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Abstract  

As a result of the increasing human population and the impacts of climate change, 

food insecurity continues to be a significant challenge. This is driving the need for 

foods (from both aquatic and terrestrial sources) which reduce both the 

environmental impacts of production and have enhanced nutritional and therapeutic 

benefits. Seaweeds are a product that could help meet these needs. Seaweeds 

grow naturally without the need for freshwater and fertilisers and do not compete for 

traditional agricultural land. The environmental impacts of harvesting wild seaweeds 

or growing seaweeds can also be limited. Additionally, many seaweeds contain a 

broad range of chemical constituents that may have therapeutic properties. To date, 

seaweed has not been fully exploited as a food, in part because the chemical 

constituents they contain, and the bioactivity of these, have not been fully 

characterised.  

The chemical constituents and antioxidant properties of intertidal seaweeds 

sampled from Caithness (North Scotland) destined for marketable food products 

were determined in a range of studies. The effects of different drying treatments on 

a range of these chemicals and, variations in these between species, with sampling 

time and collection site were also determined. Results showed that seaweeds 

sampled around Caithness contain sufficient nutritionally important chemicals and 

antioxidant properties for developing functional foods and their levels are influenced 

by species differences, drying treatment, sampling period and site. 

The capacity of selected seaweed species (P. palmata and S. latissima) to 

accumulate selenium was explored by exposing wild-harvested seaweeds to 

inorganic Se. Results showed that Se was readily accumulated in seaweed and 

significant changes in lipid and protein profiles occurred as a result. Se oxidation 

state, concentration, exposure duration and the seaweed species used influenced 

Se uptake and chemical changes. Exposing seaweed to Se could, therefore, be a 

potential method for developing products that help individuals meet the 

recommended Se intake levels and perhaps, enhance some bioactivity. 

Overall, this study provides new insights into the chemical constituents and 

bioactivity of seaweeds and shows that seaweed could be a product to which 

significant value could be added if considered by the food and drink sector.
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Chapter 1: General background   

1.1 Food  

Food (for humans) is broadly any substance capable of providing the nutritional 

support required for survival and growth. Every organism requires numerous 

chemicals to support its existence. Chemicals (such as proteins, carbohydrates, 

lipids, vitamins, minerals and water) play crucial roles in maintaining the structural 

and functional integrity of organisms and are, on the whole, obtained from foods 

(Vorster, 2009). Chemicals essential for diets are most commonly derived from both 

terrestrial (such as grains, dairies, meats, poultry produce, etc.) and aquatic 

(shellfish, finfish, marine plants, etc.) sources. The sustainability of food production 

using the current terrestrial agricultural practices is proving to be unsustainable, as 

it depends on spatial land, voluminous water and the use of synthetic chemicals 

such as fertilisers, pesticides, herbicides, etc. (Springmann et al., 2018). As such, 

attention is now becoming more focused on the aquatic environment for sustainably 

supplying food year-round, in the form of both natural and farmed biota (Mahalik 

and Kim, 2014; Mahadevan, 2015).  

1.1.1 Global food security and “functional foods” 

Food security continues to be challenging and this is mainly due to the increase in 

global population, which in turn demands massive food production. The world 

population is expected to increase from its current estimated value of 7.7 billion to 

9.7 billion by 2050, and eventually to 10.9 billion by 2100, with half of this envisaged 

population increase predicted to occur in low-income regions (United Nations, 

2019). The number of undernourished people in the world has also risen from 777 

million in 2015 to 820 million in 2019 (FAO et al., 2019). Alongside hunger, nutritional 

problems such as overnutrition (the intake of nutrients above required levels) and 

malnutrition (lack of adequate nutrient) still remain a concern (Science Advice for 

Policy by European Academies, SAPEA, 2017). Some of the most limiting 

micronutrients in human diets include long-chain fatty acids, iodine, zinc, iron, 

selenium and both water and fat-soluble vitamins (Mensink et al., 2013; SAPEA, 

2017). The majority of these cannot be synthesised in the body and must be taken 
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up via the diet (Mensink et al., 2013). Additionally, more than 2 billion people are 

reported to be experiencing minimal or severe food insecurity, making it likely that 

one of the 2030 sustainable development goals (SDG) – the zero-hunger target – 

will not be achieved (FAO et al., 2019). 

In 2017 the FAO envisaged a need for a 50 % increase in food, feed and biofuel 

production compared to 2012 in order to sustain the increasing population and 

combat food insecurity (FAO, 2017). Current evidence suggests that this can only 

be achieved by sustainably sourcing new foods from both terrestrial and marine food 

resources (Mahalik and Kim 2014; Mahadevan, 2015). While increasing food 

production might be the way to address the current food challenge, there are 

significant environmental concerns such as freshwater depletion (from excess 

dependence on freshwater for crop yield), extended changes in land use (from 

conservation to expansive agricultural practices) and increase in the use of fertiliser, 

herbicides and pesticides resulting in eutrophication and pollution of water bodies 

(Springmann et al., 2018). However, such issues could be at least partly addressed 

by synergistically combining improved food technology and management with food 

wastage reduction and focusing on healthier, plant-based diets (Springmann et al., 

2018). 

1.1.2 Functional food  

In the past, food research has mainly focused on resolving hunger by developing, 

identifying and studying foods capable of fulfilling simple nutritional needs and 

correcting for significant and obvious deficiencies (Holdt and Kraan, 2011). 

However, more recently, food regulation changes and increased knowledge of the 

links between health and diet have shifted focus towards foods capable of reducing 

the incidence of illnesses and promoting health and well-being (Hasler, 2000). Such 

foods have now been termed “functional foods” (Holdt and Kraan, 2011). Functional 

foods are those foods considered to be particularly rich in components that may 

provide significant health benefits aside from essential nutrition when consumed 

(even in small quantities) as part of a regular diet (Hasler, 2000). The functional food 

market is estimated to be worth US$161.49 billion and predicted to rise to US$256 

billion by 2024 with a major focus on ingredients containing carotenoids, dietary 

fibres, fatty acids and vitamins (Grandview research, 2019). This envisaged 
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increase is due to the growing need to limit the impacts of current food production 

on the terrestrial environment while improving the health of the population, with 

functional foods providing a viable alternative to the consumption of animal protein 

without losing nutritional value and impacting the environment (O’Connor, 2013; 

Springmann et al., 2018). Functional foods can satisfy dietary needs and potentially 

help prevent or manage the risk of chronic conditions, perhaps helping to reduce 

the risk of cancer, diabetes and hypertension, among others (Holdt and Kraan, 

2011; Freitas et al., 2012). Although, specific claims, regarding possible health 

benefits, attached to some of these foods still needs to be demonstrated using 

robust clinical trials. 

1.1.3 Marine-based functional foods  

Functional foods could be derived from either the aquatic or terrestrial ecosystems. 

The aquatic environment, however, due to its high biodiversity and productivity, is a 

precious natural food reserve with abundant resources available for sustainable 

exploitation (Suleria et al., 2015). Indeed, the marine ecosystem is known to be a 

rich source of potential functional foods (Lordan et al., 2011; Suleria et al., 2015). 

Marine-based functional foods can be derived from a range of marine organisms 

including marine plants, shellfish and finfish, microorganisms and sponges. Several 

chemicals of marine origin are utilised for health benefits, and Table 1.1 shows some 

of these along with their source(s) and potential health benefits. 
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Table 1.1: Some chemicals derived from marine organisms, their sources and 

potential health benefits. 

Chemicals Potential health benefit Sources/component Reference 

Chitin and chitosan Prevention of inflammatory 
disorders, antibacterial activity 

Shellfish Hayes (2012) 

Omega-3, fish oil, 
vitamins, minerals, 
proteins, taurine 

Prevention of cardiovascular 
diseases, prevention of CVDs and 
Alzheimer’s disease, cystic fibrosis 
symptom reduction, brain function 
in children 

Fin fish Huang and Ebersole 
(2010); Vázquez et 
al. (2020) 

Bioactive peptides, 
polysaccharides, 
carotenoids, 

Obesity control, Ca-binding activity, 
Anti-carcinogenic, antiviral 

Algae (microalgae and 
macroalgae, 
cyanobacteria) 

Garcia-vaquero et al. 
(2019); Rupérez et al. 
(2002) 

Terpenes and 
terpenoids 

Antiviral, anti-bacterial, antifungal Sponges, corals and 
microorganisms (fungi, 
bacteria, etc.) 

Volkman (1999); 
Caroll et al. (2019) 

 

1.2 Seaweed– historical use and current potential 

Seaweeds, also known as marine macroalgae, are marine-based photosynthetic 

multicellular organisms with simple reproductive structures and are found in shallow 

seas and on seashores (Ibañez and Cifuentes, 2013). Seaweeds have been 

estimated to comprise more than 30,000 species globally and are broadly classified 

into three main groups based on their pigmentation: red (Rhodophyceae), brown 

(Phaeophyceae) and green (Chlorophyceae). Globally, there is an estimation of 

more than 14,000 red seaweeds (with only 7,000 known), 13,000 green seaweeds 

(with only 8,000 known) and 1,792 brown seaweeds (Guiry, 2012). On British 

shores, more than 600 species have been identified (Kenicer et al., 2000; Mutton, 

2012).  

Seaweeds are a versatile marine organism used in both food and non-food 

applications. The food application of seaweeds involves direct consumption in foods 

such as sushi and salads; as an additive in soups and beers; and as a flavouring in 

snacks, etc. The non-food applications of seaweeds include their use for soil 

fertilisation, animal feeds, biofuels, bioplastics and hydrocolloids (Delaney et al., 

2016). Seaweeds are versatile in their uses because they contain valuable bioactive 

compounds such as proteins, amino acids, minerals (which include iodine and other 
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essential elements), vitamins, soluble dietary fibres, polysaccharides, lipids and 

other valuable phytochemicals (Mohamed et al., 2012). Some of these have been 

proven to have antioxidant, antiviral, antihypertensive, anticoagulant, anti-

inflammatory, anticancer, thyroid-stimulating or antifungal properties (Kumar et al., 

2008; Holdt and Kraan, 2011). 

The current and historical uses of seaweed vary by region. For instance, in Asia, 

seaweed is widely consumed directly as a food or added to food as an ingredient. 

Common seaweeds such as nori (Porphyra sp.), kombu (Laminaria japonica) and 

wakame (Undaria pinnatifida), have been traditionally used as foods in China, Japan 

and Korea (McHugh, 2003). The consumption of seaweed in China goes as far back 

as the sixth century and in Japan to the fourth century (McHugh, 2003). While the 

inclusion of seaweeds into western diets is still relatively rare, seaweed-derived 

polysaccharides such as agar, alginates and carrageenan are utilised widely for 

their hydrogel properties in food and drink, as additives –  for gelling, thickening and 

emulsifying (Mabeau and Fleurence, 1993; Paiva et al., 2016). In Europe, even 

though seaweeds are not widely consumed – this may be due to the poor 

understanding of their nutritional benefits alongside factors such as lack of 

commercial availability and different taste preferences – there are numerous records 

of historical use in European countries including Norway, Iceland, Brittany, Wales, 

Scotland and Ireland. For instance, in south Wales, the seaweed Porphyra 

umblicalis was customarily eaten with cockles or sometimes warmed with cockles 

in bacon fat and served with bacon and oat bread by miners because of its low cost 

and high nutrient content, and presumed to be a prophylactic against the illnesses 

and diseases associated with their work (O’Connor, 2013). In Ireland, the 

consumption of seaweed dates back to the 12th century where Chondrus crispus 

(Irish moss) was fed to the poor by monks; chewed like tobacco and postulated to 

be a cure for colds, worms and homesickness (Mouritsen et al., 2012). In 

Scandinavian countries, seaweed use dates to the 10th century. In Norway and 

Iceland, dried dulse (Palmaria palmata) was consumed as a snack, baked in bread, 

added to porridge and milk and served with potatoes and dried fish (Mouritsen et 

al., 2012). In Brittany (France), historical consumption seems limited to the use of 

bleached Chondrus crispus to make “black far”, which is a buckwheat custard 

(Delaney et al., 2016).  
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The use of seaweeds in Scotland (the focus of this study) has a long history which 

can be traced back to the Iron Age where it was used as food, fodder and fertiliser 

(Barber, 2003; Angus, 2017). In the 17th century, seaweeds were burnt to extract 

sodium carbonate for soap and glass production (Bailey, 1997). In the 18th century, 

attention was directed towards the extraction of iodine, but the discovery of caliche 

ore deposits (from which iodine was extracted) in Northern Chile disrupted this 

market (Bailey, 1997). In the late 18th century, Stanford (an English chemist) isolated 

alginate from seaweed, but industrial production did not start until the 19th century 

(Bailey, 1997; Kenicer et al., 2000). The use of seaweed in Scotland, specifically as 

food, was once common on the Islands and West Coast, where seaweeds such as 

dulse, carrageen, sloke and sea lettuce were commonly consumed (Kenicer et al., 

2000). Seaweeds such as sugar wrack and dulse were reportedly sold on the streets 

of Edinburgh in the 19th century (Delaney et al., 2016). The consumption of 

seaweeds has since diminished, and while it is easy to speculate why, the reasons 

are not well documented (Kenicer et al., 2000; Mouritsen et al., 2013).  

Lately, there is a growing interest in seaweed as a food product. For instance, 

seaweed was recently introduced into cuisines in France after regulations (for sea 

vegetables or ingredients) were established in 1990 (Mabeau and Fleurence, 1993). 

Coastal areas around Europe are now starting to reintroduce and cultivate 

seaweeds for use in food (McHugh, 2003; Mouritsen et al., 2013; Stengel and 

Connan, 2015). In the UK, seaweed consumption is still uncommon, but they are 

now gradually been included in foods for flavour, gelling agents, etc. and for other 

non-food applications such as for nutrient supplementation, and more recently as 

bioplastics and biofuels (Stanley et al., 2019). 

1.2.1 Economic importance of seaweed 

Currently, the global seaweed aquaculture industry is estimated to be worth up to 

€8.1 billion (US$9 billion) per year with the majority (up to 83 %) of this coming from 

direct or indirect human consumption of seaweeds; and animal feeds, 

pharmaceutical, biotechnology, fertilisers and other unknown purposes making up 

the differences (FAO, 2016; Ferdouse et al., 2018; Barbier et al., 2019). Asian 

countries (China, Indonesia, Korea and the Philippines) are the largest cultivators 

of seaweeds, with China producing more than 14 of the 30 million tonnes cultivated 
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globally in 2016 (FAO, 2016; Ferdouse et al., 2018; Stévant et al., 2017). As such, 

seaweed aquaculture can offer economic benefits such as employment provision 

and income generation in coastal regions, if undertaken  efficiently (Angus, 2017; 

Stévant et al., 2017).  

