the e�ects packaging

method (y-axis). Similar to Figure 6, the heat map was generated using hierarchical clustering analysis to identify the color intensity of each FAA

(minimum intensity, no color; average intensity, yellow; maximum intensity, brown). Values adjacent to packaging methods represent frozen

storage time in months.

increasing global demand for high-quality/lengthened shelf

seafood products. Given the findings of this current work, the

direction of future studies should be to subject the DWRS

under the same treatment conditions to further shelf-life studies,

especially biogenic amines and sensorial analysis.
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Introduction 

Nephrops norvegicus, commonly known as the Norway lobster, is found in the deep-sea regions 

of Norway, south of Libya, west of the Canary Islands and east of the Aegean Sea. These diverse 

habitats are characterized by cold temperatures, high pressures and different substrate 

compositions (Sealifebase). 

The Norway lobster can be considered an ecological indicator of the deep-sea ecosystem. As a 

benthic organism, it influences the structure and dynamics of marine communities through its 

feeding habits, burrowing behavior and interactions with other species (Phillips, 2006).  

From a commercial standpoint, Nephrops norvegicus is an economically valuable species (Brčić 

et al., 2018, European Commission).  

For this reason, understanding the factors influencing the abundance, distribution and 

sustainability of Nephrops norvegicus populations is important to the international commercial 

market and can help optimize fishing practices, ensuring the longevity of this resource. 

Microbiota serve as valuable geographic indicators, reflecting environmental conditions across 

diverse habitats (Yatsunenko et al., 2012). Geographic conditions, diet, age and physical activity 

influence the composition and diversity of microbiota (Буйваленко & Покровская, 2022). Even 

within the distinct taxonomic profiles of  populations inhabiting different regions, studies have 

revealed a positive correlation between Firmicutes abundance and latitude, alongside a negative 

correlation between Bacteroidetes abundance and latitude (Suzuki & Worobey, 2014). Shared 

microbial signatures across closely related species occupying similar geographic areas underscore 

the influence of common environmental factors. In some cases, environmental conditions can drive 

microbiota variability, further highlighting the significant influence of geography on microbial 

communities (Lu et al., 2021). 

Gut microbiota plays a crucial role in the health and functioning of marine organisms, influencing 

digestion, nutrient absorption and immune responses (Cai et al., 2024). 

Environmental conditions (such as temperature, salinity and available food sources) are the most 

important factors in  the variability of communities within gut microbiota (Nikouli et al., 2021). 

The Norway lobster's gut microbiota can also influence its metabolism and immunity (S. Wu et 

al., 2024; Y. Wu et al., 2022). Comparative analyses of the Norway lobster's gut microbiota across 

commercially important geographical locations offer the opportunity to explore how these 

interactions may vary in response to distinct environmental factors. 
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Scientific studies on the Norway lobster have primarily addressed aspects impacting its 

commercial viability, focusing on issues such as quality degradation and its adverse effects on the 

animal's physical conditions (Albalat et al., 2012; Stentiford et al., 1999, 2000; Stentiford, Neil, & 

Atkinson, 2001; Stentiford et al., 2015) and the possible decline in populations (Beevers et al., 

2012). 

Studies have notably honed in on microbiological spoilage-induced degradation and the 

prevalence of detrimental factors like Hematodinium, Dinoflagellate, parasitic infections (Briggs 

& McAliskey, 2002; Field et al., 1992; Field & Appleton, 1995, 1996) and seasonal infections 

(Stentiford, Neil, & Coombs, 2001). 

These works highlight the paramount importance of delving into the intricate interplay between 

the Norway lobster and factors that can compromise both its market value and physical conditions. 

Considering the commercial importance of the Norway lobster and the global risks related to fraud 

in the seafood chain (Donlan & Luque, 2019; Horreo et al., 2017; Silva et al., 2020), the first 

research objective was to use microbiome analyses (Liu et al., 2020; Singh et al., 2022) to 

characterize the geographical origin of Norway lobster (Nephrops norvegicus) caught in three 

different fishing areas in the North and the Mediterranean Sea. Results can be used for ecological 

purposes such as understanding ecological interactions. The variability of GUT microbiota 

provides important information about its adaptive strategies, ecological resilience and possible 

response to environmental changes, which can be used to devise conservation strategies and to 

optimize commercial aspects.  

Materials & methods  

Specimen collection 

Nephrops norvegicus specimens were collected in three distinct geographical regions (fig.1): the 

Mediterranean Sea (Strait of Sicily, Italy), the Aegean Sea (Kavala, Greece) and the North Sea 

(Kattegat-Skagerrak, Sweden).  

 
Figure 1 –Geographical location of sampling regions 
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Samples were collected from the end of August (Italy) to the end of October 2023 (Greece and 

Sweden). After collection, the N. norvegicus specimens from the Strait of Sicily (Italy) were 

immediately transferred on ice to the laboratory, whereas extractions from Aegean and North Sea 

specimens were completed on board. Biometric data, including sex, weight and carapace length, 

was also collected during extraction (Fig.2). A total of 63 samples were collected, the details of 

which are reported in Table1. 

 

 

 
Figure 2 – Collecting biometric data 
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Table 1 - Sampling metadata 

Sites Sampling Month  № of specimens/gender 
Total 

average 
weight  ±S.D. 

Total average 
length   
±S.D.  

Aegean Sea                      
(Kavala, Greece) 

October 11F/12M 78.6 ±46.8 45.2 ± 9  

Mediterranean Sea 
(Strait of Sicily, Italy),  

September 10F/10M 34.8 ±8.8 35.9 ±3.4 

North Sea             
(Kattegat-Skagerrak, 

Sweden) 
August 10F/10M 65.4 ±2.3 45 ±0 

 

*presence of eggs in samples (collected separately) 

Extraction process (tissue dissection): 

The GUT (i.e. whole intestine without stomach) was subsequently removed from specimens: the 

gut of Mediterranean Sea (Italy) specimens was aseptically removed within three hours of capture, 

and then stored in ice, whereas gut extraction in Aegean Sea (Greece) and North Sea (Sweden) 

specimens took place on board directly after capture. Each GUT extraction took about 1-2 minutes. 

The first step of extraction involved cutting the muscle with a sterile scalpel along the 

perpendicular of the posterior border of the carapace and then cutting with a sterile scalpel (or 

scissors) both sides (right and left) of the last segment of the tail, near the telson (Fig.3). The 

second step of GUT extraction involved removing the GUT from tissue by pulling the telson: in 

this case the intestine (red arrow) also came out easily (Fig.4). 

 
Figure 3 – First step of GUT extraction 
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Figure 4 – Second step of GUT extraction 

The GUT was immediately stored in 2 ml Eppendorf tubes, adding about 1 ml of DNA/RNA 

Shield (Zymo Research) (Fig.5). Samples could then be stored for one month at room temperature, 

or preferably in the refrigerator at +2/4°C.  

 

Figure 5 – GUT sample in a solution of DNA/RNA Shield (Zymo Research) 

DNA isolation was performed on 42 gut tissues from all sampling months using the QIAamp DNA 

Mini Kit (Qiagen Inc.) following the manufacturer’s standard protocol (7 female and male/country 

+ 5 eggs).  
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Preliminary results 

Statistically significant differences were found between: (a) males-females from the Greek 

and Swedish populations, (b) the Greek eggs and Greek adults (both males and females), and (c) 

between the total of the three populations (males+females). The dominant bacterial operational 

taxonomic units (OTUs) were from the Firmicutes, Fusobacteriota, Bacteroidota, 

Desulfobacterota, Actinobacteriota (prevailed almost exclusively in eggs) and Spirocahetota phyla 

(Figs.1, 2); several unclassified bacterial taxa were also found, especially in the Greek females. 

The core microbiota of the three populations comprised 253 OTUs of the 2362 total OTUs found 

in the adults of the three populations. The eggs and the GRE adults shared 142 OTUs (9.5% of the 

total OTUs in eggs and GRE adults).  

 

 

Figure 1 - OTU abundance in males and females across zones 

 (Greece, Italy, Sweden) 
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Figure 2 - Differential OTU abundance ratios in females and males across zones (Greece, 

Italy, Sweden) 

 

The data set in Table 1 presents statistical differences in bacterial taxa in eggs, females and 

males across geographical regions (Greece, Italy and Sweden). Significant differences (p < 0.05) 

were noted between eggs and females (p = 0.027) and between eggs and males (p = 0.046) in 

Greece, as well as between males from Italy and Sweden (p = 0.021). These results suggest 

regional and sex-specific variations in bacterial communities.  
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Table 1 - Statistical Analysis of Bacterial Taxa Variation by Sex and Region 

 

Despite the genetic homogeneity of Norway lobster populations, this study found 

differences in the gut microbiota of geographically distant populations, suggesting that 

environmental and/or sex factors are important. 

Preliminary research results were presented at the Hologenomics Conference 2024 in 

Denmark. 
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Subtask 5.5.3 Improving food quality  
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1. Introduction 
The aim of subtask 5.5.3 was to compare three batch of farmed gilthead sea bream, one fed 

on a conventional diet (Control) and two fed on two new  experimental probiotic diets 

(ED1 and ED2). Analyses were carried out in collaboration with IRBIM CNR of Messina 

and Bolton (Italy). Each seabream batch was mainly assessed for nutritional quality, in 

terms of optimization of the presence and functional effects of the proximate composition 

(as an indicator of foodstuff quality), fatty acid contents (in particular PUFA contents) and 

amino acid composition (both total and free) of flesh samples.  

2. Materials and methods  
2.1 Fish processing and analysis of sea bream  

Prior to starting the feeding trial with the two probiotic diets (October 2022), 18 gilthead 

sea breams with an average weight of approximately 89 grams underwent all essential 

analyses. This was done to facilitate comparison between the initial and final sample 

analyses at the conclusion of the experimental trial.  