Additionally, alongside these socio-economic benefits and providing a solution to 

food insecurity, seaweed aquaculture has the potential to help reduce the reliance 

on freshwater and reduce land exploitation as well as potentially reducing the 

pollution associated with intensive agriculture (Troell et al., 2009; Holdt and Kraan, 

2011; Barbier et al., 2019). Seaweed can also be effective in removing potential 

pollutants from the environment (such as heavy metals, excess nutrients, etc.) 

(Troell et al., 2009; Tonon et al., 2011; Hurd et al., 2014; Tremblay-Gratton et al., 

2018; Luo et al., 2020). This is possible because many seaweeds exhibit high 

growth rates without the need for excess nutrients and freshwater. Consequently, 

they are capable of providing a cost-effective and efficient means of producing 

biomass and bioremediation. 

 

1.3 Seaweed aquaculture in Scotland   

Aquaculture is an important industrial sector in Scotland that contributes to the 

sustainable economic growth of the more rural parts of the country. This sector is a 

crucial employer in the remote and rural coastal areas, with the farming of fish, 

molluscs, seaweeds and crustaceans contributing about £1.8 billion to the economy 

in 2016 (Scottish government, 2016). This contribution is expected to double in 

terms of both income and job creation by 2030 (Scottish government, 2020). As 

such, diversification of the aquaculture sector into seaweed harvesting and 

cultivation could help increase revenue and jobs in Scotland’s aquaculture sector 

(Stanley et al., 2019). This is possible because evidence suggests that seaweeds 

of various species are abundant on Scottish coasts (Figure 1.1). However, the wild 

harvesting of seaweeds has been regarded to be a less feasible option for 

developing the seaweed industry, mainly due to environmental concerns (Angus, 

2017). However, some evidence suggests that the sustainable harvesting of wild 

seaweed could serve as a starting point for new, small-scale industries to explore 
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new markets and develop marketable products before moving on to seaweed 

cultivation, which reduces the need for wild harvesting of seaweeds (Schlarb-Ridley 

and Parker, 2013; Adams, 2016).  

 

 

Figure 1.1: Map of Scotland showing the distribution of seaweeds and seagrasses 

around the Scottish coast, from the Wild seaweed harvesting report, Marine 

Scotland (2016). 

 

Seaweed aquaculture is becoming more popular in Scotland, with the Scottish 

Association of Marine Science (SAMS) playing a significant role in developing and 
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demonstrating seaweed aquaculture and have successfully cultivated Saccharina 

latissima, Laminaria digitata, Alaria esculenta, Pyropia sp., Palmaria palmata, Ulva 

sp. and Osmundea pinnatifida on the west coast of Scotland (Stanley et al., 2019).  

Alongside conventional seaweed farming, integrated multi-trophic aquaculture 

(IMTA) is another option for cultivating seaweed. This approach can be used to 

enhance both biodiversity and bioremediation as this involves the cultivation of a 

range of marine species comprising a variety of trophic level on a single farm site. 

For instance, IMTA could include the farming of finfish (which produce organic 

nutrients) with both shellfish (which utilises waste organic matter) and seaweed 

(which utilises inorganic matter) (Chopin et al., 2001; Ridler et al., 2007). With 

current concerns regarding the detrimental effects of discharging excess nutrients 

into the environment from fish farming, IMTA could help mitigate against these and 

also increase biomass output/profit (Stévant et al., 2017; Barbier et al., 2019; 

Stanley et al., 2019). While, IMTA has been used in other parts of the world (Troell 

et al., 2009), it is still in its infancy in Scotland. For instance, IMTA is currently being 

trialled in Loch Fyne (west coast of Scotland) by the Scottish Salmon Company and 

Loch Fyne Oyster Company, with the input from SAMS (Stanley et al., 2019).  

The availability, in Scotland, of commercial products that contain harvested or 

cultured seaweeds, is still limited. However, some companies have developed a 

limited range of products (Stanley et al., 2019). For instance, gin and crisps 

containing seaweeds as ingredients are produced by Shore Seaweeds. Seaweed 

flakes and condiments have been developed by Mara Seaweeds. Seaweed organic 

capsules and infused oils are produced by Seaweeds & Co. Kelpie Co. have brought 

a seaweed ale to the market. Additionally, the Hebridean seaweed company Ltd. 

has developed soaps and body care products using seaweeds.  

In order for the seaweed industry to fully develop in the UK, a number of issues still 

need to be addressed. These include clarification and assistance in obtaining of the 

license required for harvesting seaweed, research and development into 

sustainable harvesting, handling and storage of seaweed and seaweed products. 

Additionally, the development of marketable products that help increase aquaculture 

output as well as farm profit still has to be efficiently addressed (Wood et al., 2017; 

Campbell et al., 2019; Barbier et al., 2019; Stanley et al., 2019). 
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1.4 Seaweed chemical diversity 

Algae, especially seaweed, contain a wide range of biochemicals including proteins, 

carbohydrates, fatty acids and other phytochemicals such as carotenoids, 

polyphenols and flavonoids (Holdt and Kraan, 2011; Fleurence et al., 2012). Many 

of these chemicals are essential for human well-being and are present in 

considerable amounts in seaweed. Seaweeds are primary producers and are able 

to sequester minerals and nutrients  (such as nitrate, phosphate and some other 

elements) from seawater (Nitschke and Stengel, 2016). Some of the accumulated 

minerals or nutrients serve as precursors for the formation of other essential 

complex biomolecules. For instance, phosphorus and nitrogen accumulated by 

seaweeds from seawater are used for the biosynthesis of amino acids that make up 

peptides and proteins (Hurd et al., 2014). The high chemical diversity shown by 

seaweed is most likely as a result of them inhabiting a unique and harsh 

environment niche. Here, some of the pertinent chemicals reported to be produced 

by seaweeds are reviewed.  

1.4.1 Essential nutritional elements in seaweed 

Essential elements (often referred to as “minerals” when discussing nutrition) are 

critical in human diets. Elements (in terms of nutrition) can be divided into groups; 

i.e., macroelements (calcium, phosphorus, magnesium, sodium, potassium, 

chloride and sulphur) which are required in large quantities and trace elements (i.e., 

iron, manganese, copper, iodine, cobalt, fluoride, selenium) which are still essential 

but in smaller quantities (Underwood, 2012). The periodic table highlighting the 

essential elements is shown in Figure 1.2. 
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Figure 1.2: Periodic table showing the relevance of all elements to life, from Williams and Rickaby (2012). 
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Elements are regarded as essential if their deficiency could result in impairment of 

functions from optimal to suboptimal (Underwood, 2012). Elements are crucial 

constituents of the human diet for several reasons. For example, one of the essential 

elements is iron; iron is central to the utilisation and transportation of oxygen and 

electrons in the body and is involved in DNA synthesis (Lieu et al., 2001). 

Manganese is an enzyme cofactor and aids the metabolism of lipids, proteins and 

carbohydrates (Mišurcová et al., 2011). Zinc is also an essential element required 

for growth and development as well as metabolic functions (Salgueiro et al., 2002). 

All essential elements have functions associated with them that may be impaired in 

cases where they are deficient. 

Seaweeds are a rich source of both macro and trace elements that are necessary 

for human nutrition (Holdt and Kraan, 2011). As such, they are regarded as potential 

raw materials for use in the production of nutraceuticals and certain food 

supplements (Mišurcová et al., 2011). Seaweeds, in particular, contain high 

concentrations of iodine, calcium, magnesium, potassium and iron (Table 1.2). The 

levels of these elements are relatively high in seaweeds, compared to most 

terrestrial plants, as a result of their ability to accumulate minerals from their marine 

environment (Macartain et al., 2007; Romarís-Hortas et al., 2009).  

 

Table 1.2: Levels of some essential elements (in mg/100 g dry weight) in different 

seaweed species sampled from varying countries. 

Species Country 
Level in seaweed (or range) mg/100g DW 

References 
Fe Cu Na K Zn Ca Mg Mn 

Porphyra columbina Argentina 22 0.51 414.22 1444.17 1.46 443.7 491.53 - Cian et al. (2014) 
Kappapycus 

alvarezii India 33.8 159.54 - - 1.58 - - - Fayaz et al. (2005) 

Laminaria sp. France 68.2 4.02 3090 2280 33.3 1330 890 4.02 Larrea-Marin et al. (2010) 

Laminaria sp. Spain 107.8 6.5 4530 11320 36.7 1980 1140 6.5 Larrea-Marin et al. (2010) 

Laminaria sp. Korea 350.4 42.9 3420 10410 36 1750 1110 42.9 Larrea-Marin et al. (2010) 

Laminaria sp. Japan 53.6 3 3840 6410 21.1 1180 1130 3 Larrea-Marin et al. (2010) 

Porphyra sp. France 149.2 23 4370 2360 82.4 706 794 23 Larrea-Marin et al. (2010) 

Porphyra sp. Spain 201.2 32.5 4140 2310 52.5 604 710 32.5 Larrea-Marin et al. (2010) 

Porphyra sp. Korea 285.9 34.3 654 2980 85.4 726 373 34.3 Larrea-Marin et al. (2010) 

Porphyra sp. Japan 165.8 32 234 2980 94.2 290 424 32 Larrea-Marin et al. (2010) 

Fucus spiralis Portugal - - 1429 975.9 - 118.1 163.2 - Paiva et al. (2014) 
Osmundea 
pinnatifida Portugal - - 2669.2 1464.2 - 411.5 418.6 - Paiva et al. (2014) 

Porphyra sp. Portugal - - 2382.6 2481.1 - 124.5 396.4 - Paiva et al. (2014) 

Colpomenia sinuosa Iran 45.2 0.51 - 728.5 1.9 - 78.1 1.5 Rohani-Ghadikolaei et al. (2012) 
Enteromorpha 

intestinalis Iran 25.4 0.43 - 589.3 2.1 - 61.7 1.3 Rohani-Ghadikolaei et al. (2012) 

Gracilaria corticata Iran 85 0.33 - 713 3.2 - 18.3 3.3 Rohani-Ghadikolaei et al. (2012) 

Hypnea valentiae Iran 80 0.39 - 746 3.1 - 38.7 3.7 Rohani-Ghadikolaei et al. (2012) 
Sargasssum 

ilicifolium Iran 58.9 0.28 - 876.6 2.2 - 81.7 1.6 Rohani-Ghadikolaei et al. (2012) 

Ulva lactuca Iran 46.4 0.34 - 515.6 1.6 - 79.1 1.5 Rohani-Ghadikolaei et al. (2012) 

Caulerpa racemosa Indonesia 10 - 2574 318 - 1852 384 - Santoso et al. (2002) 
Caulerpa 

sertularoides Indonesia 3 - 2909 250 - 1195 368 - Santoso et al. (2002) 
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kappaphycus 
alvarezii Indonesia - - 1193 8710 - 280 288 - Santoso et al. (2002) 

Padina australis Indonesia 23 - 1688 259 1 2831 404 - Santoso et al. (2002) 
Sargassum 
polycystum Indonesia 13 1 965 1754 1 1867 569 - Santoso et al. (2002) 

Turbinaria conoides Indonesia - - 1147 2792 2 1479 574 - Santoso et al. (2002) 

Alaria esculenta Scotland 18.00-
115.9 0.2-0.4 - - 1.8-2.9 - - 0.7-3.5 Scheiner et al. (2015) 

Laminaria digitata Scotland 8.3-19.9 0.2-1.7 - - 3.5-4.9 - - 0.4-1.2 Scheiner et al. (2015) 
Laminaria 

hyperborea Scotland 5.1-70.2 0.1-0.7 - - 0.1-5.4 - - 0-3.8 Scheiner et al. (2015) 

Saccharina latissima Scotland 1.6-128.0 0.2-0.5 - - 0.8-3.1 - - 0.7-4.5 Scheiner et al. (2015) 

Padina gymnospora Sri Lanka 6.78 0.93 145.6 122.3 3.56 156.2 32.4 - Shanmuganathan and Devi 
(2016) 

Gelidiella acerosa Sri Lanka 0.155 - 12.91 52.24 0.035 45.04 0.02 - Syad et al. (2013) 

Sargassum wightii Sri Lanka 0.017 - 409.02 283.04 0.0007 78.75 0.1 - Syad et al. (2013) 

 

The levels of elements in seaweeds vary by the season of sampling, geographical 

location, environmental impacts such as salinity, pH, etc. and most importantly the 

species of the seaweed (i.e. phylum) and physiological variations (Mabeau and 

Fleurence, 1993; Hurd et al., 2014). These variations have been demonstrated in a 

range of studies. For instance, Villares et al. (2013) studied the seasonal variation 

of essential and non-essential elements in Ascophyllum nodosum and Fucus spp. 

sampled from two different locations in the north of Spain showing that the levels of 

elements differed from season to season, although the differences were not 

statistically significant for some elements. In another study, Desideri et al. (2016) 

demonstrated variations by species in heavy, macro and microelements in fourteen 

edible seaweeds purchased over the counter in Italy. Although undesirable 

elements (such as arsenic, lead, mercury, etc.) were present in some of the 

seaweeds, but their levels did not exceed the toxicity thresholds. The presence of 

micro and macro elements in Porphyra sp. and Laminaria sp. sampled from France, 

Japan, Korea and Spain showed that the level of elements in seaweeds varied by 

region (Larrea-Marín et al., 2010). For instance, higher iron content was found in 

Porphyra sp. and Laminaria sp. sampled in Spain compared to the other countries. 

The seaweeds sampled from Korea also contained a higher level of manganese 

compared to samples from other countries. The study by Schiener et al. (2014) 

examining the elemental content in four brown seaweeds (Alaria esculenta, 

Laminaria digitata, Laminaria hyperborea and Saccharina latissima) sampled from 

the Scottish coast, ascertained seasonal and temporal variations in elemental 

composition. 
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Iodine in seaweed  

One of the most abundant elements present in seaweeds that is limited in terrestrial 

plants is iodine (Mišurcová et al., 2011). Iodine is a component in thyroid hormones, 

i.e., thyroxine (T4) and triiodothyronine (T3) which contain 65 and 59 % of iodine by 

weight, respectively (Andersson et al., 2007). Iodine is essential in the human diet 

because it is needed for regulating metabolic processes in cells and plays a critical 

role in early growth processes (including organ development) and brain 

development, especially in the first two to three years of postnatal life (Andersson 

et al., 2007). According to the World Health Organisation (WHO), the required 

reference nutrient intake (RNI) for iodine in adults is 150 µg/day (Varga, 2007; 

Andersson et al., 2007). Iodine deficiency hinders growth and development in 

humans due to inadequate production of thyroid hormones and could also result in 

miscarriage, stillbirth, goitre, infant mortality, cretinism and mental defects in 

humans (Andersson et al., 2007; Zimmermann and Crill, 2010; Mišurcová et al., 

2011). The relationship between iodine intake and the risk of thyroid disease is 

typically U-shaped – i.e., when the concentration of iodine is low, the risk of thyroid 

disease is high and as concentration increases the risk reduces, but, at higher 

levels, the risk elevates again due to overcorrection (Andersson et al., 2007). 