At the end of May 2023 (7 months after the start of the feeding trial and when specimens 

reached an average weight of 256 g  36) the three lots of gilthead sea bream were ready to 

be processed and analysed in order to collect information about their nutritional 

composition and others physical-chemical properties. 

A total of 15 specimens were randomly collected from each lot of fish fed with either of the 

two new experimental diets, ED1 and ED2, and a control group that was fed with a 

conventional pellet diet (CD) (Table 2.1). After following the IRBIM CNR protocol for 

sacrificing specimens, biometric and biological parameters (total length, total weight, etc.) 

were recorded in the laboratory (Fig.1). The fish were then hand filleted, and both fillets 

were packed under vacuum in PE Barrier bags, quick-frozen and stored at -80°C until 

analysis (Fig.2).  

 

Table 2.1 - Composition of three diets used in the rearing experiment 

 Composition  

Control Diet (CD) 

Linea Blu 4 – Veronesi 

[Pellet size (mm): 4.6-5.6; Protein (%): 43.00; Fat 

(%): 21; Fibre (%):2,5; Ash (%) 5,6;  Carbohydrates 

(%): 18.90; Phosphorus (%): 0.9; Vitamin C 

(mg/Kg): 160; Vitamin E (mg/Kg): 160;  Digestible 

energy (mj/Kg): 19.76]  
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Experimental Diet 1 

(ED1) 

control diet + yeast Saccharomyces cerevisiae, 

caprylic acid and vitamin B complex (1% of the 

total)  

Experimental Diet 2 

(ED2) 

control diet + Short Chain FaSy Acids – SCFA (1% 

of the total) 

 

 

 
Figure 1 – Preparation of gilthead sea bream 

 

 
Figure 2 – Fillets (left), fish waste (center) and fish skin (right) 

 

2.2 Fatty acid (FA) profile  

The Fatty Acid Profile was determined by Gas Chromatography analysis of fatty acid 

methyl esters present in flesh. Fatty acid methyl esters (FAMEs) were prepared by direct 

trans-esterification with a mixture of sulfuric acid:methanol (1:9, v/v). These FAMEs were 

then analyzed using a split inlet gas chromatograph, flame ionization detector (FID) and a 

fused silica column 30m x 0.25 mm I.D, 0.25 μm film thickness. To identify the fatty acids, 

the retention times of each FAME peak were compared with those of standards. 
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2.3  Free Amino acids (FAAs) 

Free amino acids were extracted using diluted hydrochloric acid. Co-extracted nitrogenous 

macromolecules were precipitated with sulfosalicylic acid and removed by filtration. The 

filtered solution was then adjusted to pH = 2.20. The amino acids were separated by gas 

chromatography. 

 

2.4  Total Amino acids (TAAs) 

Total amino acids were determined by GC-FID analysis. Before hydrolysis, cysteine and 

methionine were oxidized to cysteic acid and methionine sulfone, respectively. Tyrosine, 

however, was not oxidized and was determined in non-oxidized samples. All other amino 

acids listed in the paragraph were determined in both oxidized and non-oxidized samples. 

The oxidation process was carried out with a performic acid/phenol mixture at 0 °C, and 

the excess of the oxidation reagent was decomposed using sodium metabisulfite. The 

oxidized and non-oxidized samples were hydrolyzed with hydrochloric acid 

(concentration of 6 mol/L) for 23 hours. The hydrolyzate was then adjusted to a pH of 2.20, 

and the amino acids were finally separated through gas chromatography. 

2.5 Total lipids  

Total lipids were measured using the Bligh-Dyer method. This technique enables the 

extraction of lipids from food samples with high moisture content. It involves mixing a 

portion of the sample with a chloroform-methanol mixture, followed by the addition of 

diluted sulfuric acid. 

 

2.6 Proteins 
Protein content was determined using the Kjeldahl method to measure nitrogenous 

substances and expressed as g/100 g of edible portion. 

 

2.7 Minerals (Na, K, Ca, Mg, P, Fe, Zn, Mn) 
The method used to determine minerals and metals in foods was UNI EN 13805:2014 + 

UNI EN ISO 17294-2:2016. This method involves inductively coupled plasma mass 

spectrometry. The sample solution was mineralized by digestion under pressure. It was 

then nebulized and introduced into a high-frequency inductively coupled plasma where 

the aerosol was dried, atomized, and ionized. A series of cones (sampler and skimmer) 

extracted the ions from the plasma, which were then transferred to the mass spectrometer. 

The ions were separated based on their charge-mass ratio and detected by a dual-mode 

secondary ion multiplier (SEM). 

 

2.8  Color  

The color of the inner surface of the fillets was assessed by recording the L* (lightness), a* 

(redness) and b* (yellowness) values using a colorimeter (Konica Minolta, Osaka, Japan). 

122



 

2.9  Other parameters: Cholesterol, Shear force 

Cholesterol was measured according to AOAC 994.10, shear force according to ASPA 

1996. 

3. Results and discussions 

3.1 Biometric parameters 

Table 3.1 shows the values of selected biometric parameters collected in both aggregate form 

(ALL) and for individual samples (control, ED1 and ED2). Overall, there are no significant 

differences between the three batches. It suggests that the new ingredients added to the diets 

listed in tab 2.1 were not potent enough to modify the growth performance of ED1 and ED2 

specimens with respect to the control specimen. It may be that fattening times exceeding the 

seven months considered are required to assess the potential effects of the new diets. 

 

Table 3.1 Mean biometric parameters and main condition factors for the three    gilthead 

sea bream batches fed on different diets 

 

ALL 

(mean) 

 SD  

Control 

(mean) SD  

ED-1 

(mean) SD  

ED-2 

(mean) SD 

Total weight (g) 256.2 36.0  264.4 37.7  252.3 33.5  252.1 36.4 

Total length (cm) 24.5 1.3  24.7 0.6  24.3 1.3  24.4 1.7 

Fork length (cm) 27.0 31.2  22.5 0.7  22.2 0.9  22.5 1.2 

Standard length (cm) 20.7 0.8  20.7 0.5  20.6 0.8  21.0 1.1 

Liver weight (g) 3.6 0.7  3.8 0.6  3.6 0.9  3.4 0.6 

Visceral weight (g) 15.4 4.8  16.5 4.7  14.8 4.3  14.8 5.4 

Fat weight (g) 5.3 3.2  6.2 2.7  4.6 2.8  5.0 4.0 

Right fillet weight (g) 65.1 9.8  68.1 10.2  63.2 8.7  64.0 9.8 

Left fillet weight (g) 67.3 10.1  68.9 10.7  66.1 9.1  66.9 10.5 

Waste weight (g) 96.8 12.5  99.1 12.9  94.3 13.9  96.9 10.6 
            

Condition factors            
T. weight/T. length 10.5 1.2  10.7 1.4  10.4 1.2  10.3 1.1 

T. weight/F. length 11.2 2.0  11.1 3.1  11.4 1.3  11.2 1.1 

Liver weight/T. 

weight 0.01 0.00  0.01 0.00  0.01 0.00  0.01 0.00 

Fat weight/T. weight 0.02 0.01  0.02 0.01  0.02 0.01  0.02 0.01 
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3.2   Nutritional composition of gilthead sea bream at the beginning of the feeding 

trial  

3.2.1 Chemical composition 

The chemical composition of gilthead seabream fillets is presented in Table 3.2. The average 

moisture content was around 72% of wet weight,. crude proteins 20.5 g/100g,. lipids 6.4 

g/100g.  

 

 

Table 3.2 – Chemical composition (g/100 of dry matter) of gilthead sea bream flesh fillets (n = 

6) at the beginning of the feeding experiment 

 
pH                

Moisture 

(g/100g)  

Proteins 

(g/100g)  

Lipids  

(g/100g)  

Ash 

(g/100g)  

Mean 6.20 71.76 20.48 6.41 1.38 

SD 0.04 0.18 0.16 0.32 0.05 

 

The flesh fatty acid (FA) profile is summarized in Table 3.3,. where it is expressed in g 

100 g−1 total FA. The most abundant FAs were oleic acid (C18:1n9  = 33.6 g 100 g−1 FA),. 

palmitic acid (C16:0 =18.4 g 100 g−1 FA), and linoleic acid (C18:2n6 = 13.8 g 100 g−1 FA). The 

combined data for SFA, MUFA and PUFA are consistent with published data on the same 

sector (D. S. Lenas et al. 2011). 

Table 3.3 - Fatty acid (FA) composition (g/100 g of total FA) of gilthead sea bream flesh 

fillets (n = 6) at the beginning of the feeding experiment.  

 

 

mean 

(n=6) SD 

C14:0 2.47 0.15 

C16:0 18.44 0.44 

C16:1 4.52 0.39 

C18:0 4.57 0.35 

C18:1n9 33.59 1.12 

C18:2n6 13.79 0.15 

C18:3n6 0.25 0.09 

C18:3n3 2.47 0.08 

C18:4n3 0.74 0.08 

C20:1n9 2.37 0.27 

C20:2 0.49 0.08 

C20:4n6 0.62 0.14 

C20:4n3 0.66 0.07 

C20:5n3 

(EPA) 4.16 0.56 
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C22:1n9 1.33 0.34 

C22:5n3 1.51 0.19 

C22:6n3 

(DHA) 8.02 1.40 

SFA 25.48 0.76 

MUFA 41.82 1.78 

PUFA 32.71 2.15 

Ratio n-3/n-6 0.91  

Ratio 

EPA/DHA 0.51  

 

Table 3.4 – Mineral composition (Na, K, Ca, Mg, P Fe, Zn, Mn) (mg/kg) of gilthead sea 

bream flesh fillets (n = 6) at the beginning of the feeding experiment.  

 mg/kg SD 

Na (mg/kg) 796.95 73.91 

K  (mg/kg) 5074.49 393.34 

Ca  (mg/kg) 244.87 62.39 

Mg  (mg/kg) 381.82 35.90 

P  (mg/kg) 2917.42 333.71 

Fe  (mg/kg) 5.35 2.58 

Zn  (mg/kg) 4.10 0.78 

Mn  (mg/kg) 0.33 0.37 

 

3.3   Nutritional composition of gilthead sea bream after the feeding experimental trial 

3.3.1 Chemical composition   

Figure 3.1 shows the chemical composition of the sea bream fillets. The moisture content 

for all three batches was approximately 69 grams per 100 grams wet weight. The crude 

protein content was 20 grams per 100 grams, while the fat content was 9 grams per 100 

grams. No significant differences were found between the three analysed batches (control, 

ED1 and ED2) and the initial batch of juvenile sea bream. 
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Fig. 3.1. Comparison between the chemical composition (water, crude protein, crude fat and 

ash) of gilthead sea bream flesh fillets at the start (juveniles) and after feeding for 7-months 

on three different diets. 

 

Figure 3.2 summarizes the fatty acid (FA) profiles of three batches of gilthead sea bream after 

feeding for 7 months on three different diets. These profiles were then compared with the 

starting batch of juveniles.  

The following fatty acids (FAs) were present in the highest proportion among the samples:  

 Oleic acid (C18:1n9) accounted for around 33% in all three batches (Control, ED1 

and ED2) after the 7-month feeding trial. No significant differences were detected 

between the three final batches, and values remained consistent with the starting 

batch (juveniles).  

 Linoleic acid (C18:2n6) accounted for around 19% and showed no significant 

differences between the three batches after the feeding trial. However, a significant 

growth of approximately 5 percentage points was detected with respect to the 

starting batch (juveniles). This increase could be attributed to the change in diet 

between the juvenile phase and the specific fattening phase.  

 Palmitic acid (C16:0) accounted for 16-17% with no differences between the three 

post-trial samples. There was a slight decrease compared to the initial value (19%) 

of the starting batch (juveniles). 
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 Docosahexaenoic acid (DHA - C22:6n3) in ED1 and ED2 decreased slightly with 

respect to the control. It decreased by a good 40% (from 8% to 5%) after the feeding 

trial.  

 Overall, when analyzing the combined data for saturated, monounsaturated and 

polyunsaturated fatty acids (SFA, MUFA and PUFA) (Fig.3.3), no significant 

differences were found between the three groups. Results are consistent with 

published data on the same sector (D. Lenas et al. 2010; D. S. Lenas et al. 2011). 

 

Fig. 3.2. Fatty acid (FA) composition of gilthead sea bream: comparison between the initial 

population (juveniles) and after feeding for 7-months on three different diets (Control, ED1 

and ED2). 
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Fig. 3.3. SFA, MUFA and PUFA profiles for the initial gilthead sea bream population ( 

juveniles) and after feeding for 7 months on three different diets (Control, ED1 and ED2). 

Among the unsaponifiable fraction of lipids, no significant difference in the average 

cholesterol content was detected among the three samples after the feeding trial. It ranged 

between 67 and 70mg/100g (Fig. 3.4),  in line with data collected on the same farmed species 

by Orban et al. (2003). 
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Fig. 3.4. Cholesterol content in the initial gilthead sea bream population (juveniles) after 

feeding for 7-months  on three different diets (control, ED1, and ED2).  

 

The nutritional value of gilthead seabream, as well as the atherogenic index (AI) and the 

thrombogenic index (TI) were determined in specimens from all feeding trials. The lower 

these indices, the lower the probability of cardiovascular disease. Both AI indices and TI 

indices were calculated as follows: 

 
The values of the atherogenic (AI) and thrombogenic (TI) indices did not vary significantly 

among the three examined batches of sea bream (control, ED1 and ED2).  Values were in line 

with those reported (Álvarez et al. 2020) for the same species fed on an oil diet in which 75% 

of the fish oil was replaced by a vegetable oil.   

The total amino acid composition of fish fillets is shown in Figure 3.5. Glutamine was the most 

abundant amino acid (2.4 to 2.8 g/100g), followed by lysine (2.0 to 2.25 g/100g),  asparagine 

(1.9 to 2.1 g/100g) and leucine/isoleucine (1.8 to 2.3 g/100g). There were no significant 

differences observed among specimens fed on the three diets (control, ED1 and ED2). Overall, 

the amino acid profile of the fillets was similar to that reported by Kaya Öztürk et al. (2020) 

for the same species. 
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Fig. 3.5. Overview of free amino acid (FAA) concentrations (essential marked with *) in 

gilthead sea bream after the feeding trial  

 

Figure 3.6 presents an overview of the Free Amino Acid (FAA) profile. Leucine/isoleucine 

accounted for over 30% of the total FAAs (0.5/100g), while Glycine is the second most 

prominent FAA (0.2g/100g). Proline, glutamine, histidine, threonine, valine, alanine, Arginine 

and serine were all below 0.1g/100g. Phenylalanine, Tyrosine, Methionine, Asparagine and 

Cysteine were all below 0.05 g/100g. The study revealed no significant differences among the 

three tested diets. 
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Fig. 3.6. Overview of free amino acid (FAAs) concentrations (amino acids are marked with an 

asterisk) in gilthead sea bream after the feeding trial (phenyalanine, tyrosine, methionine, 

asparigine and cysteine values were <0.05 g/100g).  

 

The major mineral content is shown in Tables 3.7 and 3.8. As expected, all samples showed a 

high level of potassium and phosphorus (5 and 3 g/kg respectively) without significant 

differences between the three batches. The only element that stood out among the three diets 

was iron. which in the ED2 sample reached 5 mg/kg compared to 3 mg/kg in the control and 

ED1.  These results are consistent with those of (Öztürk et al. 2019) on muscles of the same 

species raised in Turkish waters and processed in the same season. 
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Fig.3.7. Mineral content (Na, K, Ca, Mg, P) in the initial gilthead sea bream population 

(juveniles) and after feeding for 7-months on three different diets (control, ED1 and ED2). 

 

Fig. 3.8. Mineral content (Fe, Zn, Mn) in the initial gilthead sea bream population (juveniles) 

and after feeding for 7-months on three different diets (control, ED1 and ED2). 

 

Table 3.5 shows the results of color analysis. The change in the color of GSB was evaluated 

based on L* (brightness), b* (yellowness) and a* (redness) values. The mean values of L* and 

a* were similar in the three batches (control, ED1 and ED2). However, compared to the ED1 

sample, the control and ED2 samples showed an increase in the yellow value (b*), which 
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according to Khayat and Schwall (1983) could be interpreted as an increase in muscle 

oxidation.  

Table 3.5. Average L*, a* and b* color values for gilthead seabream. 
 

L* 

 (lightness) 

SD a*  

(+red/-green) 

SD b*  

(+yellow/-

blue) 

SD 

Control 45.02 1.13 -2.79 0.18 3.81 0.75 

ED1 45.06 0.95 -2.41 0.47 2.28 0.57 

ED2 43.80 2.19 -2.41 0.63 3.67 1.20 

 

Table 3.6 summarizes the results of the Shear Force (SF) test carried out on the fillets of the 

three sea bream batches after feeding for 7-months on three different diets. The SF of the 

control batch and that of the ED2 batch are very similar (around 0.12 N/mm2), whereas that 

of the ED2 batch is almost twice as high. 

 

Table 3.6. Changes in the shear force of sea bream (control, ED1 and ED2) after feeding for 7-

months on three different diets (n=4). 

Sample 
Shear force 

(N/mm2) DS 

Control 0.12 0.06 

ED 1 0.21 0.13 

ED 2 0.12 0.03 
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1. Introduction

1.1 A brief taxonomic overview of commercial shrimps and
prawns

To this day, Holthuis (1980) and Chan (1998) are the reference works for those
interested in, or who wish to deepen their knowledge of, the systematics of
shrimps and prawns (scientifically better known as “Macrura Natantia”) of
interest to fisheries and aquaculture. There are more than 300 commercial
species, of which 100 are highly appreciated by gourmets from all over the
world for the quality of their meat (Bono, Gai, et al., 2012; Chan, 1998; Heu
et al., 2003; Rusanova et al., 2022).

Most of the commercial shrimps and prawns belong to the superfamily
Penaeoidea, which includes most of the highly valued commercial marine
shrimps, especially several species included in the Penaeidae family, followed
by about eight species in the Aristeidae family.

Other species of particular commercial importance are the giant river
prawn (Macrobrachium rosenbergii) and the oriental river prawn (Macro-
brachium nipponense), both members of the Palaemonidae family (both
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farmed and fished), followed by Pandalus borealis (Pandalidae family) and the
Akiami paste shrimp Acetes japonicus (Sergestidae family).

Most of the abovementioned Penaeidae species occur in shallow waters
along the continental shelf (from the infralittoral zone to a depth of 200 m),
whereas Aristeidae species occur along the slope (from a depth of 201 m to
about 1000 m). Many of the peneids that live in shallow waters can be either
wild or farmed, whereas species from the Aristeidae family are only wild. The
fishing of wild species mostly involves the use of bottom trawlers, traps and
other minor artisanal gear.

1.2 Shrimp and prawn fisheries and aquaculture production

The following tables show the most fished (Table 2.1) and the most farmed
(Table 2.2) shrimp and prawn species in 2020 (FAO, 2022). In the wild
captured group (3.3 million tonnes in 2020), excluding the nonspecific cate-
gory of Natantia, the most captured shrimp species were fleshy prawn Penaeus
chinensis (7% of total captured wild crustaceans), followed by the giant tiger
prawn Penaeus monodon, the northern prawn Pandalus borealis and the
Akiami paste shrimp Acetes japonicus. Among the aquaculture species, the
whiteleg shrimp Penaeus vannamei was the most farmed marine species (5.8
million tonnes, Tab. 1b) (FAO, 2022).