Seaweeds contain iodine in high concentration (up to 1 g/100g dry weight), this is 

because seawater has a relatively high iodine concentration (average of 60 ppb) 

and it is taken up efficiently by seaweeds (Mišurcová et al., 2011). Seaweeds could, 

therefore, be a good source of iodine, and could be incorporated into foods which 

have low iodine levels (Zava and Zava, 2011). The level of Iodine in seaweeds is 

species related, with higher levels of iodine been found in brown seaweeds 

compared to red and green seaweeds (Nitschke and Stengel, 2015). For instance, 

in the study by Nitschke and Stengel (2015), who characterised the iodine content 

in 19 different seaweed species belonging to different taxonomical groups, results 

showed markable variation in the level of iodine in all the seaweeds with values 

ranging from 4.1-1030 mg/100 g DW in all seaweeds and the highest level occurred 

in Laminaria digitata and the lowest level in Codium fragile. Additionally, species 

belonging to the same phylum can also show striking difference in iodine levels, 

which are dependent on both the abiotic and biotic factors influencing the habitat of 
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the organism, thus making the level of iodine in seaweeds vary spatially and 

temporally, as conditions change with sampling site and season (Stengel et al., 

2011; Hafting et al., 2015). This variation is shown in the study by Roleda et al. 

(2018) who compared the iodine content in Alaria esculenta, Saccharina latissima 

and Palmaria palmata that were wildly harvested or cultivated during spring, 

summer or winter in either France, Norway or Iceland. Results showed that iodine 

levels in the seaweed varied based on the location, species as well as season. For 

example, the lowest iodine level occurred during fall season for the seaweeds, with 

the exception of P. palmata, that level did not vary for the three seasons. In terms 

of the location, higher iodine content was found in S. latissima cultivated in France 

than in Norway (Roleda et al., 2018). Additionally, apart from seasonal and temporal 

variation, the way seaweed is processed, prior to consumption may also affect 

iodine content. For example, up to 75 % loss in iodine content was found in Alaria 

esculenta that was boiled in 100 °C deionised water for 20 minutes and up to 10 % 

loss occurred when seaweed was washed in 15 °C  deionised water (Nitschke and 

Stengel, 2016). This shows that aquaculture practices and post-harvest processing 

influence the levels in the final product of seaweed. 

1.4.2 Lipids and fatty acids in seaweed   

One of the many essential biochemicals required in human diets are lipids. Lipids 

are naturally occurring biomolecules related biosynthetically, structurally or 

functionally to fatty acids and their derivatives, and include fats, waxes, 

phospholipids, glycerides, sterols and fat-soluble vitamins. Lipids are indispensable 

in the human diet because they account for up to 40 % of calories and are a 

significant source of essential fatty acids, vitamins A, E, D, and K and carotenoids 

(Holdt and Kraan, 2011). Lipids are also metabolic precursors of vital hormone-like 

steroids and eicosanoids and are involved in the transportation of fat-soluble 

vitamins (Griffin and Cunnane, 2009). Animal-based diets account for majority of the 

lipids consumed by human, however, due to the recent changes in modern diets 

towards more plant-based foods than animal based, plants are now relied on more 

for providing dietary lipids. Although terrestrial plants are often deficient in long-

chain polyunsaturated fatty acids (LC-PUFA), which are essential nutrients, this is 

because they cannot enzymatically metabolise linoleic acid (LA) and α-linolenic acid 
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(ALA) into LC-PUFA. Marine lipids, on the other hand, contain omega-3 and omega-

6 LC-PUFA (Schmid et al., 2014). Eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) derived from ALA and arachidonic acid (AA) are the 

major LC-PUFAs that plays significant roles in biochemical and physiological 

processes in the body (Figure 1.3) (Narayan et al., 2006; Holdt and Kraan, 2011). 

 

 

Figure 1.3: Structure of some essential fatty acids. 

 

Marine organisms are the primary source of LC-PUFA in the human diet because 

marine organisms can synthesise EPA and DHA de novo. Seaweeds and unicellular 

phytoplankton contain omega-3 LC-PUFA, which is rare in terrestrial biomass – as 

such, if utilised more, seaweeds could be a vital source of such compounds (Holdt 

and Kraan, 2011; Schmid et al., 2014). Although the lipid content of seaweed is 

generally low, the presence of crucial long-chain PUFAs that may have health 

benefits such as anticancer, antihypertensive, antioxidant and anti-inflammatory 

activities, makes the lipid content of seaweed an attractive source of lipid in diets 

(Michalak and Chojnacka, 2015). Also, long-chain PUFAs have been shown to play 

vital in the development of the brain, retinal and neural tissues in children as well as 

the central nervous system (Fraeye et al., 2012). The ease of cultivation and 
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harvesting of seaweeds makes it an attractive dietary source of long-chain PUFAs, 

despite their low total lipid content (Schmid et al., 2014). 

The level of lipids and fatty acids in seaweeds (as with other biochemical 

compounds) are influenced by environmental factors and also vary by phyla, 

location and season of sampling (Holdt and Kraan, 2011). Variation in the way of 

species is highlighted in the study by Kumari et al. (2013) who characterised the 

fatty acid composition and total lipid content of tropical seaweeds. Results showed 

clear differences and chemotaxonomic relationships in lipid and fatty acid profiles. 

For example, lipid was highest in Ulva spp. than the rest of the species. Also, the 

lipid content of Ulva spp. was highest in essential polyunsaturated fatty acids such 

as  LA and ALA. In another study that compared the lipid content and FA profiles of 

seaweeds that belonged to all three phyla, sampled from the same locations 

(Pereira et al., 2012). Their results demonstrated that seaweeds belonging to the 

same phyla showed similar lipid profiles considering these seaweeds clustered 

together on a principal component analysis plot. This implies that the FA profiles in 

seaweed could be distinct in different groups of seaweed and serve as a way of 

determining variations in seaweed species (Pereira et al., 2012). Variation as a 

result of season (temporal variation) exhibited for the lipid and fatty acid content of 

seaweed was shown in the study by Schmid et al. (2014) who compared the FA 

profiles and lipid content of 16 different seaweeds sampled in June and November 

from Irish coast. Results showed striking temporal variation in the fatty acid content 

of some of the seaweeds. For example, higher levels of monounsaturated fatty acids 

(MUFA) occurred in F. serratus sampled in June (high temperature month) than in 

November (low temperature month) and opposite trend occurred for 

polyunsaturated fatty acids (PUFA). Still, similar trends of species-related variation 

were seen within each order (i.e., the Fucaceae (Ascophyllum nodosum and 

Pelvetia canaliculata) exhibited temporal patterns). Additionally, the spatial variation 

in the lipid and fatty acid content of seaweeds is shown in the study by Schmid et 

al. (2017), where in the lipid and fatty acid content of Fucus serratus, Ascophyllum 

nodosum, Himanthalia elongata, Laminaria digitata and Palmaria palmata from 8 

different points along Irish coast were investigated. Results showed variability in the 

fatty acid content as a result of the differences in sampling location. For example, 

higher total fatty acids were found in all the seaweeds sampled from the mid-western 
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coast, in comparison to the other regions.  Also, in the review by McCauley et al. 

(2016), where in the FA profiles of Ulva species sampled from different parts of the 

world were compared and result showed a markable variation in the profile of the 

fatty acids as a result of the differences in the sampling regions.  

Inadequate knowledge regarding the bioavailability of algal lipids and their 

metabolism in humans has limited the biochemical evaluation of seaweed lipids 

(Mabeau and Fleurence, 1993; Stengel et al., 2011). To provide detailed information 

for those who would seek to market/utilise seaweeds further – as nutraceuticals or 

functional foods – robust work regarding how best to extract, quantify, characterise 

and preserve lipids is needed. Likewise, a better understanding of the environmental 

factors that influence profiles, and, how processing and cultivation techniques alter 

these components are still required. 

1.4.3 Proteins and amino acids in seaweed 

Proteins are a class of complex nitrogen-containing biomolecules abundant in the 

body and are considered an essential part of the human diet. Dietary proteins are 

formed from the polymerisation of the 20 free amino acids through the formation of 

amide bonds (Fukagawa and Yu, 2009). Proteins serve a vast range of functions in 

the human body. They form key structural components of enzymes and are involved 

in the transportation and storage of other biomolecules (Fukagawa and Yu, 2009). 

Amino acids are the building blocks of proteins; and these are acquired either from 

consuming protein-containing foods or synthesised de novo (Černá, 2011). The 

WHO suggests that the amount of protein required by healthy people, children, 

pregnant and lactating women is the proportion of dietary protein that will balance 

the loss of nitrogen in the body and also maintain the body protein mass (Černá, 

2011). This WHO requirement, based on the United states Food and Nutrition Board 

Institute of Medicine (2011), could be met by consuming 0.8 g of protein per kg body 

weight, with 56 g protein per day sufficient for an adult with reference body weight 

of 70 kg. 

The quality of the proteins consumed is as important as the quantity. The quality of 

protein is determined by the number of essential amino acids present in the given 

protein. Amino acids are classified as essential, conditionally essential and non-
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essential (Černá, 2011). Humans do not biosynthesise the essential amino acids; 

these amino acids include valine, isoleucine, leucine, lysine, methionine, 

phenylalanine, threonine, tryptophan and histidine (Fukagawa and Yu, 2009). The 

non-essential amino acids (which include glutamic acid, alanine, serine, aspartic 

acid and asparagine) are synthesised de novo. Lastly, the conditionally essential 

amino acids depend on the availability of some other amino acids in specific tissues. 

For instance, glycine synthesis is dependent on the availability of serine; other 

conditionally essential amino acids are arginine, glutamine, cysteine and tyrosine 

(Fukagawa and Yu, 2009). The 20 DNA coded amino acids, their structure and 

chemical grouping, are shown (Figure 1.4). 
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Figure 1.4: Structures of the 20 DNA coded amino acids (https://international.neb.com/tools-and-resources/usage-guidelines/amino-acid-

structures).  
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Proteins are present in seaweeds in limited quantities, with levels mostly ranging 

from 1-20 % dry weight depending on the species of the seaweed. Higher levels are 

usually found in red and green species compared to brown seaweeds (Fleurence, 

1999; Holdt and Kraan, 2011). The proteins in seaweeds contain all 20 amino acids 

(Galland-Irmouli et al., 1999). The most abundant amino acids present in seaweed 

protein are glycine, proline, aspartic acid, glutamic acid, alanine and arginine with 

threonine, lysine, tryptophan, cysteine, methionine and histidine being less 

abundant (Černá, 2011; Marinho et al., 2015). In addition to the 20 DNA coded 

amino acids, seaweeds can contain unusual amino acids that are not often present 

in terrestrial plants, such as aminobutyric acid, ornithine, citrulline, hydroxyproline, 

phycobiliproteins and mycosporine-like amino acids (Aneiros and Garateix, 2004; 

Dawczynski et al., 2007a; De la Coba et al., 2009; Fitzgerald et al., 2011). Other 

amino acid like compounds such as chondrine, gigartine, baikiain, rhodoic acid, 

domoic acid, kainic acid, taurine and laminine are also found in seaweeds (Aneiros 

and Garateix, 2004; Fitzgerald et al., 2011). Seaweeds also contain peptides, 

commonly between 2-20 amino acid residues in length, that are released by 

autolysis or hydrolysis from parent peptides and proteins, some of which mimic 

hormones or exhibit drug-like activities and influence physiological functions by 

inhibiting enzymes or by binding cell receptors (Fitzgerald and Murray, 2006; 

Erdmann et al., 2008; Cermeño et al., 2019; Garcia-vaquero et al., 2019). Seaweed 

proteins have also been shown to exhibit several therapeutic functions like mineral 

binding and immunomodulation, as well as antimicrobial, antioxidant, 

antithrombotic, antihypertension and hypocholesterolaemia activity (Aneiros and 

Garateix, 2004; Erdmann et al., 2008; De la Coba et al., 2009; Cornish and Garbary, 

2010; Tierney et al., 2010; Fitzgerald et al., 2011; Garcia-Vaquero et al., 2019). 

As with other biochemicals, the protein content and amino acid profiles of seaweeds 

vary phylogenetically, seasonally and with habitat (Černá, 2011; Guihéneuf et al., 

2018). This variability has been reported to be linked with the nutrient supply and 

environmental factors such as light intensity, salinity and temperature (Stengel et 

al., 2011; Harnedy and FitzGerald, 2013a). Several attempts have been made to 

identify variations in the content of protein and amino acids in seaweeds. For 

instance, the protein content, protein digestibility and amino acid composition of 

Palmaria palmata (a popularly consumed red seaweed known as ‘dulse’) have been 
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studied (Galland-Irmouli et al., 1999). In this study, dulse was collected every month 

and results showed that all the essential amino acids were present year-round with 

high protein content found in the winter-spring period with the lowest levels recorded 

during the summer-early autumn period. Additionally, Marinho et al. (2015) 

described the protein content and amino acid profile of Saccharina latissima and 

found the highest amino acid score (ratio of the essential amino acids to the 

nonessential amino acids) found in November (68.90 %) and the lowest in May (34.2 

%). In another study, Astorga-Espana et al. (2016) investigated the total protein, 

amino acid profile and score of seaweeds sampled on the coast of Chile. Their 

results showed that brown seaweeds were low in protein compared to green and 

red seaweeds but had a significantly higher protein quality based on the amino acid 

score and essential amino acid index. The study by Mabeau and Fleurence (1993) 

showed that the protein content of Porphyra tenera (a red seaweed) was higher (up 

to 47 % DW protein) and that of Ulva sp., a green seaweed, (between 15-20 % DW 

protein) and was higher than that in most of the brown seaweeds (3 % DW protein) 

with the exception of  Undaria pinnatifida that ranged from 11-24 % DW protein. 

Also, processing treatments have also been shown to influence the level of amino 

acid and protein in seaweeds. For instance, Wong and Cheung (2001b) compared 

the protein and amino acids contents, and protein digestibility of oven-dried and 

freeze-dried seaweeds (Sargassum hemiphyllum, S. henslowianum and S. patens), 

results showed dissimilarity in the amino acid profile and protein content as a result 

of the drying treatment with higher levels of protein found for the oven-dried 

compared to the freeze-dried for all seaweed species.  