In the 2017e20 4-year period, global shrimp catches fluctuated between
3.4 and 3.1 million tonnes. This variability could be due to several factors:
(a) the crisis in marine captures that has invested China in recent years,
although it remains the world’s largest producer of marine shrimps, followed
by Ecuador, India, Indonesia and Thailand; (b) the strong decline in the

TABLE 2.1 Main wild commercial shrimps and prawns caught in 2020.

Common name

Scientific

name Family

Million

tonnes

Percentage of total

crustaceans (%)

Natantian decapods
nei, Natantia

0.82 15

Fleshy prawn Penaeus
chinensis

Penaeidae 0.37 7

Giant tiger prawn Penaeus
monodon

Penaeidae 0.3 5

Northern prawn Pandalus
borealis

Pandalidae 0.26 5

Akiami paste shrimp Acetes
japonicus

Sergestidae 0.25 4
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production of Akami past shrimp, which almost halved in just 4 years (from
0.45 to 0.25 million tonnes); (c) the increase in other important species such as
the northern prawn, which has remained constant (about 0.23 million tonnes),
the giant tiger prawn, which has increased significantly (from 0.24 to 0.3
million tonnes) and the fleshy prawn, which even doubled (from 1.8 to 3.7
million tonnes) (FAO, 2022). In this scenario, the role of inland shrimp catches
appears negligible.

As for the role of shrimp and prawns in aquaculture, their production has
increased steadily over the last decade: in 2020 they abundantly exceeded the
captured production, especially along the coasts of some developing countries
in Asia and Latin America, where the many brackish mangrove ponds lend
themselves well to the breeding of these species (FAO, 2022; Monsalve &
Quiroga, 2022; Hassoun, Prieto, et al., 2022).

In the central Mediterranean, especially after the Second World War, wild
shrimps (those from aquaculture did not exist yet) were considered a by-catch
and were therefore only consumed by fishermen or, in any case, by coastal
communities (perhaps following a barter) (personal data or last MS on the
GRS history). This was linked to the high perishability and well-known
blackening of these products, which made them unattractive and therefore
unmarketable already a few hours from capture.

Starting from the 1960e70s (during the economic boom), shrimps began to
be treated with synthetic antioxidants, especially sodium sulfites (Na2SO3).
Especially in the central Mediterranean shrimp fishing sector, sulfites were a
turning point in the production and consumption of shrimp in Europe: from an
almost exclusively local use, chemical antioxidants coupled with onboard
cooling systems (first only to refrigerate, then to freeze the products) made it
so that in less than a decade three of the most valuable wild shrimps

TABLE 2.2 Main shrimps and prawns farmed in 2020.

Common

name Scientific name Family

Million

tonnes

Percentage of

total crustaceans

Whiteleg
shrimp

Penaeus
vannamei

Penaeidae 5.8 51.7

Giant tiger
prawn

Penaeus
monodon

Penaeidae 0.7 6.4

Giant river
prawn

Macrobrachium
rosenbergii

Palaemonidae 0.29 2.6

Oriental
river prawn

Macrobrachium
nipponense

Palaemonidae 0.23 2
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(deep-water rose shrimp Parapenaeus longirostris, giant red shrimp Aristae-
morpha foliacea and red shrimp Aristeus antennatus) became the main target
species for bottom trawlers and a delicacy food.

To date, the deep-water rose shrimp is the most captured shrimp species
in the 200e400 m depth range, followed by giant red shrimp and violet
shrimp, which have been intensively fished since 1980 in the 400e800 m
depth range, especially in the central Mediterranean Sea (FAO GSAs 12, 15,
16, 21). From 2000 onwards, red shrimp fleets have shifted toward the
eastern sector of the Mediterranean Sea, toward Crete in particular (GSA 22
and 23), thanks to the Sicilian fishermen who were the first to exploit these
depths in search of the valuable crustaceans. Moreover, in the last 10e15
years, giant red shrimp capture by local fishermen has been observed off the
Egyptian coasts (GSA 26 and 27) (Fiorentino et al., 2024).

Further back in time, Carbonell et al. (1999) and Cartes et al. (2011) noted
that the first landings of valuable red shrimps (A. antennatus and A. foliacea)
in the western Mediterranean sector (especially in the Balearic Islands) were
recorded in around 1940. Similar observations can also be made for GSA 9,
where interesting yields were recorded starting in 1930 (Fiorentino et al.,
2024).

1.3 Shrimp and prawn consumption and consumer attitudes by
geographical area

In the second half of the last century, due to their high price, the consumption
of shrimps and prawns was mainly concentrated in high-income countries
(North America, Europe and Japan), where the consumption of aquatic food
products sometimes reached 80 kg per capita per year. This of course clearly
contrasts with low-income countries such as Afghanistan, Tajikistan and
Ethiopia, where total seafood consumption, let alone shrimp consumption, did
not exceed 1 kg per capita per year (FAO, 2022).

Thanks to the intensive farming of these precious crustaceans, their
increased availability in recent years has led to lower prices, promoting an
increase in per capita consumption (from 0.4 to 2.2 kg) between 1961 and
2019 (FAO, 2022).

The increasing popularity among consumers of shrimps and related prod-
ucts, which half a century ago were consumed only in the areas of production,
has attracted the attention of gourmets worldwide. Accordingly, more research
is required to extend shelf-life and quality through new tailored packaging
techniques.

As for consumer attitudes and acceptance, there aren’t many studies in this
sector. To the best of our knowledge, one of the first studies dates back to 1979
(Edmunds & Lillard, 1979); Mills (2001) completed a more recent study, but it
is only in 2006 that researchers (Erickson et al., 2007) conducted a more
complete study to determine the acceptability of shrimp samples based on their
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appearance, texture, flavor and aroma. In 2016, a couple of studies carried out
in Italy (Okpala, Bono, Pipitone, et al., 2016; Okpala, Bono, & Gancitano,
2015) provided further insight into how Italian consumers perceive wild
shrimps that are either chemical-treated or free of chemicals. Results found
that consumers favor chemical-free shrimp products and are willing to pay an
additional 15% for these.

2. Handling process

2.1 Handling of wild shrimp from fisheries

The most widely used gear to gather wild shrimp is the bottom otter trawl net
(Fig. 2.1) towed by a fishing vessel: depending on the country’s fishing ground
of interest and its relative distance from the coastline, these vessels can range
between 15 and 80 m of Length Overall (LOA) (Fig. 2.2). In some cases, a
single fishing vessel can simultaneously tow up to four trawl nets.

Over 90% of the wild shrimps and prawns arriving on consumer tables are
caught with bottom trawls like those shown in Fig. 2.2B. This fishing activity is
not sustainable, above all because the bottom otter trawl gear is not selective
enough: in addition to the target species (e.g., the above-mentioned pink and red
shrimps), it catches many other unwanted marine species (e.g., bony fish,

FIGURE 2.1 Schematic overview of bottom otter trawl. Shrimp trawls can be towed in

single or in multiples of two, three or four nets. Source: Australian Fisheries Management

Authority - https://www.afma.gov.au/methods-and-gear/trawling.
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elasmobranchs, cephalopods and other low-value crustaceans), the total weight
of which can reach or exceed that of the target species and which are generally
thrown out into the sea https://www.linkedin.com/in/gioacchino-bono-bb348844/
recent-activity/all/.

In contrast to the industrial shrimp fishery in Fig. 2.2B, characterized by a
high environmental impact, also in terms of energy consumption and CO2

emissions, a very ancient and little-known shrimp fishing tradition is still
practiced on horseback along the northwest Belgian coasts (Fig. 2.3). Fishing
is carried out by pulling a small trawl net (a funnel-shaped net held open by

FIGURE 2.2 (A) a small Spain fishing trawler (LOA 16e18 m; gross tonnage: 15e20); (B) the
ALTARIRE, a large fishing trawler of the UK fleet (LOA 80 m; gross tonnage: 3863). From Alamy

Stock Photo.
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two wooden boards) parallel to the coastline. A chain dragged over the sand
creates vibrations, causing the shrimp to jump into the net. Fishermen place
the catch in two typical baskets made from plant materials hanging at the
horses’ sides. This traditional and sustainable fishing activity plays a central
role in social and cultural events in the Belgian area, attracting over 10,000
visitors each year.

Other minor shrimp and prawn fisheries make use of special traps (or pots)
that are part of the local fishing tradition (Fig. 2.4) or, in a more industrial and
mechanized context, are attached to medium-to large-sized fishing vessels
(even over 30 m of LOA) capable of handling hundreds of small traps
(Fig. 2.5). The gear consists of a mainline and hundreds of secondary short
lines (snoods) to which the traps are attached at regular intervals and which are

FIGURE 2.3 Traditional shrimp fishing on horseback. From Alamy Stock Photo.

FIGURE 2.4 An example of traditional shrimp fishing using typical traps adapted to catch some

species of the genus Plesionika.
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set very close to the bottom. Although the first ancient fishery on Plesionika
narval can be considered a low-impact activity (due to the natural materials
and the low number of single traps used), according to Stevens (2021) the
mechanized trap fishing gear shown in Fig. 2.5A can cause significant damage
to benthic habitats (i.e., coral, sponges and other benthonic flora and fauna)
when the gear is set and then retrieved.

2.1.1 Onboard processing of wild shrimps

Right after the catch, shrimps are traditionally sorted by species and then by
specimen size (Fig. 2.6). Both these processes can be carried out manually
(Fig. 2.7) in small to medium fishing vessels (about 15e30 m of LOA) or
automatically (on board fishing vessels larger than 30 m of LOA) using a catch
separator coupled with a shrimp grading machine such as those shown in
Fig. 2.8.

Especially in the Mediterranean area, the subsequent stages of processing
include washing shrimp with abundant marine water and then manually
applying an antioxidant (i.e., sodium sulfite, 4-Hexylresorcinol) in order to
inhibit blackspot discoloration (Bono et al., 2010) (Fig. 2.9). The treatment
involves dipping shrimp in a seawater solution (4% w/v) of commercial
anhydrous sodium sulfite (shrimp-to-dipping solution ratio of 1:4) (Rusanova
et al., 2022). When the seawater or air temperature is above 20�C, it is pref-
erable to replace part of the marine water used to prepare the abovementioned

FIGURE 2.5 A Mediterranean fishing vessel (about 30 m of L.O.A.) with a fleet of shrimp traps

on the upper deck ready to be set on the main shrimp fishing grounds.
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FIGURE 2.6 A traditional Mediterranean selection of giant red shrimps (GRS) (Aristeomorpha

foliacea) and Blue and red shrimps (BRS) (Aristeus antennatus). From the largest (I) to the

smallest (IV) commercial category. Based on the fishing and processing areas, these four cate-

gories can be also labeled as “extra-extra large” (XXL), “extra large” (XL), large (L) and small (S).

FIGURE 2.7 Manual sorting and grading of giant red shrimp onboard the Italian trawler twenty-

two (April 2016; North of Creta Island, Mediterranean Sea).
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antioxidant solution with a fair amount of ice (flake ice or, even better, slurry
ice): this quickly reduces the core temperature of shrimps to about 0�C and
therefore slows down post-mortem degradation processes immediately after
capture.

FIGURE 2.8 Example of catch separator (A) and a compact shrimp grader (B) developed by

CARSOE for use both onboard medium fishing vessels and during onshore processing. Source:

https://carsoe.com/onboard-seafood-processing/shrimp/

FIGURE 2.9 Shrimps blackspot. (A) specimens of deep-water rose shrimp immediately after

the catch; (B) the same specimens after 5 h at 2�C without any chemical treatment. (C) Specimens

of giant red shrimp immediately after the catch; (D) the same specimens after 5 h at 2�C without

any chemical treatment.
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Other processing techniques that can already be implemented on board
medium-large fishing vessels include rapid cooking.

After antioxidant treatment, shrimp are landed as refrigerated or frozen
products. This depends on the vessel characteristics (size of vessel and on-
board shrimp preservation technologies), the duration of the fishing trip, and
the fishing area’s distance from the landing port. Fishing trawlers less than
20 m of LOA tend to carry out 1-to 4-day fishing trips: in this case the shrimp
can be landed under ice or refrigeration. Industrial shrimp fisheries operating
at great distances from the landing port (even hundreds of nautical miles), with
trips lasting even more than 3 months, require freezing as a preservation
method. More details about refrigeration and freezing methods are provided in
Section 3.

In addition to the traditional techniques involving the treatment of shrimp
with chemical antioxidants and subsequent refrigeration or freezing, in the last
10 years, thanks to scientific research in the sector (Bono, Badalucco, et al.,
2012; Bono et al., 2016), it has been possible to preserve shrimp in a modified
atmosphere and/or skins directly on board fishing vessels capable of housing
the technologies shown in figures Figs. 2.10 and 2.11. This new packaging
method, carried out directly on board within no more than 2 h from capture,

FIGURE 2.10 Onboard packaging of deep-water rose shrimps using a semi-automatic

machine for modified atmosphere packaging (100% nitrogen) (Mondini, Brescia, Italy).

Shrimps are packed in semi-rigid A.PET/EVOH/PE barrier trays (volume: 1800 cc; laminate

density: 1.39 g/cm3; thickness: 500 mm) with an oxygen permeability of 1.8 cm3/m2/day/atm and

water vapor permeability of 4 g/m2/day (Arcoplastica srl, Andenzeno, Italy). The trays are heat-

sealed with a multiflex OPP/EVOH/PE film (weight: 72 g/m2; thickness: 75 mm) with an O2

permeability of 3 cm3/m2/day/atm, a CO2 permeability of 10 cm3/m2/day/atm and a water vapor

permeability of 3 g/m2/day.
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can be used to preserve shrimp without the need for chemical additives (sul-
fites, r4-Hexylresorcinol, etc.) and therefore to distribute a genuine product
with the taste and smell of the freshly caught one.

2.2 Handling of shrimp and prawns from aquaculture activities

2.2.1 Preliminary processing after the harvest

As with wild shrimps and prawns, most of the handling protocols for farmed
products immediately after the harvest must be carried out quickly and at
temperatures close to 0�C.

In light of this, during the operations following shrimp and prawn har-
vesting, cooling is generally carried out by immersing shrimps and prawns in
tubs containing water mixed with ice. Where possible, inside the product
processing structures, cooling of the entire processing room is preferred.

According to the rich literature in the field (Sipahutar et al., 2020; Okpala
& Bono, 2016; Bono, Badalucco, et al., 2012; Okpala, Bono, Cannizzaro, &
Jereb, 2016; Göko�glu, 2021) the application of low temperatures as early as
possible (i.e., cooling of products by dipping them in a 1:1 mixture of seawater
and ice until the core temperature of shrimps reaches 0�C) is the most effective
and common method to maintain the freshness of shrimp and other seafood
products.

FIGURE 2.11 Automatic onboard packaging of giant red shrimp under skin-vacuum technology.

www.facebook.com/gioacchino.bono.980/videos/120396639300418
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Some shrimp species require immediate cooling after harvesting, espe-
cially in cases where the product (i.e., Penaeus vannamei, Penaeus monodon,
Penaeus japonicus,Macrobrachium spp) must be kept alive until it reaches the
market and/or is consumed (fish markets, restaurants, etc.). Lowering the
temperature of the product has an anesthetic effect and reduces metabolic
activity, thereby reducing stress and mortality during transport.

However, aquaculture makes extensive use of chemical anesthetics such as
2-phenoxyethanol, quinaldine, benzocaine, Aqui-STM and methomidate,
which can be toxic to both humans and the environment (Li et al., 2018).
Among other things, the treatment of marine organisms with these anesthetics
requires a recovery period of at least 21 days before the product can be
consumed. The same authors propose natural anesthetics such as eugenol,
extracted from cloves, which has proven to be relatively safe and effective on
crustaceans.

The best methods for keeping shrimp alive during transport involve
keeping them in tubs of water, preferably equipped with a closed water
recirculation system able to maintain a constant temperature and oxygenation.
In the case of short trips, it is possible to wrap the prawns in specially
moistened and chilled sawdust (Göko�glu, 2021).

Once they arrive at their destination, the prawns are usually brought to
room temperature and the effects of anesthesia are reversed.

2.2.2 Grading

As in the case of onboard wild shrimp processing, farmed shrimps can be
graded manually, especially in small medium companies, or using a me-
chanical grader such as that shown in Fig. 2.8B. In the latter case, the shrimp
are distributed evenly on two oscillating screens with adjustable rails that
separate them according to a set size.

3. Different storage conditions

3.1 Prompt postharvest cooling of shrimp and prawns to slow
metabolic degradation and prolong shelf life

Compared to many meat products of terrestrial origin, fishery and aquaculture
products, including shrimps and prawns, have a high perishability index, partly
due to their high water content, the presence of enzymes belonging to the
family of polyphenol oxidases (PPOs) and their pH: these factors compromise
their texture (firmness, elasticity and chewiness), color (both due to melanosis
and dehydration of the exoskeleton), total microbiological load (TPC) and
consequently the values of trimethylamine (TMA-N) and total volatile basic
nitrogen (TVB-N), as well as the primary (Peroxide Value) and secondary
(TBARS) oxidation of the lipid component (Srinivasan et al., 2020; Okpala &
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Bono, 2016; Okpala, Bono, Cannizzaro, & Jereb, 2016; Göko�glu, 2021; Bono
et al., 2010).

For this reason, immediately after catching (wild shrimps) or harvesting
(farmed shrimps), the products should be immediately cooled and then kept at
temperatures not exceeding 4�C, irrespective of whether they are intended to
be marketed as fresh products or are waiting to be frozen to considerably
lengthen their shelf-life. In particular, the product should be rapidly cooled
after capture, especially when fishing operations or harvesting are carried out
during the summer season and, in any case, when the air temperature exceeds
20�C or when the products are directly exposed to the sun and wind (Bono,
Badalucco, et al., 2012; Göko�glu, 2021).

Pre-cooling of shrimps and prawns is therefore essential to preserve the
high quality of the product and prolong its shelf-life until it is consumed.

The most effective pre-cooling method in the fish sector is hydrocooling,
which is performed by immersing the product in mechanically refrigerated
water (Fig. 2.12) or by manually adding a suitable quantity of ice to keep the
liquid temperature at around zero. Air pre-cooling is not recommended as it is
much slower than hydrocooling.

If the preservation process involves treatment with antioxidants (sulfites, 4-
Hexylresorcinol, etc.), product pre-cooling should be carried out before anti-
oxidant treatment to avoid antioxidant leaching in the outermost tissues
(mainly the exoskeleton) of the shrimp. It is possible to combine the two
processes by adding the right dose of antioxidants directly to the container
with water and ice used for the pre-hydrocooling of shrimps.

3.2 Traditional storage of shrimp with flake or crushed ice

In the case of wild shrimp and prawns, preservation under ice is mainly
practiced by small coastal fishing vessels which land the product daily or at
most every two-three days. This is to allow sufficient time for the product to be

FIGURE 2.12 (A) shrimps hydrocooling machine implemented onboard a Mediterranean bottom

trawler; (B) conventional hydrocooling method adopted by small-medium shrimp trawlers.

Courtesy of ALFACOLD srl, Italy.
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first sold and then consumed within the canonical 7e8 days of maximum
shelf-life extension based on the acceptable limits of TCP, TMA-N, TVB-N
and PV (Okpala, 2014). Technically, different types of boxes in synthetic
plastic, polystyrene (preferably made with recycled materials) or the newest
bioplastic materials with reduced environmental impact can be used for stor-
age under ice. In order to cool the product in the best possible way and to
ensure maximum shelf-life, it is preferable to place layers of flake or crushed
ice in the box with layers of shrimp in almost equal proportions (shrimp/ice
ratio: 1:1 (w/w)) (Fig. 2.13).