Additionally, studies have shown that the protein profile (amino acids) of seaweeds 

may be comparable with those found in more traditional foods. For instance, 

comparison of the amino acid profile of Saccharina latissima with those of fish meal, 

soybean meal and wheat meal (Marinho et al., 2015), and Palmaria palmata with 

egg (Galland-Irmouli et al., 1999) and leguminous plants (Fleurence, 1999), all 

showed that the amino acid profiles were comparable, with majority of the 

comparable amino acids found being those considered essential. Alongside having 

similar protein profiles as traditional foods, it has also been shown that seaweed 

proteins are relatively digestible as traditional foods (Fleurence, 1999); although 

most studies on seaweed protein digestibility have only been assessed using invitro 
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enzyme digestions, which may be a tad questionable to some extent. Overall, this 

indicates that seaweeds could be a reasonable source of dietary protein, 

considering their amino acid profile and the increased focus on plant-based protein 

sources in order to reduce the consumption of meats (Stévant et al., 2018). This, 

however, could only be achieved if the understanding of the protein contents of 

seaweeds is improved. 

1.4.4 Vitamins in seaweed 

Vitamins are naturally occurring organic compounds essential for physiological and 

chemical functions in the body and are usually required in only trace quantities 

(Bender, 2009). Vitamins are divided into two groups based on their solubility, fat-

soluble and water-soluble. Fat-soluble vitamins include vitamin A (retinol and 

derivatives), E (tocopherols and tocotrienols), D (calciferol and ergocalciferol) and 

K (phylloquinone and menaquinones). Water-soluble vitamins consist of the B-

group vitamins (thiamine, riboflavin, niacin and derivatives, pyridoxal and 

derivatives, cobalamin, folic acid and pantothenic acid) and vitamin C (ascorbic acid) 

(Škrovánková, 2011).  

Vitamins are a large group of biomolecules with a variety of chemical structures, 

nutritional characteristics and physiological activities and are a crucial part of human 

and animal nutrition (Hollman et al., 1993). Vitamins have a huge range of functions. 

For example, vitamins A, C and E are antioxidants (which help in the prevention of 

cancer and cardiovascular diseases); vitamin D is involved in the maintenance of 

calcium balance and regulation of calcium ion absorption; vitamin K is a coenzyme 

for the formation of carboxyglutamate, which is an essential enzyme in blood 

clotting; and vitamin C is a cofactor in the hydroxylation and enhancement of iron 

absorption. The B group vitamins act as coenzymes for the enzymatic catalysis of 

vital metabolic processes in the body such as redox reactions (B2, B3), 

transamination and decarboxylation (B6), carbon transfer (folic acid), aldehyde 

group transfer (B1) and acyl group transfer (B5) (Klejdus et al., 2004; Škrovánková, 

2011).  

Even though vitamins are only required in trace amounts, any deficiency in the 

human diet is detrimental to human well-being (Khokhar et al., 2012; Phillips, 2015). 
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The deficiency of vitamins is linked to several known health issues such as 

neurological dysfunction, nerve damage, night blindness, keratinisation and rickets, 

impaired blood clotting and hindrance of the metabolism of major nutrients (Bender, 

2009). A range of vitamins, their chemical structures, functions and the 

recommended daily requirements according to the WHO are displayed in Figure 1.5. 

 

 

Figure 1.5: Examples of some vitamins and their required daily intake of vitamins 

as suggested by WHO, taken from Klejdus et al. (2004). 
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The primary source of vitamins is from the diet because the human body is unable 

to synthesise vitamins de novo or store most of the required vitamins (Škrovánková, 

2011). Moreover, most human diets do not always contain the exact amount of 

vitamins needed for nutritional purposes, unless the diet is fortified with vitamin 

premixes (Heudi et al., 2004). However, seaweeds, have been shown to contain 

both fat-soluble and water-soluble vitamins (Mabeau and Fleurence, 1993; 

Macartain et al., 2007), especially the B-group vitamins B1, B2, B3, low quantities of 

niacin, B6 and folates. Vitamins C and E, as well as carotenoids, which are pro-

vitamins of vitamin A, are also abundant in seaweeds (Škrovánková, 2011). For 

example, the study by Kolb et al. (2004) that characterised different ranges of 

vitamins in two edible brown seaweeds (Undaria pinnatifida and Laminaria digitata) 

purchased from a shop in Japan showed that these seaweeds contained substantial 

amounts of vitamins, including vitamin B1 (0.30 mg/100g DW respectively), vitamin 

B2 (1.35 mg/100g DW), vitamin B6 (0.18 mg/100g DW), niacin (2.56 mg/100g DW) 

and β-carotene (1.30 mg/100g DW). Another study demonstrated that the levels of 

vitamin K in Palmaria palmata ranged from 2-7 µg/g  (Mouritsen et al., 2013). 

Ascophyllum nodosum, Laminaria digitata, Undaria pinnatifida, Porphyra umblicalis, 

Palmaria palmata and Ulva sp. have also been shown to contain vitamins (B1, B2, 

B3, B6, B8, B9, C, E and B12) in levels such that if the seaweeds are incorporated into 

diets (as a whole or extract) they may help meet the required recommended 

nutritional intake (Macartain et al., 2007). 

However, as with other biomolecules, the vitamin content of seaweeds varies 

depending on the species, season, growth stage and with other environmental 

parameters such as salinity, pH, and seawater temperature (Mabeau and 

Fleurence, 1993; Stengel et al., 2011). To date, only a limited number of studies 

have focused on the vitamin content of seaweeds. For instance, Hernández-

Carmona et al. (2009) described the monthly variation of vitamins A, C, E, D3, B1, 

and B2 in Eisenia arborea, a brown seaweed sampled from the west coast of Mexico. 

The highest vitamin A levels occurred in March (874.90 International Unit (IU)) and 

the lowest in September (422.20 IU). Vitamin B1 was the least abundant vitamin with 

concentrations as low as 0.06 mg/100g DW. In another study, Ortiz et al. (2009) 

analysed vitamin E (tocopherols and tocotrienol) and carotenoids (provitamin A) in 

three seaweeds (Gracilaria chilensis, Macrocystis pyrifera and Codium fragile) from 
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Chile, which showed variation between species. Tocopherols and tocotrienol were 

higher in C. fragile than in G. chilensis and carotenoid levels decreased in the order 

G. chilensis > M. pyrifera > C. fragile. In another study that compared the vitamin 

B12 content in some seaweed products purchased locally in markets from Japan and 

Korea, results showed that all the products contained vitamin B12 (32.26─133.80 

µg/100g DW), but the levels varied with species and the location, with highest found 

in Porphyra sp. products from Korea (Watanabe et al., 1999, 2000; Miyamoto et al., 

2009). Dam and Glavind (1938) compared vitamin K levels in different classes of 

seaweeds and showed that the level of vitamin K varied between classes, with 

higher levels founds in Palmaria palmata (a red seaweed) and Ascophyllum 

nodosum (a brown seaweed) in comparison to Ulva lactuca and Ulva clathara 

(green seaweeds). 

Processing techniques such as washing, oven drying, air-drying, freeze-drying and 

cooking have also been shown to accelerate vitamin loss in seaweeds. The impact 

of processing techniques such as drying on vitamin content has been studied to 

some degree. For example, a study of the effect of sun drying, oven drying and 

freeze-drying on the vitamin C content of brown seaweed (Sargassum hemiphyllum) 

showed that the vitamin C content of the freeze-dried batch was significantly higher 

than the oven-dried and sun-dried batches (Chan et al., 1997). 

1.4.5 Antioxidant compounds in seaweed 

Antioxidants are essential components of biological systems; preventing damage to 

cells and tissues caused by reactions involving free radicals (Halliwell and 

Gutteridget, 2015; Oroian and Escriche, 2015). These radicals are highly reactive 

compounds with unpaired electrons, which can be formed when UV radiation has 

enough energy to break a covalent bond, in some cases by the oxidation of iron in 

the blood or as a result of excess alcohol consumption and smoking, as they both 

result in the formation of reactive species (Halliwell and Gutteridget, 2015). These 

reactive species are known to be associated with illnesses and chronic diseases 

such as cancers, cardiovascular diseases and cataracts in humans (Cornish and 

Garbary, 2010; Souza et al., 2011). Antioxidants are described as biologically active 

agents that are able to delay, prevent or remove the potential of oxidative damage 

from a target compound (Halliwell and Gutteridget, 1984; Halliwell, 2008). Due to 
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the perceived need for functional foods, nutraceuticals and pharmaceuticals that 

prevent oxidative stress, there has been an increasing interest in compounds with 

antioxidant activity (Beaglehole et al., 2007; Tierney et al., 2010).  

Antioxidants can be found in foods such as green vegetables, fruits, etc. These 

antioxidants often contain metal chelators, oxidative, enzyme inhibitors, radical 

chain reaction inhibitors and antioxidant enzyme cofactors, that may prevent 

damage from oxidative stress (Huang et al., 2005). Natural antioxidants can find 

application in both the food and health sectors. Although synthetic antioxidants, 

such as butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT), have 

been used in food, they have also been linked with carcinogenic and toxic side 

effects (Matanjun et al., 2008; Wang et al., 2009; Tierney et al., 2010). Attention 

has, therefore turned towards finding safe alternative antioxidants from natural 

sources which are capable of exhibiting antioxidant activities without any of the toxic 

side effects (Halliwell, 2008; Tierney et al., 2010; Mutton, 2012) 

Seaweeds inhabit locations with high concentrations of oxygen and high light 

intensities, which both promote free-radical formation; however, there is little 

evidence that oxidative damage occurs in seaweeds. It is also evident that at least 

some seaweeds, adapt quickly to different conditions by producing antioxidants to 

limit oxidation (Chew et al., 2008; Cornish and Garbary, 2010; Hurd et al., 2014). 

Evidence suggests that various antioxidant compounds such as carotenoids, 

polyphenols and some vitamins found in seaweeds are produced to combat 

oxidative-related stress and the antioxidant potential of seaweeds has been linked 

to the presence of bioactive compounds such as phenolics, carotenoids and 

bioactive peptides (Cornish and Garbary, 2010; Tierney et al., 2010; Jiménez-Escrig 

et al., 2012). Phenolic compounds are natural products with one or more phenol 

rings, with the major classes of phenolic compounds in seaweeds include flavonoids 

such as catechin, rutin, morin, caffeic acid and hesperidin. The phlorotannins are 

another class of phenolic compounds abundant in many seaweed species and 

include fucols, phlorethols and halogenated and sulphated phlorotannin (Kumar et 

al., 2008). Carotenoids are also known for their antioxidant activities. Carotenoids 

are natural products derived from eight isoprene units and are essential for 

photosynthesis in algae (Ibañez and Cifuentes, 2013). The major carotenoids found 
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in seaweeds include β-carotene (provitamin A), violaxanthin and fucoxanthin in 

brown algae; zeaxanthin, neoxanthin, violaxanthin, lutein and β-carotene in green 

algae; and zeaxanthin, lutein and α- and β-carotene in red algae (Ibañez and 

Cifuentes, 2013). The mycosporine-like amino acids found in some red seaweed 

species have also been reported to have antioxidant properties (Athukorala et al., 

2016; Guihéneuf et al., 2018). The presence of a wide range of compounds in 

seaweeds that exhibit antioxidant activity (Figure 1.6) makes them attractive to the 

food industry as they could provide an additional marketing opportunity for their 

products. 

 

 

Figure 1.6: Structure of some antioxidant compounds present in seaweeds. 
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Recent evidence suggests that seaweeds are rich in bioactive compounds capable 

of exhibiting antioxidant activities, but like almost every other biochemical present 

in seaweeds, these vary both temporally and spatially as well as from species to 

species (Stengel et al., 2011). These variations were demonstrated by Connan et 

al. (2007) who studied the daily differences in the antioxidant capacity and phenol 

content of three brown seaweeds from different intertidal zones Pelvetia canaliculata 

(high-level), Ascophyllum nodosum (mid-level) and Bifurcaria bifurcata (low-level). 

Their results showed that the antioxidant activity of the seaweeds was influenced by 

the diurnal change and tidal levels and the concentration of phenolic compounds, 

which correlated positively with antioxidant capacity. Souza et al. (2011) explored 

the antioxidant content and radical scavenging activities (determined by measuring 

the total phenolic content (TPC) using the Folin-Ciocalteu phenol assay, the radical-

scavenging activity using 2,2-diphenyl-2-picrylhydrazyl hydrate (DPPH) assay and 

the antioxidant activity using β-carotene-linoleic acid assay) of two red seaweeds 

(Gracilaria birdie and Gracilaria cornea) collected from the Brazilian coast showed 

that TPC differed significantly between species, and Gracilaria birdie had higher 

TPC and antioxidant activities than other seaweed species. Also, gallic acid and 

apigenin were the most abundant antioxidants, as determined by high-performance 

liquid chromatography coupled with mass spectrometry (HPLC-MS). In another 

study, the antioxidant potential of several edible brown and red seaweeds from the 

North West coast of Spain showed that the red seaweeds (Gigartina pistillata and 

Mastocarpus stellatus) had relatively higher reducing power and free radical 

scavenging activities compared with the brown seaweeds and a linear correlation 

was found between both the radical scavenging activity and reducing power with the 

TPC; suggesting a role for phenolic compounds in antioxidant activity (Jiménez-

Escrig et al., 2012). In another study, that compared the antioxidant potential of 

seaweeds (A. esculenta, S. latissima and P. palmata) sampled from different 

locations (France, Norway and Iceland) in different seasons (autumn, spring and 

summer), the total phenolic content was shown to vary with the season and 

sampling locations, with the highest levels found in autumn (Roleda et al., 2019). 

Not surprisingly, as many antioxidant compounds are heat-labile compounds, 

studies have also shown that processing operations influence the antioxidant 

content and activity of seaweeds (Stévant et al., 2018). This was demonstrated in 
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the study of Neoh et al. (2016) who reported the effect of different drying techniques 

such as oven drying, freeze-drying, sun drying and vacuum drying on the antioxidant 

activity of Kappaphycus alvarezii; a red seaweed from the coast of Malaysia. Here, 

the total phenolic content (TPC), total flavonoid content (TFC) and antioxidant 

capacities (TAC) were shown to be influenced by the technique used for drying the 

seaweed, with vacuum drying containing higher levels for TPC and TFC  compared 

to other techniques; although higher antioxidant activity occurred for the oven dried 

seaweeds in comparison to other techniques, thus suggesting the influence of 

processing treatment on both the presence of antioxidant-related compounds in 

seaweed and their activity.  

 

1.5 The potential of seaweed as foods, nutraceuticals and pharmaceuticals 

The use of seaweed in food and as a source of nutraceuticals and pharmaceuticals 

is not “new” and the value of seaweeds as a chemical resource is generally well 

known. However, for various reasons, they are yet to be fully exploited in many parts 

of the world. Looking forward, the eventual success of the UK and Scottish seaweed 

industry will depend mainly upon the development of enticing products, improved 

cultivation methods, and appropriate marketing strategies to raise awareness about 

the potential health benefits associated with consuming seaweeds (Schlarb-Ridley 

and Parker, 2013; Hafting et al., 2015). Technical innovations in harvesting, the 

development of bio-refineries, as well as successful marketing, could all promote 

the sustainable utilisation of seaweeds for food (Van den Burg et al., 2016). 