The ice can be produced on land and then stored on board in a cold room,
for example the same one in which the products will then be stored, or it can
be produced directly on board. This is possible thanks to the vast range of ice
generators that can be mounted on board medium and large fishing vessels
(Fig. 2.14).

In order to reduce unwanted bacterial contamination of the product due to
poor quality ice (e.g., ice produced from seawater or microbiologically impure
water), the latter could be pre-treated with ozone, which is known to have
powerful bactericidal and virucidal effects. This kind of treatment has, among
other things, significantly prolonged the shelf life of various fishery products
(Bono & Badalucco, 2012; Okpala, Bono, Abdulkadir, & Madumelu, 2015;
Bono et al., 2017).

The product must subsequently be kept in the refrigerator at a temperature
of 0e4�C. The treatment of farmed prawns is very similar, especially in
geographic or market contexts in which the supply chain favors the commerce
of fresh products for short-term consumption.

FIGURE 2.13 An example of thermal polystyrene box with shrimps stored under two layers of

flake/crushed ice. The shrimp/ice ratio may be modified according to the ambient or refrigerator

temperature.

The impact of the handling process and different storage Chapter | 2 41

150



One of the weaknesses of using flaked and/or crushed ice is linked to the
potential mechanical damage caused by the weight of hard pieces of ice,
especially to small shrimp (with a relatively soft exoskeleton) or decapitated or
yet to be peeled shrimps.

3.3 Slurry ice as a gentle solution for fresh shrimp storage

Since its industrial introduction around the 2000s, slurry ice has been shown to
extend the shelf-life of many fishery and aquaculture products. Composed of a
mixture of small ice particles and a carrier fluid, generally freshwater or a
solution capable of lowering the freezing point (containing sodium chloride,
ethanol, ethylene glycol or propylene glycol), slurry ice provides a higher heat
transfer coefficient than flake or crushed ice (Göko�glu, 2021) (Fig. 2.15).

FIGURE 2.14 Flake ice machine implemented onboard a Mediterranean shrimp trawler

(LOA: 25e35 m). Courtesy of Frigotecnica soc. coop. (Mazara del Vallo, Italy).

FIGURE 2.15 Box of deep water rose shrimp (Parapenaeus longirostris) under slurry-ice.
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Zhang et al. (2015) tested the effects of slurry ice on Pacific white shrimp
(Litopenaeus vannamei) and compared the results with a sample preserved in
flake ice. This study revealed a significant reduction in TVB-N and TBARS,
two of the most important parameters used to monitor the quality and shelf-life
of fish products in general. The resulting microbial growth, springiness and
chewiness variables were comparable to those of flake ice-treated samples.
Furthermore, research on the possible application of slurry ice to other fish
products has also provided good results which could therefore also apply to
shrimps and prawns. In this regard, Zhang et al. (2022) recently confirmed that
slurry ice combined with chitosan yielded better results than traditional sus-
pensions. Improved performance has also been obtained by combining liquid
ice with ozone to reduce total bacterial growth (Bono et al., 2017; Chen et al.,
2016; Zhao et al., 2022), and by combining slurry ice with slightly acidic
electrolyzed water (Liu et al., 2021).

3.4 Superchilling

The current international guidelines for the transport and storage of refrigerated
fishery products refer to temperatures slightly higher than that of melting ice,
more precisely 0e4�C (Duarte et al., 2020; Banerjee & Maheswarappa, 2019).

In this regard, the European Food Safety Authority (EFSA) confirmed that
pre-packed fresh fishery products stored at refrigeration temperatures above
0�C (e.g., 3e5�C) comply with the current international rules (European Food
and Safety Authority, 2015).

However, from the late 1980s to the present, over 56 studies [data from
SCOPUS database searching for: (TITLE-ABS-KEY (superchilling) AND
TITLE-ABS-KEY (shrimp) ORTITLE-ABS-KEY (fish) ORTITLE-ABS -KEY
(seafood)) have shown that maintaining the temperature of the products between
�3 and 0�C (i.e., between the freezing point and the temperature of traditional
refrigeration) significantly extends the shelf-life of fish and shellfish and keeps
both biochemical and microbiological spoilage within acceptable limits.

Zeng et al. (2005) showed that super chilling (�1.5�C) extends the shelf-
life of coldwater shrimp (Pandalus borealis) with respect to storage in flake ice
and liquid ice at 1.5�C.

A recent scientific opinion produced for EFSA (Koutsoumanis et al., 2021)
extensively analyzed the use of the super chilling technique and compared
superchilled fresh fishery products with products preserved in boxes with ice (the
currently authorizedpractice) in termsof survival and growthofbiological hazards.

3.5 Freezing

The rapid freezing of shrimp and prawns at a temperature lower than �40�C,
especially if done shortly after catch or harvest, and storage at a constant temperature
is a suitableway of preserving these fine seafood products for a long period of time.
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In agreement with Jiang and Lee (2005), freezing inhibits the growth of
poisonous bacteria and greatly reduces the biochemical reactions that normally
occur in chilled seafood products. Technically, the freezing process, whether
carried out at �40�C or at even lower temperatures, can be considered
completed when most of the freezable water at the thermal center of the
product has reached a temperature of at least �10�C. The higher the cooling
rate, the greater the number of ice crystals that will form and the smaller their
size: This is to the full advantage of the quality of the shrimp muscle, which
will be less damaged and have a better texture. Furthermore, a higher freezing
rate will result in: a lower migration of water from the muscle cells to the
extracellular space (with a significant reduction in drip loss during the thawing
process), a lower rate of water evaporation from the product (Jiang and Lee,
2005) and, according to Hu et al. (2021), a lower rate of protein hydrolysis and
consequent destruction of muscle fiber structure, which is partly due to the
action of cathepsins. It should be also noted that moisture loss occurs during
pre-freezing and subsequent storage: this is reduced in whole shrimps (due to
the resistant exoskeleton) with respect to peeled shrimps.

In agreement with Jiang and Lee (2005), shrimp desiccation during
freezing can be significantly reduced by packaging the product in a material
(generally plastic trays and/or bags) with low water vapor permeability and
reducing headspace between the product and the packaging materials as much
as possible. The added value of this technique is shown in the shrimps packed
under the skin of Fig. 2.11 compared with Fig. 2.16 where, due to temperature

FIGURE 2.16 A thermo-sealed tray of frozen deepwater rose shrimps with evident signs of frost

and desiccation as a consequence of ice that sublimed and condensed on the internal side of the

packaging film due to temperature fluctuations during storage.
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fluctuations, the ice of shrimps sublimed and consequently condensed on the
inside wall of the upper packaging film.

Another important consequence of the temperature variations (or even cold
chain interruptions) that can occur during frozen storage is the formation of
white spots on the exoskeleton of shrimp, which alter their pigmentation and
therefore their appearance.

In conclusion, fast freezing is recommended over slow freezing which, as
mentioned above, causes the formation of large extracellular ice crystals with
consequent damage to cell membranes and therefore to the muscle. However,
recent evidence from two species of bony fish has revealed that ultra-fast
freezing with liquid nitrogen can cause tissue breakdown and reduce water-
holding capacity (Jiang et al., 2018; Lv & Xie, 2021).

Therefore, according to Hassoun et al. (2020), the freezing method,
whether “fast” or “slow”, must be carefully defined according to the type, size
and structure of the product to be preserved and the potential effects that the
chosen technique determines on the quality of muscles.

With regard to the choice of the best storage temperature, if on the one
hand the literature of the last few decades has indicated �18�C as a good
compromise between maintaining product quality and plant management costs
(Blond & Le Meste, 2004), Tolstorebrov et al. (2016) observed that the op-
timum temperature for long-term storage of fish products is �35�C, and that
even lower storage temperatures are uncalled for. However, Ji et al. (2021)
argued that storage of greasyback shrimps (Metapenaeus ensis) at �60�C can
better maintain their quality in terms of water-holding capacity, denaturation
and protein oxidation when compared to frozen storage at �18�C.

3.5.1 Freezing techniques

As for the freezing techniques, air blast freezers equipped with suitable
coolers and fans can guarantee a moderate freezing rate and a good quality
product. However, when using this technique it is important to ensure that
each product tray is efficiently and equally exposed to the current of cold air
(Jan 2004). This technique is particularly recommended in the case of
prawns, whereas the plate freezer lends itself better to other fish products
having a greater contact area with the metal freezing plates. Furthermore,
considering that freezing the shrimp immediately after capture, i.e., directly
on board, guarantees longer shelf-life and therefore product quality, an
advantage of this technique is that it can be easily implemented in a small
space, therefore also onboard small/medium-sized fishing vessels (even
those with around 15 m of LOA).

As the tonnage of the fishing vessel increases, or in the case of land-based
plants where farmed shrimps are also processed, the air blast technique can
include more effective technologies such as tunnel freezers, belt freezers and
fluidized freezers.
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In order to further improve the quality of frozen products, new techniques
have been developed in recent years: their effectiveness should also be tested
on crustaceans and on prawns in particular. These include pressure-shift
freezing (PSF), ultrasound-assisted freezing (UAF), electrically assisted
freezing, and magnetically assisted freezing (Li et al., 2022; Zhan et al., 2018;
Hassoun, Siddiqui, et al., 2022).

3.5.2 Freeze-thaw cycles

Freezing is an excellent method for the long-term preservation (up to
18 months) of fish products and of shrimp in particular. However, the products
may undergo temperature variations, for example during transport or during
any phases of industrial processing (for example decapitation and/or peeling),
or even in restaurants and at home.

Temperature variations during storage and/or transportation, or partial
thawing (known as tempering) and refreezing in the case of processed
products, induce important changes in the quality of the shrimps such as
dehydration, drip-loss (therefore weight loss), fat rancidity, unpleasant taste,
etc.

To overcome these chemical-physical, structural and sensorial changes,
various solutions/products have been tested in recent years. Although mix-
tures of phosphates and NaCl have provided good results, their improper use
can cause further deterioration as well as health problems. Recent studies
therefore aim to overcome these effects with new, lower impact solutions.
Among these, by way of example, Wachirasiri et al. (2019) investigated the
effects of lysine and NaHCO3 on thawing loss and shrimp texture, with
significant results in terms of reduced thawing loss during different freeze-
thaw cycles in Pacific white shrimp (Penaeus vannamei). Moreover, Zhang
et al. (2021) achieved interesting results through radio frequency tempering
to inhibit/reduce melanosis and protein oxidation in Pacific white shrimp
during freeze-thaw cycles.

3.6 Onboard cooking

Where possible, for example on board medium/large fishing trawlers, the
freezing and/or refrigeration of prawns could be combined with pre-cooking,
preferably immediately after the catch.

In order to minimize product quality deterioration such as damage to cell
structure, drip loss and sensory degradation, the cooking time must be as short
as possible (no longer than 5 min): this is possible by keeping the ratio be-
tween the weight of the prawns and the volume of the cooking water to around
1:5 (w/v). Cooking must be followed by rapid product cooling under rigorous
hygienic conditions that prevent any bacterial contamination.

Several shrimp cookers suitable for small as well as large fishing vessels
and onshore production plants are available on the market.
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4. Quality changes

4.1 Physicochemical changes

4.1.1 pH changes during fresh and frozen storage

Immediately after capture, namely in the case of a product not yet treated with
antioxidants, the pH of both wild and farmed shrimp remains around neutral
(7.0) (Bono, Badalucco, et al., 2012; Goncalves et al., 2003; López-Caballero
et al., 2007). During refrigerated storage the pH may slightly increase due to
microbial and enzymatic reactions (Basiri et al., 2015; Nirmal & Benjakul,
2011; Rezaei et al., 2023), leading to the formation of some basic substances
(TMA, therefore TVB-N, and biogenic amines).

Freezing seafood leads to a change in pH (usually a reduction) due to the
precipitation of salts such as phosphate and other modifications in dissolved
and colloidal substances (Jiang and Lee 2005). In the case of shrimp, after the
usual anti-melanotic treatment to prevent blackening, the pH tends to increase
slightly during storage due to the high alkalinity (pH 8.5) of the salts used
(e.g., sodium sulfite) (Na2SO3) as antioxidants. This increase in pH is also due
to the production of dimethylamine (DMA), which is considered another
important component of TVB-N, especially in frozen seafood (Bono, Bada-
lucco, et al., 2012). Tsironi et al. (2009) and Jin et al. (2018) observed a similar
increase in pH during the frozen storage of two other species of shrimp.

4.1.2 Changes in color, texture and water content during fresh
and frozen storage

One of the main problems encountered during the handling and storage of
fresh and frozen shrimp is the rapid formation of black pigments (i.e., mela-
nosis) after catching. At ambient temperatures (18e25�C) and in contact with
atmospheric oxygen, melanosis occurs no later than 2 h after death (Fig. 2.9).
During the product processing phase (grading, handling, etc., both on board
and ashore), the only remedy to slow down this process e prior to antioxidant
treatment e is to quickly lower the product temperature to about 0�C degrees.
To definitively stop the blackening, the shrimp must then be treated with an-
tioxidants (currently the most effective ones are chemical, although some
interesting natural products are emerging) or be frozen and packaged in an
oxygen-free environment, as in the case of vacuum/skin or modified atmo-
sphere packaging (Bono et al., 2016; Bono & Badalucco, 2012). For instance,
Fig. 2.17 shows a specimen of giant red shrimp packed for 6 months under
modified atmosphere packaging (100% nitrogen). The sample shows no sign
of oxidation or external dehydration: the tail appears very shiny and trans-
lucent compared to the GRS specimens on the right, which are dehydrated and
oxidized, with signs of blackspot due to poor preservation techniques.

Frozen shrimp, like most fish products, undergoes a series of muscle changes
caused by the formation of dimethylamine (Bono, Badalucco, et al., 2012)
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and formaldehyde (from the breakdown of trimethylamine oxide), which
gradually modify the texture (firmness/tenderness, cohesiveness and juiciness)
and therefore the palatability of the product by binding to the proteins. In this
regard, a study by Tsironi et al. (2009) on Mediterranean shrimp stored at
different temperatures (�5,�8,�12 and�15�C) found small variability among
frozen storage times (up to 350 days), suggesting that changes in texture pa-
rameters are not good indicators of quality deterioration.

Considering the role of environmental oxygen in the physiochemical
degradation of shrimp, cheaper techniques generally adopted in the case of
frozen products is glazing, which retards both dehydration and lipid
oxidation.

Moreover, according to Jiang and Lee (2005), the main physiochemical
changes in frozen shrimps occur at temperatures between the freezing point
and �10�C. Shrimps should therefore be kept within this temperature range as
little as possible, both during freezing and thawing.

The described physical-chemical changes are obviously less evident in
fresh shrimps, which maintain their palatability, smell and taste for three-four
days when stored at temperatures of 2e4�C, and for a few more days (max
5e6) under superchilling conditions (near the freezing point). After this time
psychrophic bacterial growth can no longer be controlled and the product
undergoes rapid deterioration.

As for melanosis, this process can be kept under control in refrigerated
products without resorting to the use of chemical additives. In this regard,
Fig. 2.18 is an interesting example of deep-water rose shrimps packed under
nitrogen (100%) and stored for 6 days (T ¼ 1�C) without chemical additives
(authors’ unpublished data), compared to the control sample (shrimps in a petri
dish) kept at the same temperature but under atmospheric air.

In addition, both fresh and frozen shrimps have a longer shelf-life than the
peeled and/or minced product, as such processing causes tissue damage and
subsequent deterioration.

FIGURE 2.17 (A) GRS specimens packed under modified atmosphere packaging (100% N2);

after 6 months of storage at �18�C the shrimps show no sign of oxidation, external dehydration or

blackspot; the tail meat is shiny and bright; (B) dehydrated and oxidized GRS specimens with

signs of blackspot due to poor preservation; the meat tail is opaque and shows clear signs of

dehydration.
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Other techniques used to curb melanosis and other degradative phenomena
in shrimp during their shelf-life is rapid cooking, as mentioned in Section 3.6.
In this regard, a recent study by Gringer et al. (2020) on changes occurring in
steamed cold water shrimps (Pandalus borealis) compared to uncooked
samples, revealed that the steaming process (90 s at 100�C) increased the
springiness and decreased both the hardness and chewiness of products.

4.2 Biochemical changes

4.2.1 Changes in nutritional composition

Overall, both whole shrimps and tails have a high water content. In wild deep
red shrimps, it ranges between 68% and 75%. Proteins are more concentrated in
the tails (22%) and lower in the cephalothorax (12%). This difference is mainly
attributed to the high fat content (about 10% between triglycerides and polar
lipids) present in the hepatopancreas and in female gonads (Fig. 2.19), espe-
cially during the reproductive season which generally coincides with summer. In
contrast, the tails of males and females have a relatively low lipid content (2%)
and are therefore an excellent seafood for balancing nutrients; they are also rich
in proteins and contain a good level (about 35%) of polyunsaturated fatty acids.
Among the fatty acids, a study carried out on Mediterranean red shrimps (Bono,
Gai, et al., 2012) detected the highest values for palmitic acid (15%e18%),
oleic acid (20%e28%), eicosapentaenoic acid (EPA, 9%e15%) and docosa-
hexaenoic acid (DHA, 16 27%). The lower linoleic acid values may be related
to the omnivorous habit of wild shrimp. High LA contents are generally found
in the flesh of cultivated shrimp such as Fenneropenaeus indicus and Litope-
naeus vannamei (Ju et al., 2009; Ouraji et al., 2009).

4.2.2 Spoilage mechanisms during fresh and frozen storage

4.2.2.1 TVB-N

Total volatile basic nitrogen (TVB-N) is widely used to detect the bacterial and
enzymatic breakdown of nitrogen compounds (dimethylamine, trimethyl-
amine, ammonia and other minor volatile basic nitrogen compounds) present
in seafood products.

FIGURE 2.18 A tray of deep-water rose shrimps packed under a modified atmosphere (100%

N2) and stored at 1
�C for 6 days compared to a sub-sample (in the petri dish) of the same lot kept at

1�C under air.
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TVB-N has been studied extensively in shrimp, although results have not
always converged. Overall, according to the valuable literature on the subject
(Angel et al., 1981), a TVB-N value higher than 30 mg/100 identifies serious
product deterioration. As for trimethylamine, a value of 5 mg/100 g is the
threshold limit for spoilage of seafood and refrigerated shrimp in particular
(Zeng et al., 2005), while dimethylamine production is considered the major
compound of TVB-N in frozen seafood (Botta, 1995). It is also undisputed that
this parameter is strongly influenced by storage temperature, i.e., the lower the
temperature the better. However, in some case studies, values higher than the
TVB-N threshold mentioned above have been detected (López-Caballero
et al., 2002; Mendes et al., 2005), for example in deep-water rose shrimp
and giant red shrimp after 3 days of rapid freezing performed on board a
fishing trawler (Bono & Badalucco, 2012; Bono et al., 2016). Bono et al.
(2016) therefore argued that TVB-N in shrimp must be studied further to
define the limit of acceptability, especially in frozen products treated with
sulfite.

Remaining in the field of shrimp stored in a modified atmosphere, Wang
et al. (2016) reported good results in the control of TVB-N in Pacific white
shrimp (L. vannamei); however it would seem that an increase in CO2 in the
adopted gas mixture leads to an increase in TVB.