Increased human consumption of seaweeds will likely be critical to the successful 

development of the seaweed industry. The greater inclusion of seaweeds (or 

extracts from them) into regular foods, as an ingredient, will also be beneficial 

(Fleurence et al., 2012; Shannon and Abu-Ghannam, 2019). One way to help 

support such change is through fundamental research. Seaweeds are a natural 

resource and research that demonstrates the nutritional value and potential health 

benefits of seaweeds, as well as the promotion of such research findings, should 

ultimately add value and increase the market for seaweeds and seaweed products. 

It is also important that the chemicals identified in seaweeds can be robustly linked 

to specific health benefits (Hafting et al., 2015). 
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1.5.1 Current inclusion of seaweed for added value in food and drink products 

The Cambridge English Dictionary describes the adjective ‘value-added’ as an 

increase in the value of a product for which consumers will be willing to demand 

more from producers. Value-added products could also be described as a product 

with increasing differences between unit cost and generated revenue (Hafting et al., 

2015). Most seaweeds can grow without the need for freshwater and fertilisers and 

are rich in dietary fibre, protein and functional peptides; lipids and polyunsaturated 

fatty acids; important polysaccharides like agar, carrageenan, fucoidan, and ulvan; 

polyphenols and essential minerals (Holdt and Kraan, 2011; Mohamed et al., 2012; 

Shannon and Abu-Ghannam, 2019). 

The presence of biochemicals in seaweeds indicate that the incorporation of 

seaweeds into food and drink could add value to food products by enhancing the 

bioactivity, shelf-life and quality (such as the texture, taste and appearance of the 

food product) (Roohinejad et al., 2017). At the moment, seaweeds are part of the 

human diets either as a whole or as additives and ingredients (Bouga and Combet, 

2015). Figure 1.7 and Table 1.3 exemplify the food and drink products that utilise 

seaweed or seaweed-derived products. 
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Figure 1.7: Some examples of commercial seaweed and seaweed-incorporated products. 
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It should be noted that not all seaweed species will be suitable for consumption. For 

example, some seaweeds contain toxic levels of certain chemicals (such as heavy 

metals, kainic acid, polyaromatic hydrocarbons, etc.) and others only contain low 

levels of beneficial chemicals (Holdt and Kraan, 2011; Cheney, 2016). Additionally, 

the taste and texture of foods to which seaweed or seaweed products are used as 

ingredients can be adversely affected  (Hafting et al., 2015). Hence, it is vital to use 

only the appropriate seaweed species and appropriate quantities in food products, 

because if consumption of seaweed or seaweed ingredients is overestimated or 

underestimated the desired functionality will not be achieved, leading to products 

with undesirable tastes or textures (Roohinejad et al., 2017). For example, the 

addition of up to 2.5 % (w/w) Sargassum marginatum in pasta resulted in enhanced 

nutritional properties of the food (Prabhasankar et al., 2009) while the addition of 

12.5 % (w/w) Laminaria japonica into makgeolli (a Korean alcoholic drink), resulted 

in undesirable flavour (Choi et al., 2014).  

 

Table 1.3: Examples of food products that use seaweeds or seaweed-derived 

products as ingredients and the proposed benefits of their addition.  

Food source Seaweed species Effect of addition References  

Baked 
goods 

Bread, Muffins Kappaphycus alvarezii Texture and shelf life Mamat et al. 
2014; 2018 

Biscuit Caulerpa racemosa Antioxidant contents and activity Kumar et al. 
2018  

Bread  Ascophyllum nodosum Anti-obesity properties Hall et al. 2012  

Bread Palmaria palmata Increased bioactivity Fitzgerald et al. 
2014 

White bread Chondrus crispus, Undaria 
pinnatifida 

Anti-diabetic properties Goñi et al. 2002  

Breadstick  Himanthalia elongata Nutritional properties and 
antioxidant contents 

Cox and Abu-
Ghannam 
2013a  

Dairy 
produce 
  

Cheese Himanthalia elongata, 
Laminaria ochroleuca, 
Porphyra umbilicalis, Ulva 
lactuca and Undaria 
pinnatifida 

Odour, quality, taste, flavour and 
antioxidant activity and phenolic 
content  

Del Olmo et al. 
2018 

Milk Ascophyllum nodosum, 
Fucus vesiculosus 

Nutritional, antioxidant and sensory 
qualities, and enhanced shelf life 

O’Sullivan et al. 
2014 

Yoghurt and 
quark 

Himanthalia elongata, 
Porphyra umbilicalis, 
Saccharina latissima, Ulva 
lactuca and Undaria 
pinnatifida  

Sensory characteristics  Nuñez and 
Picon 2017 



Chapter 1 

 
59 

Meat, fish 
and poultry 
produce 

Processed meat Himanthalia elongata, 
Undaria pinnatifida and 
Porphyra umbilicalis  

Antioxidant activity and partial 
blockage of hypocholesterolemic 
effects 

Cofrades et al. 
2017 

 
Chicken Himanthalia elongata Improved texture and sensory 

properties 
Cofrades et al. 
2011    

Fish Fucus vesiculosus  Inhibition of lipid oxidation  Wang et al. 
2010   

Meat (meat 
emulsion) 

Himanthalia elongata, 
Undaria pinnatifida and 
Porphyra umbilicalis 

Nutritional properties López-López et 
al. 2009 

 
Pork meat 
batter 

Himanthalia elongata Water/oil retention capacity and 
textural properties 

Fernández-
Martín et al. 
2009    

Minced Pork Laminaria digitata Antioxidant activity and reduced 
lipid oxidation 

Moroney et al. 
2017   

Fish oil Ecklonia radiata, 
Macrocystis pyrifera, 
Champia sp. and Porphyra 
sp.  

Colour, rancidity prevention and 
antioxidant activity  

Kindleysides et 
al. 2012 

 
Fish Cutlet Kappaphycus alvarezii Textural properties Senthil et al. 

2005  
Beef patties Himanthalia elongata Appearance and nutritional 

properties 
Cox and Abu-
Ghannam 
2013b   

Restructured 
pork 

Undaria pinnatifida, 
Himanthalia elongata, 
Porphyra umbilicalis 

Anti-diabetes properties Garcimartín et 
al. 2015 

 
Restructured 
pork 

Himanthalia elongata hypercholesterolemic effects González-
Torres et al. 
2012   

Fish burger Cystoseira compressa, 
Jania adhaerens 

Antioxidant, nutritional and 
functional properties  

Hentati et al. 
2019 

Other 
produce 

Pasta  Sargassum marginatum Antioxidant and nutritional 
properties 

Prabhasankar 
et al. 2009b   

Noodles  Monostroma nitidum Nutritional properties Chang and Wu 
2008   

Makgeolli 
(Korean 
alcoholic drink) 

Laminaria japonica Anti-diabetic properties Choi et al. 2014  

 
Pakoda (snack) Ulva compressa Nutritional properties  Mamatha et al. 

2007 

 

The nutritional properties of foods which seaweeds have been incorporated into 

have been studied using feeding trials of the seaweed-containing food products. For 

example, the effect of incorporating Ulva reticulata into chocolate was studied in 500 

anaemic adolescent girls; with results from blood samples indicating a significant 

increase in haemoglobin, serum ferritin and iron, and total iron-binding capacity 

(Banu and Mageswari, 2015). Combet et al. (2014) tested encapsulated 

Ascophyllum nodosum on healthy women at childbearing age in an attempt to 

combat iodine deficiency and improve thyroid function in the subjects. The result 

indicated that the seaweed was readily consumed and was considered palatable, 

although no marked change in thyroid hormones was found. Also, a reduction of up 
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to 16.4 % in energy intake (which can help reduce obesity) occurred in overweight 

males that were fed bread into which Ascophyllum nodosum had been incorporated 

(Hall et al., 2012). These studies provide fascinating insights into the potential 

benefits to be gained from incorporating seaweeds into the diet. However, there is 

still a need to better understand the benefits of incorporating seaweeds (as a whole, 

as extracts or using specific chemicals derived from seaweeds) into foods. 

1.6 Details of the seaweed species considered in this study 

The study site (Caithness, North Scotland) has a shore line of up to 350 and more 

than 200 different seaweed species have been described from the general area, 

majority of which are red (Mutton, 2012). In this thesis, different sampling regime 

were undertaken for the ranges of investigations and most of the seaweeds studied 

were brown (Phaeophyceae), with the exception of Palmaria palmata, which is a red 

seaweed (Rhodophyceae). The selection of studied seaweed species was based 

on EFSA listing for novel foods, commercial viability as well as the ease in sampling 

of such seaweed species. The seaweed species include Palmaria palmata, Fucus 

serratus, Fucus spiralis, Halidrys siliquosa, Laminaria digitata, Pelvetia canaliculata, 

Alaria esculenta, Fucus vesiculosus, Himanthalia elongata and Saccharina 

latissima, all of which are displayed in Figure 1.8. The phylogenetic tree detailing 

the relationship between the seaweed species is shown in Figure 1.9 (Guiry and 

Guiry, 2020). As seen the seaweed species can be divided into three orders namely 

Laminariales, Fucales and Palmariales. Also, P. palmaria is distinctly different from 

the rest of the seaweed. 
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Figure 1.8:  Photographs of the seaweed species characterised in this study.
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Figure 1.9: Phylogenetic tree showing the relationship between the focused 

seaweed species in this thesis; based on Guiry and Guiry (2020) 

 

1.7 Literature summary and research overview  

It is clear that seaweeds exhibit great chemical diversity and many of these 

chemicals have the potential to be utilised as part of the human diet, either as a 

source of nutrients or due to their biological activity. While the presence of 

biochemicals in seaweeds stems from the accumulation of chemicals from 

seawater, the majority of which then serve as primary precursors for the 

biosynthesis of secondary metabolites and complex macromolecules; the 

accumulation and subsequent availability of these nutrients vary with the seaweed 

species in question, the location and the time of year (Holdt and Kraan, 2011; 

Stengel et al., 2011; Hurd et al., 2014). This variation is at least partly as a result of 

fluctuations in light level, light quality, nutrient supply, temperature, salinity, pH, CO2 

and other biotic factors (such as interactions with pathogens, grazers, epiphytes and 

endophytes) – all of which will vary seasonally or diurnally and from site to site 
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(Stengel et al., 2011). Additionally, the biochemical composition of processed 

seaweeds (for the foods they are incorporated into) can be influenced by the 

processes required to harvest them from the environment and ultimately to get them 

onto our plate (Le Lann et al., 2008; Gupta et al., 2011; Silva et al., 2019).  

Currently, in the UK, the inclusion of seaweed in foods is still limited. This is thought 

to be due to the issues around their sustainability, underdeveloped supply chain, 

costs associated with processing, product stability, lack of consistency in chemical 

constituents and bioactivity, lack of innovative products, and the low levels of some 

chemical constituents and limited bioactivity as a result (Schlarb-Ridley and Parker, 

2013; Adams, 2016; Garcia-Vaquero and Hayes, 2016; Barbier et al., 2019). As 

such, the utilisation of seaweed as functional food still requires a more complete 

understanding of how the bioactive chemicals in seaweeds vary (temporally and 

spatially) and how processing techniques and environmental conditions influence 

their levels. Additionally, information on how the chemical constituents of seaweeds 

can be manipulated to produce a product with enhanced bioactivity would be 

beneficial. This information will help improve targeted exploitation of seaweed 

resources. Having reviewed existing literature, this thesis will focus on addressing 

the following knowledge gaps: 

1. The effect of different drying methods (a critical processing step for many 

seaweed products) on some nutritionally important chemical constituents in 

edible brown seaweeds. 

 

2. How selected nutritionally important chemical constituents vary with species 

and time of harvesting, in industrially processed seaweeds harvested from 

around Caithness coast (northern Scotland). 

 

3. Examine the possibility of addressing nutrient deficiency and enhancing the 

bioactivity of seaweeds by enriching wild harvested seaweeds with inorganic 

selenium (Se) – focusing on the bioaccumulation (total Se content) and 

biotransformation (organic Se content) of selenium after enrichment. 
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4. Lastly, following Se enrichment, the effects on the chemical profiles of 

seaweed will be determined using untargeted lipidomic analysis and size 

exclusion chromatography combined with inductively coupled plasma mass 

spectrometry.
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Chapter 2: Experimental Section 

To determine the potential of intertidal seaweeds sampled from Caithness (North 

Scotland) a range of studies were undertaken to show the presence of nutritionally 

important chemical constituents in seaweeds. The nutritionally important chemical 

constituents analysed in this study were chosen because of their role in functional 

foods. This part of the thesis encompasses all the methods used for data collection 

in this thesis. 

2.1 Analytical methodology used for the analysis of selected nutritionally 
important chemical constituents 

Analysing the chemical constituents of seaweeds using accurate and precise 

methods is important from both nutritional and toxicological perspectives. Methods 

are often selected based on the level of accuracy required, cost of analysis, 

availability of resources and the analytes of interest.  

The chemical constituents analysed here include: 

1. Trace, minor and macro elements 

2. Total polyphenol and flavonoid content and antioxidant activity (radical 

scavenging activity and total antioxidant capacity) 

3. Protein and amino acids 

4. Lipids and fatty acids 

2.1.1 Instruments  

• Microwave reaction system (Multiwave PRO, Anton Paar) 

• Inductively coupled plasma optical emission spectrometer (ICP-OES; Varian 

720-ES) 

• Vortex mixer (Clifton Cyclone vortex; Nickel-Electro) 

• Sonic bath (Grant ultrasonic bath) 

• UV/Vis spectrophotometer (Camspec M501) 

• Centrifuge (Thermo Scientific IEC CL30R centrifuge) 

• Nitrogen evaporator (LV nitrogen manifold; Caliper Life Sciences) 

• Orbital shaker (Stuart SSL1) 
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• High-performance liquid chromatography system (HPLC; Dionex 3000 

Ultimate) with fluorescence detector (RF 2000; Dionex) 

• Gas chromatography with mass spectrometry (GC-MS; Shimadzu QP2010) 

 

2.1.2 Determination of trace, minor and macro elements 

Determining the elemental composition of seaweeds is important from both 

nutritional and toxicological perspectives. While the presence of essential elements 

in diets in lower than optimal amounts can result in a deficiency, their presence in 

very high amounts can result in toxicity (Rao et al., 2007). Several methods have 

been described for determining the elemental composition of seaweeds. Non-

destructive methods include those based on X-ray fluorescence (XRF) and 

destructive techniques typically involve digestion, mineralisation and complete (or 

near-complete) dissolution of the sample. Digestion is the most common and is 

typically carried out using acid and/or base or acid and oxidising agents (i.e., 

hydrogen peroxide). The digested solution is then analysed using either inductively 

coupled plasma mass spectrometry (ICP-MS) (García-Sartal et al., 2011), 

inductively coupled plasma optical (atomic) emission spectrometry (ICP-OES) (Rao 

et al., 2007) or flame atomic absorption/emission spectrometry (F-AAS/AES) 

(Marsham et al., 2007). The instrumentation used depends largely on the 

instrumentation available, the limits of detection and/or quantification desired (i.e., 

part per billion or million range) and the actual elements of interests. 