FIGURE 2.19 Above: an example of a red shrimp with a mature gonad visible through the

carapace. Below: detail of the gonad after partial removal of the carapace.
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Other similar studies such as that of Zhang et al. (2015), always on Pacific
white shrimp, found TVB-N values lower than 20 mg/100 g after 16 days of
refrigerated storage in slurry ice.

4.2.2.2 K-value

The K-value is frequently used as an indicator of shrimp freshness. It is
determined by quantifying adenosine triphosphate (ATP) and its associated
compounds such as adenosine diphosphate (ADP), adenosine monophosphate
(AMP), inosine 50-monophosphate (IMP), inosine (HxR) and hypoxanthine
(Hx). As reviewed by Pan et al. (2019), a K-value of about 20% is an indi-
cation of good product quality, whereas a higher value indicates an increase in
ATP degradation (60% is the rejection point).

According to Nirmal and Benjakul (2009), natural plant extracts such as
catechin could be excellent antioxidants, working especially against the
degradation reactions that lead to an increase in K value.

While frozen storage of shrimps can slow down the degradation of ATP-
related compounds, these increase significantly after one 24 h at 25�C
(Huang et al., 2016).

4.2.2.3 Lipids

Due to the high presence of unsaturated fatty acids, aquatic products (and
crustaceans in particular) undergo oxidative phenomena (otherwise known as
rancidity) faster than meat products of terrestrial origin.

Lipid degradation in meat products occurs in two phases: the first, primary
oxidation phase starts with the loss of polyunsaturated fatty acids and leads to
the formation of hydroperoxides (products which are generally measured
through the Peroxide Value, PV), whereas the second phase starts with the
formation of carbonyls and leads to the formation of malondialdehyde
(measured through the TBARS test).

Fat degradation processes eventually lead to the production of aldehydes,
ketones and inferior fatty acids, which, as they react with proteins, phospho-
lipids and DNA, produce off-flavors and odors and, in extreme cases, are
responsible for harmful effects on human health (Pan et al., 2019).

However, according to Tsironi et al. (2009) and Bono et al. (2016), the
TBARS value in shrimp fluctuates without any clear tendency during frozen
storage, so that this value alone cannot be used as an indicator of lipid
oxidation.

4.3 Microbial

The autochthonous microbial community (microbiota) of aquatic products is
qualitatively and quantitatively correlated with the environment in which the
same products were fished or farmed. The autochthonous bacterial flora of fish
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can be divided into Gram-negative (Photobacterium, Acinetobacter, Vibrio,
Flavobacterium, Moraxella, Shewanella, Aeromonas, Pseudomonas, etc.) and
Gram-positive organisms (Brochothrix, Bacillus, Clostridium, Micrococcus,
Lactobacillus, etc.) (Anagnostopoulos et al., 2022; Odeyemi et al., 2018).
During the farming, fishing and processing phases (decapitation, evisceration,
filleting, etc.) the fishery products can be contaminated by pathogenic bacteria
such as Staphylococcus aureus, Escherichia coli, Shigella spp., Salmonella
spp, especially when these are processed in unhygienic conditions. Based on
the optimal growth temperature, the bacterial community can be divided into
mesophiles (20e45�C) and psychrophiles (<0e20�C).

From a microbial standpoint, a recent study by Parlapani et al. (2020)
revealed the presence of bacterial species, such as Staphylococcus, Legionella,
Acinetobacter, Bacillus, Escherichia, Shigella, Enterococcus, Enterobacter,
not typically associated with shrimp. This kind of contamination can therefore
be attributed to environmental contamination and must be kept in check
through the introduction of good hygiene practices.

5. Conclusions

For some decades now, shrimp fishing, farming and consumption have grown
significantly, revolutionizing the relationship between man and seafood. While
from the standpoint of food availability (in agreement with some of the recent
17 UN Sustainable Development Goals) this can be considered good news,
from an ecological perspective the huge increase in the production of shrimp
and its unregulated exploitation (heavy in many waters of the world), may
have important consequences on the overall availability and conservation of
marine resources, possibly leading to habitat degradation and biodiversity loss.
The intensive use of land and freshwater resources (i.e., rice fields and man-
groves) for shrimp farms, which seriously impact agricultural activity and the
environment, should come under greater scrutiny.

The handling processes and storage conditions, methods and applications
presented in this chapter clearly demonstrate that many tools and techniques are
available to maintain the high quality of shrimp and extend its shelf-life, even in
an increasingly globalized world in which it is now possible to consume in a
large European city live prawns caught on the other side of the world.

This chapter has shown how shrimp is handled and stored, especially on
board fishing vessels. In addition, some sections discuss the potential use of
relatively new packaging techniques, such as protective atmospheres, to sub-
stitute the chemical additives widely used to combat melanosis.

Lastly, in a globalized food system where seafood products often travel
faster than other goods, traceability is very important and must be improved so
as to adequately inform consumers about the identity and quality of the
product they are eating. The introduction of new techniques will improve the
quality and image of these valuable aquatic products in the years to come.
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Main funding and final remarks 

 
“The first law of ecology is that everything is connected to everything else.”  

Aldo Leopold 

  

In marine science, and particularly in fisheries research, the term 'sustainability' is often associated 

with the protection and conservation of aquatic resources and, in particular, with safeguarding their 

biodiversity. The easiest and perhaps simplest way to ensure this is to reduce fishing in areas of particular 

ecological importance (e.g. nursery areas of target species) and to bring the indices of resource exploitation  

within the MSY range.  

However, sustainability approaches should protect not only the marine environment but also the 

fishermen, i.e. those who, over the millennia, have used these resources initially for subsistence and later for 

enterprise/development. An overall vision is required, one that considers the human component of 

"sustainability". In this case, it is important to ensure the survival of natural resources as well as of the 

communities that feed and live off them. 

In this context, my thesis addresses two main issues that all stakeholders in the fisheries sector must 

consider in order to preserve this ecosystem: emerging pollutants (e.g. microplastics, which are a problem for 

aquatic resources and for those who consume them) and, with regard to the balance between resource 

exploitation and renewal, valorizing the catch in response to the call to fish less. 

Emerging Contaminants in fishery resources  

This chapter addresses the issue of pervasive marine pollution, focusing on microplastics and other 

contaminants. Research has shown that contamination of marine species represents a substantial health hazard 

to marine life and may also pose a risk to humans who consume contaminated seafood. Findings from this 

study help understand the risks posed by different kinds of pollutants. This is particularly important, as 

awareness of the potential risks and prevalence of pollutants in commonly consumed commercial species 

enables informed decision-making, minimizing or avoiding the risks associated with the ingestion of 

contaminated seafood or fish.  

According to our studies, particularly those on Raja clavata, the probability of finding significant quantities 

of microplastics in the muscle of the aforementioned elasmobranchs is increasing. This finding, which will 

soon be further explored (also with the help of other international experts in the field), raises concern about 

the transport of such pollutants from the intestine and/or gills to the edible tissues of fish: given the global 

increase in the consumption of fish products, this is not only an environmental problem (sensu lato) but also a 

human health issue.  

Postharvest Technologies and Enhancing the Quality of Seafood  

This section focuses on two other important aspects concerning the seafood sector, namely (1) the 

quality and nutritional value of the species of greatest interest to fishermen and consumers, one of which is the 

Mediterranean deep water rose shrimp, and (2) the origin of the Norway lobsters found in fish retailers, 

restaurants and supermarkets. With regard to the first point - the quality and safety of pink shrimp - our work 

«The effects of storing shrimp in a protective atmosphere (i.e. without the known chemical additives such as 

sulphites) on the free amino acid (FAA) composition of the deep water rose shrimp (Parapenaeus 

longirostris)» not only demonstrated the high nutritional value of these crustaceans in terms of free amino 

acids (especially the essential ones, but also those such as argine, glycine and proline that typically make these 

products sweet) but also revealed that it is possible to reduce the use of chemical additives such as sulphites 

while maintaining high quality standards. As for the Norway lobster, by comparing specimens caught in the 

Mediterranean with those from Northern European waters (often fraudulently marketed as Mediterranean), we 

showed that, where classical genetics does not work well (both populations resulting homogeneous), it is 

possible to identify the origin (fishing area) of this highly prized crustacean by analysing its gut microbiome. 

The differences found in the gut microbiota can also be used for ecological studies.  
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In addition, this section examines how postharvest technologies can enhance seafood quality, diminish 

spoilage, and possibly  provide ways to optimize catch value and revenue. This research highlights the impact 

of different storage methods, particularly freezing techniques, on quality in high-value commercial species 

such as shrimp. Findings indicate the importance of rapid freezing and optimal cold chain management to limit 

waste and safeguard the structural integrity of seafood. These technologically enhanced methodologies not 

only guarantee the security and quality of seafood products but also promote the advancement of sustainable 

practices within the fishing industry.  

As part of my doctoral research programme,  I also completed an internship with the United Nations 

Industrial Development Organization (UNIDO) within the framework of the project Cambodia Programme for 

Sustainable and Inclusive Growth in the Fisheries Sector: Capture Component (CaPFish Capture). The 

internship focused on the comprehensive exploration of innovative strategies to maximize the quality and 

economic potential of fish products in Cambodia. The internship programme placed particular emphasis on 

the valorisation of low-value fish species, the development of generic commercial fish products, and the 

exploration of alternative products, including bioactive products and zoo animal feed. The internship also 

entailed the evaluation of quality parameters for fermented food products characteristic of the region and 

analysis of their compliance with EU standards and norms. This work is a practical demonstration of the 

relevance and applicability of PhD research. 

In conclusion, adopting the slogan "less fishing and better fish quality", the aim of my thesis is to draw 

attention to a more holistic, sustainable use of fisheries and aquaculture resources. New ideas and innovative 

strategies for better preserving seafood products will make it possible to fish less (thereby tackling overfishing) 

and compensate for the decline in resources (as well as in fishermen's profits). By improving the quality of 

fish and guaranteeing its origin and safety, it will be easier to guarantee environmental, economic and social 

sustainability. 
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