Here, the elemental content, of dried and powdered seaweed samples, was 

determined by microwave assisted digestion using nitric acid and hydrogen peroxide 

followed by analysis using ICP-OES. ICP-OES uses an ICP argon torch capable of 

attaining ultra-high plasma temperatures that can excite free atoms of the elements 

of interest (in the sample stream), which then emit light of characteristic wavelengths 

as they fall back to ground state following excitation (hence the term atomic or 

optical emission). Additionally, the intensity of the emitted light (detected by a 

photomultiplier) is proportional to the concentration of individual elements in the 

sample. 
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Figure 2.1: Schematic diagram of Inductively couple plasma optical emission 

spectrometer (ICP-OES), taken from Sneddon and Vincent (2008). 

 

Method for trace, minor and macro elements analysis 

100 (±10) mg of powdered seaweed was weighed into digestion tubes and 3 mL of 

concentrated trace metal grade nitric acid (~69 % assay) was added. The tube was 

loosely sealed and kept in a fume cupboard for 22 hours before adding 1 mL of trace 

metal grade hydrogen peroxide (~30 % assay). The mixture was then digested using 

a microwave reaction system, using the settings outlined in Table 2.1.  

 

Table 2.1: Microwave-assisted digestion program. 

Step Max Power (W) Initial temperature (°C) Final temperature (°C) Ramp time (min) Hold time (min) 

1 1500 Room temp 110 20 20 

2 1500 110 150 10 40 

3 1500 150 55 N/A N/A 
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After digestion, the solution was allowed to cool to room temperature before transfer 

to a 15 mL polypropylene tube and made up to 15 mL with Milli-Q water. The 

following certified reference materials (CRM): bovine muscle powder (RM8414; 

National Institute of Standard and Technology), bush and leaves (BCR 482; from 

the Institute for Reference Materials and Measurements, IRMM) and lichen (NSCDC 

73348; form China National Analysis Centre for Iron and Steel) were similarly 

digested for validating the accuracy of the analysis. The digested samples were 

analysed using ICP-OES (Varian 720-ES) utilising suitable analytical lines (Table 

2.2). Analytical line selection is crucial as some elements undergo interference from 

other element(s) at specific analytical lines. Prior to selecting analytical lines, various 

emission lines were evaluated for all the elements studied and analytical lines that 

showed highest recovery for CRMs were considered suitable. The ICP plasma flow 

and auxiliary flow were set 15 L and 1.5 L, respectively, with argon used as the gas.  

 

Table 2.2: Analytical wavelengths tested, and the lines considered suitable (in bold) 

for elemental analysis in this study. 

Element Wavelength (nm) 
Calcium 317.933, 393.366, 396.847 

Cadmium 214.439, 226.502 

Cobalt 228.615, 230.786, 238.892, 258.033 

Copper 324.754, 327.395 

Iron 238.204, 259.940, 261.382, 

Potassium 769.897 

Magnesium 279.553, 257.610, 383.829 

Manganese 259.372, 260.568, 257.610 

Sodium 330.237, 568.821, 588.995, 589.592 

Nickel 222.486, 230.299, 231.604 

Selenium 196.026, 203.985 

Zinc 202.548, 206.200, 213.857 

 

2.1.3 Determination of antioxidant activity and antioxidants 

Several analytical methods have been described to determine the antioxidant 

capacity and the antioxidants present in plants and seaweed extracts. Conventional 
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methods for the determination of antioxidant capacities can be divided into two main 

categories. Hydrogen atom transfer reaction-based assays, whereby the ability of 

an extract to quench free radicals by the donation of hydrogen is measured. An 

example is oxygen radical absorbance capacity (ORAC) which involves measuring 

the inhibition of peroxyl radical-induced oxidation (Prior et al., 2005;  Yuan et al., 

2009). Another example is the AAPH assay wherein, a fluorescence-active solution 

and a 2,2’-azo bis[2-amidinopropane] dihydrochloride solution (initiator) are added 

to extracts, and in the absence of an antioxidant the fluorescein disappears and 

fluorescence intensity decreases while the presence of antioxidants inhibit the 

decay (Ou et al., 2001; Huang et al., 2005; Ling et al., 2015). The second category 

of methods are electron transfer reaction-based assays, wherein the ability of a 

potent antioxidant to transfer an electron to reduce another compound is measured 

(Prior et al., 2005). Examples of electron-transfer based assays include radical 

scavenging activity (2,2-diphenyl-1-picrylhydrazyl) (Chew et al., 2008; Ganesan et 

al., 2008), the Folin-Ciocalteu assay for total phenolic content (Ganesan et al., 2008; 

Wang et al., 2009; Belda et al., 2016), the ferric reducing ability of plasma (FRAP) 

assay (Prior et al., 2005; Santos et al., 2018; Vasconcelos et al., 2018), the 

microsomal lipid peroxidation (MLP) assay (Garcia et al., 2005), the ferrous-ion 

chelating (FIS) capability assay (Kuda et al., 2005), the β-carotene-linoleic acid 

assay (Souza et al., 2011) and the phosphomolybdenum complexation assay 

(Prieto et al., 1999). While, due to the presence of a range of antioxidants in 

seaweeds and their individual properties, a single radical scavenging activity study 

cannot be relied on to fully quantify the antioxidant activity and/or identify the 

important antioxidants present in extracts; using a range of antioxidant assays and 

related assays can be useful in gaining an understanding of the antioxidant potential 

of seaweeds and their extracts (Mutton, 2012). 

Here, methanol extracts of seaweeds were used to study the antioxidant properties 

of seaweeds. To get some idea of the presence of specific groups of antioxidant 

compounds both the total phenolic and flavonoid content were determined. The 

antioxidant potential of the extracts was determined using the DPPH assay (for 

radical scavenging activity) and the phosphomolydenum assay (total antioxidant 

capacity). 
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Methanolic seaweed extraction  

This method was adapted from that of Mutton (2012). Briefly, 250 mg of milled 

sample was weighed into a 15 mL polypropylene centrifuge tube and 5 mL of 

methanol (analytical grade) added. The mixture was vortexed for 20 seconds (three 

times) before sonicating (in a water bath) for 30 min at 55 °C. After sonication, tubes 

were shaken for 4 hours on an orbital shaker at 300 rpm at room temperature. 

Extracts were then centrifuged at 1127 g for 10 min at 24 °C, and the resulting 

supernatant decanted into a separate vial. 5 mL of methanol was then added to the 

solid residue, and the vortexing and centrifugation procedures repeated. The 

supernatant was then pooled with that of the first extraction before evaporating to 

dryness under nitrogen. The extracts were stored at -20 °C before analysis. Prior to 

analysis, extracts were re-dissolved in 5 mL of methanol. All extractions were 

conducted in triplicate. 

Total Phenolic Content (TPC)  

The total phenolic content was determined using the Folin-Ciocalteu method, which 

is the measurement of the absorbance of the extract at a wavelength of 765 nm 

after reaction with Folin-Ciocalteu reagent. Here, the method of Hamrouni-Sellami 

et al. (2013) was adapted. Briefly, 100 µL of the methanol extract (or gallic acid 

standard for calibration) was added to an Eppendorf tube followed by 1 mL of 10 % 

Folin-Ciocalteu reagent (Sigma Aldrich, UK.) in Milli-Q water and 0.8 mL of 7.5 % 

sodium carbonate. Tubes were thoroughly mixed by vortexing and allowed to stand 

for 1 hour at room temperature. Calibration was carried out using gallic acid 

standards with concentrations ranging from 0.1─2 mg/mL. Standards and blanks 

were prepared using the same method used for the samples. The absorbance of 

each sample was then measured using an UV/Vis spectrophotometer (Camspec 

M501) at a wavelength of 765 nm.  

Total Antioxidant Capacity (TAC) Phosphomolybdate reduction assay  

This assay is based on the spectrophotometric monitoring of the reduction of Mo 

(VI) to Mo (V). This method was based on a slight modification of that described by 

Prieto et al. (1999). Briefly, 150 µL of seaweed methanol extract (and ascorbic acid 

standards ranging from 0.1─2.5 mg/mL for calibration) were added to Eppendorf 
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tubes followed by 1.5 mL of a solution containing: 0.6 M sulphuric acid, 28 mM 

sodium phosphate (dibasic) and 4 mM ammonium molybdate (1:1:1 v/v/v). Tubes 

were incubated for 90 minutes at 95 °C and then allowed to cool to room 

temperature. The absorbance of each sample was measured using an UV/Vis 

spectrophotometer at a wavelength of 695 nm. 

Radical Scavenging Activity (RSA) DPPH assay  

The radical scavenging activity of seaweeds is measured using 2,2-diphenyl-2-

picrylhydrazyl hydrate (DPPH) assay. This assay uses a measure of colour change 

from purple (DPPH) to pale yellow (DPPH-H adduct). This method was adapted 

from that of Mutton (2012). Briefly, 100 µL of the methanol extract was added to an 

Eppendorf tube followed by 1 mL of 0.1 mM 2,2-diphenyl-1-picrylhydrazyl hydrate 

(DPPH) in methanol. Samples were then vortexed before standing at ambient 

temperature in the dark for 30 minutes. 100 µL of pure methanol was used as a 

negative control. After standing, the absorbance of each sample was measured 

using an UV/Vis spectrophotometer at a wavelength of 515 nm.  

Total Flavonoid Content (TFC) 

The total flavonoid content was determined using an aluminium chloride 

colourimetric assay, which uses the measurement of the absorbance of the extract 

at 510 nm, after reaction with aluminium chloride. This method was adapted from 

Hamrouni-Sellami et al. (2013). Briefly, 100 µL of seaweed methanol extract or 

standard ((+)-catechin hydrate) was added to an Eppendorf tube followed by 500 

µL of Milli-Q water and 37.5 µL of 5 % sodium nitrite. After 6 minutes, 75 µL of 10 

% aluminium chloride was added to the tube followed by 250 µL of 1 M sodium 

hydroxide. Samples and standards were then made up to 1.5 mL with Milli-Q water. 

Calibrations were carried out using (+)-catechin hydrate standards (concentration 

range: 0.05─2 mg/mL). Standards and blanks (methanol) were prepared using the 

same method as for the samples. The absorbance of each sample was measured 

using an UV/Vis spectrophotometer at a wavelength of 510 nm.  
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2.1.4 Determination of total protein  

The Kjeldahl nitrogen analysis (Ortiz et al., 2006; Dawczynski et al., 2007a; 

Marsham et al., 2007; Matanjun et al., 2009; Yaich et al., 2011), the Biuret method 

(Norziah and Ching, 2000; Manivannan et al., 2009; Tabarsa et al., 2012), the Lowry 

method (McDermid and Stuercke, 2003) and the Bradford method (Gressler et al., 

2010; Shuuluka et al., 2013; Kumar et al., 2015) have been used to determine the 

total protein content in seaweeds.  

These methods have both advantages and disadvantages. For instance, for Kjeldahl 

nitrogen, the nitrogen content in matrices (such as seaweed) is determined (e.g. 

using combustion (CHN) analyser) and the total protein content is extrapolated by 

multiplying the total nitrogen value with the nitrogen-protein conversion factor of 6.25 

– a conversion factor expected to correct for other nitrogen-containing compounds 

present in the sample (Mæhre et al., 2018). There is some evidence that this method 

may overestimate the protein content of seaweeds (Wells et al., 2016). On the other 

hand, there are reports of this method underestimating the protein concentration by 

up to 43 %, as not all nitrogen-containing compounds in seaweeds are proteins, 

other nitrogen-containing compounds (such as nucleic acids) are present in 

seaweeds (Angell et al., 2016). In the case of direct assay methods such as the 

Bradford, Biuret, UV and Lowry methods, the protein content may be overestimated 

by up to 33 %, as these methods are susceptible to errors from the interferences by 

other compounds such as polyphenols (Angell et al., 2016). Also, Bradford assay is 

a colourimetric method, which relies on light absorption, the analysis of pigment-

containing sample (such as seaweed), that are able to absorb light, may influence 

the protein content. Extraction procedure such as buffer selection, matrix disruption 

technique and extraction conditions (such as temperature, duration, pH) can also 

influence the quantification of protein in seaweeds (Harnedy and FitzGerald, 2013a; 

Angell et al., 2017; Kadam et al., 2017). While the specific methods available for 

determining protein content in seaweed all have pros and cons; the selection of an 

appropriate method will still rely on cost, availability of equipment, the stability of 

reagents as well as required accuracy and precision. 
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Method for protein analysis  

The method used here involves the extraction of the seaweeds with a buffer solution 

before treating the extracts with a Bio-Rad Bradford dye reagent – which contains 

Coomassie brilliant blue G-250. This method was adopted from Gressler et al. 

(2010). Briefly, 50 mg of powdered seaweed was weighed into an Eppendorf tube, 

and 990 µL of phosphate buffer (pH 8) was added, followed by 10 µL of 0.5 M 

ethylene diamine tetra-acetate (EDTA) and 2 µL of 2-mercaptoethanol. The mixture 

was vortexed for 30 seconds, sonicated (in a water bath) for 1 hour at room 

temperature before shaking on an orbital shaker at 300 rpm for 15 hours at room 

temperature. The resulting solution was then centrifuged at 5140 g for 5 minutes at 

4 °C (Eppendorf 5453 mini spin plus) and the supernatant collected. Aliquot 

solutions of bovine serum albumin (BSA) (ranging from 50─2000 µg/mL) were 

prepared for use as standards. 20 µL of each seaweed extract and BSA standard 

were added to Eppendorf tubes followed by 1 mL of the Bradford reagent (Sigma 

Aldrich). Mixtures were vortexed for 30 seconds and incubated at room temperature 

for 15 minutes before measuring the absorbance of each sample using an UV/Vis 

at a wavelength of 595 nm. 

 

2.1.5 Determination of amino acid 

The determination of protein in seaweeds does not necessarily give a complete 

picture of the nutritional value of protein. However, the amino acid composition of 

the total protein together does give all the information needed to determine the 

nutritional quality. Generally, the analysis of amino acids in seaweeds involves the 

hydrolysis of the sample using either acid, alkali or protease before the pre-column 

or on-column derivatisation of the amino acids followed by detection using either an 

amino acid analyser (Chan et al., 1997; Dawczynski et al., 2007; Gressler et al., 

2010; Mišurcová et al., 2014), gas chromatography (Peinado et al., 2014) or liquid 

chromatography with UV or fluorescence detection (Ortiz et al., 2006; Mæhre et al., 

2014, 2016).  

Where UV/Vis or fluorescence detection is used in conjunction with HPLC, 

derivatisation is required as not all amino acids absorb UV at useful wavelengths. 
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Derivatisation can be conveniently carried out using a range of reagents including 

6-aminoquinolyl-N-succinimidyl carbamate (AQC) (Hernández-Carmona et al., 

2009; Astorga-Espana et al., 2016; Chan and Matanjun, 2017), diethyl 

ethoxymethylene-malonate (Ortiz et al., 2006, 2009; Cian et al., 2014), phenyl 

isothiocyanate (PITC) (Matanjun et al., 2009; Tabarsa et al., 2012; Paiva et al., 

2014, 2016), O-phthalaldehyde (Antoine et al., 1999; Dai et al., 2014) or ninhydrin 

(Fleurence et al., 1995; Dawczynski et al., 2007a; Gressler et al., 2010; Mišurcová 

et al., 2014). After derivatisation, the modified amino acids can be easily detected. 

Selection of an appropriate method for derivatisation depends on the sample matrix 

(in this case macroalgae), availability of reagents and their stability, the degree of 

accuracy and precision required, the objective of the experiment and the equipment 

available. 

Method for amino acid analysis 

This method involves hydrolysing the amino acids with acid (Galdón et al., 2010; 

Mišurcová et al., 2014), before derivatising the hydrolysates with O-phthalaldehyde 

(OPA). O-phthalaldehyde (OPA)  reacts with primary amino acids in the presence 

of 2-mercaptoethanol to form adducts detectable by fluorescence that can be 

separated by HPLC (Dai et al., 2014).  

Seaweed hydrolysis 

This method was modified from that of Dai et al. (2014). Briefly, 200 mg of the dried 

seaweed was weighed into a 15 mL screw top glass vial, and 5 mL of 6 M HCl 

added. The vial was flushed with nitrogen to remove air before placing in a 

preheated oven at 110 °C for 24 hours. The hydrolysate was allowed to cool to room 

temperature before centrifuging and filtering through a 0.22 µm syringe filter 

(Millipore). To 50 µL of hydrolysate, 25 µL of 2.5 mM α-aminobutyric acid (internal 

standard) in 20 mM HCl was added and made up to 100 µL with Milli-Q water.  

Pre-column Derivatisation of hydrolysate 

Pre-column derivatisation was based on a slight modification of Jones et al. (1981) 

and Dai et al. (2014), using a mixture of O-phthalaldehyde solution (OPA) and 2-

mercaptoethanol. The mixture was prepared by dissolving 27 mg of O-
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phthalaldehyde in 500 µL of methanol before adding 50 µL of 2-mercaptoethanol 

and 5 mL of borate buffer (pH 12.6). 100 µL of this mixture was added to 100 µL of 

diluted hydrolysate (1:1 v/v), or, a mixed amino acid standard (10 µM) or Milli-Q 

water (blank), in an Eppendorf tube. Mixtures were vortexed, filtered through a 0.22 

µm syringe filter (Millipore), transferred into an LC vial and analysed immediately on 

the HPLC. Samples were prepared in triplicate. 

HPLC analysis of the amino acid 

The amino acids composition of seaweed was determined using high-performance 

liquid chromatography with fluorescence detection. The analytical method was 

adapted from Dai et al. (2014). The analytical column used was a Synergi Max-RP 

with TMS end-capping (reverse phase column (C12), 250 mm length, 4.6 mm ID, 4-

µm particle size), with a flow rate of 1 mL/min. The mobile phase consisted of 25 

mM sodium acetate buffer (pH 7.2), methanol and tetrahydrofuran (90.5:9.0:0.5, 

v/v/v) (solvent A) and 100 % methanol (solvent B). The amino acid was eluted using 

the following gradient: solvent ratio (A:B) at 0 min was 86:14, and was held for 5 min 

before increasing to 75:25 over 7 minutes and holding for 6 minutes, followed by 

increasing to 50:50 over 7 minutes and holding for 5 minutes before increasing to 

0:100 over 6 minutes and holding for 4 minutes before returning to 86:14 over 5 

minutes (to give a total runtime of 45 minutes). The fluorescence detector used an 

excitation wavelength of 340 nm and an emission wavelength of 420 nm. The 

instrument settings for the HPLC (Dionex 3000 Ultimate) analysis is summarised in 

Table 2.3. Individual amino acids were identified by matching retention times to 

those of derivatised individual amino acid standards prepared from 10 µM solutions 

of the amino acids in 20 mM HCl (additionally, these were compared with a 

commercially acquired mixed amino acid standard from Thermo Scientific; product 

No.20088). Quantification of amino acids was carried out following normalisation of 

the peak area with that of an internal standard (α-aminobutyric acid). Proline and 

cysteine were not detected; asparagine and aspartic acid were detected as a single 

peak (aspartic acid) as were glutamine and glutamic acid (which were identified as 

glutamic acid).  
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Table 2.3: HPLC chromatographic condition for amino acid analysis. 

Column Synergi 4U max-RP 80A C12 with TMS end-capping reverse phase column 

(250 mm length, 4.6 mm inner diameter, 4 µm resin diameter) 

Mobile phase: 
 

A- 25 mM sodium acetate/methanol/tetrahydrofuran (90.5:9.0:0.5 v/v/v) 
(pH=7.20) 

B- 100 % methanol 
Gradient elution order Time (min) A (%) B (%) 

0 86 14 

5 86 14 
12 75 25 

18 75 25 
25 50 50 

30 50 50 
36 0 100 

40 0 100 

45 86 14 
 

Flow rate 0.5 mL/min 

Temperature Auto-sampler: 30 °C 

 Column compartment: 30 °C 
Injection volume 10 µL 

Detection FLD; excitation wavelength: 340 nm, absorbance wavelength: 420 nm 
Runtime  45 min  

 

2.1.6 Determination of lipid and fatty acid analysis  

Generally, lipid extraction is mostly carried out following the method described by 

Bligh and Dyer (1959) and the extracted lipid is then methylated or transmethylated 

to form fatty acid methyl esters that can be detected using a range of instruments 

(Kumari et al., 2011; Kumari et al., 2013). The Bligh and Dyer method involves the 

use of chloroform and methanol to extract total lipids, although a few modifications 

have been implemented to efficiently extract lipids. One example is Kumari et al. 

(2011) who compared different methods for the extraction of lipids from macroalgae, 

wherein several buffers/solvents and additional extraction steps such as sonication 

were trialled for lipid extraction and their result showed that combining the 

conventional Bligh and Dyer method (chloroform-methanol extraction) with 

phosphate buffer more efficient. 

The fatty acid content of lipids are often characterised by derivatising the fatty acids 

using methylation, ethylation and silylation agents that can form fatty acid esters 

derivatives (i.e., methyl, silyl, ethyl, etc.) that are easily volatilised and analysed 

using gas chromatography (Kumari et al., 2011). Recently, Schmid et al. (2014) 
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described a direct transmethylation method (that do not require initial lipid extraction 

steps) using methanolic sulphuric acid (with the exclusion of air). While their results 

suggest that the method is both straightforward and less laborious (since several 

extraction steps are negated), it would not be ideal in this case where there is a 

requirement to characterise fatty acids from individual lipid classes.  

Lipid extraction  

The method used was a modification of that reported by Stengel and Connan 

(2015). Briefly, 200 mg of dried seaweed was added to a 15 mL glass centrifuge 

tube and 6 mL of methanol:chloroform (2:1 v/v) added. This was vortexed and then 

sonicated (in water a bath) for 30 min at room temperature. The mixture was shaken 

for 16 hours on an orbital shaker at 300 rpm at room temperature in the dark. 2 mL 

of chloroform and 3.6 mL of Milli-Q water were then added before vortexing and 

centrifuging at 1000 g for 3 min at 4 °C. The organic phase was transferred to a 

separate tube, and the aqueous phase re-extracted with 4 mL of chloroform 

(repeating the vortexing and centrifuging steps). Extracts were pooled and 

evaporated to dryness under nitrogen at 40 °C and then freeze-dried for 15 hours 

to ensure complete drying. The lipid content was determined gravimetrically by 

subtracting the initial weight of the empty tube from the weight after evaporation. 

Dried lipids were stored at -20 °C before transmethylation. 

Transmethylation and GCMS analysis of fatty acids 

The analysis of fatty acids that comprise lipids requires transmethylation of the lipids 

to produce methyl esters of the fatty acids (which are more volatile than the fatty 

acids). The method used here was a slight modification of that described by Kumari 

et al. (2010). Briefly, 30 µL of 5 mg/mL pentadecanoic acid (dissolved in methanol) 

was added to the dry lipid extract. The mixture was vortexed, and 1 mL of 1 % NaOH 

in methanol added. The mixture was placed in a pre-heated water bath (with 

constant stirring) for 15 minutes at 55 °C; after which, 2 mL of 5 % methanolic-HCl 

was added, and heating continued for another 15 minutes at 55 °C. After heating, 1 

mL of Milli-Q water was added, followed by 1 mL of hexane. Solutions were vortexed 

three times for 10 seconds and allowed to stand for 30 seconds. The hexane layer 

was collected, and the aqueous phase was re-extracted twice with 1 mL of hexane 
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(repeating the vortex procedure). The combined hexane extracts were pooled and 

evaporated to dryness under nitrogen, before re-dissolving in 1 mL of hexane. 

Hexane extract was then filtered using a 0.22 µm syringe filter (Millipore) before 

transferring into a GC vial. The extract was then analysed for fatty acids using gas 

chromatography with mass spectrometry (GC-MS, Shimadzu QP2010). The GC-

MS method is detailed in Table 2.4. Fatty acids were identified by retention times 

and comparison of their fragmentation patterns with a commercial fatty acid methyl 

ester mix (37 component FAME mix from Supelco, USA) and the NIST14 library. 

The fatty acids were quantified by relating the peak area of the internal standard 

(pentadecanoic acid) to those of the fatty acids (peak normalisation). 

 

Table 2.4: GC-MS settings used for the analysis of fatty acid methyl esters. 

Column   DB5 ms fused silica capillary column (60m × 0.25 mm × 0.25 µm) 

(Agilent) 

Carrier gas Helium  

Flow rate  Velocity control mode 

Injection volume  

Temperature  

1 µL  

260 °C 

Pre-column pressure 49.7 kPa 

Temperature program  60 °C for 1 min 

25 °C/min ramp up to 120 °C 

2 °C/min ramp up to 245 °C 

40 °C/min ramp up to 270 °C for 5 min  

Split ratio  1:10 

MS mode  Electron compact 

Ion source and interface temperature  200 °C and 250 °C respectively 

Detector mode and gain  Gain, 0.7 k 
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2.2 Methodology for determining the effect of drying on selected 
nutritionally important chemical constituents in seaweed 

2.2.1 Sampling  

Seaweeds (Fucus serratus, Fucus spiralis, Halidrys siliquosa, Laminaria digitata 

and Pelvetia canaliculata) were collected from the intertidal zone at Thurso, UK 

(58.5936° N, 3.5221° W) in January 2017 at low tide. A randomised collection 

pattern was used, without considering the age and size of the algae. Seaweed 

samples were rinsed with seawater in the field after collection and were then brought 

to the laboratory in sealed specimen bags. In the laboratory, samples were 

thoroughly cleaned with Milli-Q water to ensure they were free from epiphytes, 

foreign biota, sand and other surface contaminants.  

2.2.2 Drying experiments  

Three different drying methods were used, (a) conventional oven-drying, (b) freeze-

drying and (c) microwave assisted drying. Samples of each seaweed species (fresh) 

were divided into six equal portions (100 g wet weight each) and then dried using 

six different procedures, as shown in Table 2.5. 

For freeze-drying, the seaweed was frozen at atmospheric pressure prior to being 

placed in a chamber that combines a chilled condenser and a vacuum pump to aid 

sublimation of water (Mujumdar, 2014). The freeze dryer used was an Edwards 

Modulyo 4K benchtop unit. For oven-drying, samples were placed into a Thermo 

Heraeus Scientific T6120 oven and two drying temperatures were used (40 and 60 

°C; each for 48 hours). For microwave-drying, a conventional domestic microwave 

was used (Argos MM717CNF) and three combinations of time and power were 

tested (see Table 2.5). The oven and freeze drying conditions used were based on 

those described previously by Ling et al. (2015) and on optimisation experiments 

that determined the times needed to obtain dehydrated material. Drying was 

considered complete when sufficient drying time resulted in constant dry weight 

(data not shown). After drying, samples were milled using a kitchen blender to a 

consistent fine powder. Samples were then stored at 4 °C in glass bottles until 

analysis.  
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Table 2.5: Drying conditions used, showing the duration of drying and temperature 

(in the case of oven-drying and freeze-drying) and power setting (in the case of 

microwave-drying). 

Drying apparatus Condition for drying Drying treatment (code) 
Freeze dryer -60 °C for 5 days FD 
Microwave 385 W for 15 min M385 
Microwave 540 W for 11 min M540 
Microwave 700 W for 8 min M700 

Oven 40 °C for 48 hours OV40 
Oven 60 °C for 48 hours OV60 

 

2.2.3 Analysis of nutritionally important chemical constituents 

The nutritional important chemical constituent studied were essential elements, 

lipids, fatty acids, total phenolic and total flavonoid content, radical scavenging 

activities and total antioxidant capacity. All methods are described Section 2.1. 

2.2.4 Statistical analysis 

One-way ANOVA’s and Tukey’s honestly significant difference (Tukey’s HSD) tests 

were carried out to determine if differences existed in measured parameters due to 

different drying treatments for each seaweed species, using Minitab 18 software. 

The significance level was set at p < 0.05.   

 

2.3 Methodology for determining the variation of selected nutritionally 
important chemical constituents in seaweed 

2.3.1 Sampling 

Seaweed samples were acquired directly from New Wave Foods Ltd (Wick, UK), a 

commercial seaweed harvesting operation in northern Scotland. Samples were 

obtained from eight species (and a total of 141 batches): namely Alaria esculenta 

(AE, n = 18 batches), Fucus spiralis (FP, n = 9), Fucus serratus (FT, n = 38), Fucus 

vesiculosus (FV, n = 28), Palmaria palmata (PP, n = 12), Pelvetia canaliculata (PC, 

n = 11), Laminaria digitata (LD, n = 17) and Himanthalia elongata (HE, n = 8). These 
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species were collected from various sites along the Caithness coastline, namely 

Milltown (58.5653° N, 3.0667° W), Keiss (58.5311° N, 3.1158° W), Ackergillshore 

(58.4744° N, 3.1008° W), Gills Bay (58.6397° N, 3.1628° W), Easter Haven 

(58.6553° N, 3.2136° W), West Mey (58.6528° N, 3.2422° W) and Ham-to-

Scarfskerry (58.6525° N, 3.2769° W) (Figure 2.2); from March 2016 to September 

2017 (as detailed in Table 2.6). Prior to sampling and analysis, all seaweeds had 

been consistently processed (to comply with strict food quality standards), i.e., 

cleaned, sorted, separated, hot air dried (~50 °C) and containerised. The particle 

size of some of the samples had also been reduced (to a fine powder), while others 

had been hand-cut into various larger particle sizes (all were stored in bags in plastic 

kegs, from which they were sub-sampled). Following sampling, where required, all 

samples were milled to a fine powder (using a household blender). All samples were 

then transferred into (and stored in) pre-cleaned, amber glass bottles. 

 

 

Figure 2.2:  Map of Scotland showing the seaweed sampling locations in Caithness 

and the geographical location of Caithness within Scotland (inset). 
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Table 2.6: Seaweed species provided by New Wave Foods Ltd (Wick, UK), detailing 

the total number of samples (batches sampled) and month, year and location(s) of 

sampling. 

 Species Total (n) Sampling month Location 
1 Alaria esculenta (AE) 18 Mar, Apr, May, Aug, Sept 2016; Jan-May 2017 Ham to Scarfskerry 
   Mar-May 2016; May-July 2017 Milltown 
2 Fucus spiralis (FP) 9 Jan to Apr 2017 Gills Bay 
   Jun, July 2016; Feb 2017 Ham to Scarfskerry 
   Mar, Jun 2016 Milltown 
3 Fucus serratus (FT) 38 Jun, July, Nov 2016; Mar-July 2017 Ackergillshore 
   Oct-Dec 2016; Jan, Feb 2017 Easter Haven 
   Feb, Apr 2017 Gills Bay 

   May, Jun-Sept, Nov, Dec 2016; Feb, Apr, May, June 
2017 Ham to Scarfskerry 

   
Jul, Aug, Nov Dec 2016; Jan, Feb, Mar, Apr, June, 

July 2017 Keiss 

   Mar, Apr, Jun 2016; May 2017 Milltown 
   July 2017 West Mey 
4 Fucus vesiculosus (FV) 28 Jun, Jul, Sept, Oct, Nov 2016; Mar, May, Jun 2017 Ackergillshore 
   Oct, Dec 2016 Easter Haven 
   Jan 2017 Gills Bay 
   Aug, Sept, Nov 2016; Jan, Mar 2017 Ham to Scarfskerry 
   Sept, Oct, Dec 2016; Jan to May 2017 Keiss 
   Mar, May, Oct 2016; May 2017 Milltown 

5 Himanthalia elongata 
(HE) 8 Apr, May, Jun 2016; May, Jun 2017 Ham to Scarfskerry 

   Apr, Jun 2016; May 2017 Milltown 
6 Laminaria digitata (LD) 17 Jun, Aug, Sept 2016 Ackergillshore 
   Jul, Aug, Sept 2016 Ham to Scarfskerry 
   Jun to Sept 2016 Keiss 
   Apr, Jun, Jul, Sept, Oct 2016; Jul 2017 Milltown 

7 Pelvetia canaliculata 
(PC) 11 Mar, Apr 2017 Gills Bay 

   May, Jun, July, Oct, Nov 2016; Feb to May 2017 Ham to Scarfskerry, 
8 Palmaria palmata (PP) 12 Oct, Nov, Dec 2016; Jan, Feb 2017 Easter Haven 
   Aug, Oct, Dec 2016; Jan, Mar, Sept 2017 Ham to Scarfskerry 
   Dec 2016; Sept 2017 West Mey 

 

2.3.2 Analysis of nutritionally important chemical constituents 

The nutritionally important chemical constituents and activities studied were 

essential elements, lipids and fatty acids, total phenolic and flavonoid content, 

radical scavenging activity and total antioxidant capacity. All methods are described 

in Section 2.1. 

2.3.3 Statistical analysis 

One-way ANOVA’s and Tukey’s honestly significant difference (Tukey’s HSD) tests 

were carried out to determine if differences existed in measured parameters due to 

differences in sampling location, sample date and species (using Minitab 18 
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software). The significance level was set at P < 0.05. Principal component analysis 

(PCA) was also carried out using the elemental composition and fatty acid data.  

 

2.4 Methodology for selenium enrichment of seaweed  

2.4.1 Sampling  

Seawater and healthy thalli of Palmaria palmata and Saccharina latissima were 

collected randomly from the low intertidal zone at Thurso East, Caithness, U.K., 

(58.5936° N, 3.5221° W), between January and February 2019 at low tide. The 

length of the seaweed thalli ranged from 10−20 cm (Palmaria palmata) and 25−40 

cm (Saccharina latissima) (Figure 2.3), but the age and size of thalli were not 

determined. Seaweeds were immersed in seawater in a zip-lock bag and placed in 

a cool box for transportation to the laboratory. On returning to the laboratory, the 

samples were sorted and rinsed with filtered seawater to remove any sand and 

epiphytes. Seawater was filtered using a 0.45-micron filter (FHT-45, Waterra) and 

Ocean runner pump (OR2500, Aqua Medic). 

 

 

 

Figure 2.3: Photograph of sorted Palmaria palmata and Saccharina latissima thalli 

enriched with selenium  
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2.4.2 Sample preparation 

Samples were prepared using a method adapted from Schiavon et al. (2012, 2016). 

After rinsing the samples, three thalli (of similar length) were placed in 1 L 

Erlenmeyer flasks containing 1 L of filtered seawater, collected from the same 

location as the seaweed (Figure 2.3). The flasks were placed in a growth chamber 

(Fitotron SGC 170, Weiss Gallenkamp), set at 10 °C, with cool-white fluorescent 

light at approximately 50 μmol photons m-2s-1 in a 10:14 hours light and dark cycle 

and 30 % relative humidity for 72 hours (3 days) with constant aeration − 

acclimatisation period (Figure 2.4). Each flask was aerated using open tubes 

connected to the filtered air pump (Koi Air 65, Blagdon). 

 

 

Figure 2.4: Schematic diagram showing the Se-enrichment of the two seaweeds 

studied. 

 

After acclimatisation, seawater was replaced with freshly collected and filtered 

seawater containing either sodium selenite or sodium selenate. The concentrations 

used were equivalent to 0, 50, 100 and 200 mg/L Se. After 24 hours, one of three 

seaweed thalli were removed from each flask, and again after 72 hours (3 days) and 

120 hours (5 days). Thalli were rinsed carefully with Milli-Q water and wiped with 

tissue paper to get rid of particles adsorbed on the thalli surface. The experiment 
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was carried out in triplicate, as shown in Figure 2.4. If needed samples were frozen 

at -30 °C before drying. Samples were then oven-dried (Thermo Heraeus Scientific 

T6120 oven) at 50 °C for 48 hours, before grinding to a fine powder using a kitchen 

blender. The processed samples were then transferred to brown sample bottles and 

stored at 4 °C prior to analysis.  

2.4.3 Total selenium analysis  

200 (±5) mg of dried seaweed was weighed into a digestion tube and 3 mL of 

concentrated trace metal grade nitric acid (~69 % assay) added. The sample was 

then allowed to stand for 22 hours before adding 1.5 mL of trace metal grade 

hydrogen peroxide (~30 % assay). The mixture was then digested using a 

microwave reaction system (Multiwave PRO, Anton Paar) and the power and 

temperature program shown in Table 2.7. After digesting, the solutions were allowed 

to cool (at room temperature) before transferring the digestate to 15 mL 

polypropylene tubes and making up to 12 mL with Milli-Q water. The digested 

sample was analysed on ICP-OES (Varian 720-ES) using the parameters in Table 

2.8  

 

Table 2.7: Microwave-assisted digestion program. 

 Power (W) 
Initial temperature 

(°C) 
Final temperature (°C) Ramp time (min) 

Hold time 
(min) 

1 1500 Room temp 110 20 10 

2 1500 110 180 15 30 

3 1500 180 55 21 0 

 

Table 2.8: Operating parameters for ICP-OES measurement. 

RF power 1300 W 

Ar flow rates  Plasma: 15 L/min 

 Auxiliary: 0.2 L/min 

 Nebulizer: 0.8 L/min 

Sample uptake rate 1.5 mL/min 

Analytical lines Se 196.026 nm 
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2.4.4 Organic selenium analysis (Seleno-amino acids) 

The organic selenium content was explored by analysing the soluble hydrolysable 

portion retained by a strong cation exchange (SCX) cartridge column. This is the 

standard methodology for the separation of amino acids from bulk samples (Spanik 

et al., 2007). Hydrolysis was carried using protease XIV enzymes (Sigma Aldrich); 

which enzymatically hydrolyse soluble protein to amino acids (Hammel et al., 1997; 

Bocchini et al., 2018), and fractionating the extract on a cation exchange column 

(Spanik et al., 2007), before measuring the total Se content of the fractions using 

ICP-OES. Enzyme hydrolysis is a typical sample preparation method used when 

determining Se speciation by high-performance liquid chromatography (with ion-

exchange column) that separates selenium-containing compounds in extracts 

coupled to ICPMS (for quantifying Se level simultaneously) and in some cases high-

resolution mass spectrometry for characterising Se containing compounds in 

biological samples (Li et al., 2008; Thiry et al., 2012; Sanchez-Rodas et al., 2013; 

Laitip, 2018; Feldmann et al., 2018).  

The method used was adapted from Spanik et al. (2007). Briefly, 100 mg of dried 

seaweed was weighed into 15 mL polypropylene tubes and 5 mL of 0.5 mg/mL 

protease XIV (Sigma Aldrich) dissolved in Milli-Q water added. The solution was 

vortexed for 30 seconds twice, sonicated (a in water bath) for 5 minutes at 37 °C 

and incubated (Thermo Heraeus Scientific T6120 oven) at 37 °C for 24 hours. After 

incubation, the mixture was centrifuged at 721 g for 10 minutes at room temperature. 

1 mL of centrifuged hydrolysate was added to a tube and made up to 10 mL with 

Milli-Q water (adjusted to pH 3 with 6M HCl). 5 mL of the diluted hydrolysate was 

loaded onto a 500 mg / 3 mL tube strong cation exchange (Strata SCX, 55µm, 70 

Ȧ, Phenomenex) SPE (solid phase extraction) column preconditioned with 3 mL of 

methanol and 3 mL of 1 % phosphoric acid in methanol. After loading, the column 

was washed with a further 3 mL of Milli-Q water before eluting with 3 mL ammonium 

hydroxide (1M) in Milli-Q water. SPE was carried out on a 24-port manifold vacuum 

with a pressure valve, and steady flow was achieved by gravitational force assisted 

by a vacuum pump. Total Se in the SPE eluate was determined using ICP-OES 

(using the instrument method above) by taking 2 mL of the eluent and making up to 

10 mL with Milli-Q water. The validity of the method for separating selenate and 
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selenite from selenomethionine and selenocysteine was assessed using a solution 

containing 1 mg/mL Se as sodium selenate, sodium selenite, selenomethionine and 

selenocystine (Se-Se), each. The total Se was determined for each fraction and 

fractions were tested with ninhydrin (detects ammonia and amines). Results showed 

that Se was retained by the column and the eluate tested positive to ninhydrin in 

comparison to the load and wash.  

2.4.5 Statistical analysis 

One-way ANOVA’s and Tukey’s honestly significant difference (Tukey’s HSD) tests 

were carried out to determine if differences existed in Se uptake due to differences 

by species, Se concentration and source (i.e., selenate vs selenite), and exposure 

durations using Minitab 18 software. The significance level was set at p < 0.05. 

  

2.5 Methodology for lipidomic profiling of selenium enriched seaweed 

2.5.1 Lipid extraction and analysis  

Extracts of S. latissima and P. palmata exposed to varying Se concentrations (50 

and 100 mg/L Se) as either selenate or selenite for 3 days (as described in Section 
2.4.2) were subjected to lipidomic profiling. Controls using only seaweeds incubated 

in seawater for three days were also included in the analysis. 

Lipids were extracted from the seaweed using a slight modification of the method 

described by Bligh and Dyer (1959). Briefly, 100 mg of powdered, dried seaweed 

was weighed into a 15 mL glass vial and 3 mL methanol and chloroform (2:1 v/v) 

added. The mixture was vortexed (Clifton Cyclone vortex; Nickel-Electro) for 20 

seconds twice, sonicated (Grant ultrasonic water bath) for 30 min at room 

temperature and shaken on an orbital shaker (Stuart SSL1) at 300 rpm for 2 hours 

at room temperature. After shaking, a further 1 mL of chloroform and 2 mL of Milli-

Q water was added to the tube, and the mixture was then centrifuged (Thermo 

Scientific IEC CL30R centrifuge) at 721 g for 10 min at room temperature. The 

organic phase was transferred to a separate tube, and the aqueous phase re-

extracted with 2 mL of chloroform (repeating the vortexing and centrifuging steps). 
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The organic phase extracts were then pooled together and evaporated to dryness 

under nitrogen at 40 °C. Dried extracts were frozen at -20 °C and transported in an 

icebox for further analysis. Before analysis, samples were dissolved and vortexed 

in 750 µL of methanol and chloroform (2:1 v/v). 100 µL of the extract was made up 

to 1000 µL with 5 mM ammonium formate in methanol and transferred into a HPLC 

vial for analysis. Samples were not prepared in replicates (n =1).  

Untargeted lipidomic analysis was carried out on Accela binary HPLC system 

coupled with a Thermo OrbiTrap Exactive mass spectrometer (Thermo Fisher 

Scientific), which used electrospray ionisation (ESI) and an orbitrap mass analysers. 

The LC-MS parameters used are shown in Table 2.9; the instrument underwent 

routine mass calibration before analysis based on the manufacturers recommended 

procedures. All solvents used were LC-MS grade. 

 

Table 2.9: LC-MS parameters for untargeted lipidomic analysis. 

HPLC and MS parameters 
Column Hypersil gold C18 100 mm × 2.1 mm × 1.9 µm (Thermo Fisher Scientific) 

Column temperature 50 °C 

Flow 400 µL/min 

Injection volume 2 µL 

Mobile phase Solvent A: 10 mM ammonium formate and 20 mM formic acid in water 
Solvent B: 10 mM ammonium formate and 20 mM formic acid in 

isopropanol: acetonitrile (9:1) 
 

Gradient elution order 

Ret time (min) Solvent A (%) Solvent B (%) 

0.0 65 35 

0.5 65 35 
4.0 35 65 

19.0 0 100 
21 0 100 

21.1 65 35 

27.0 65 35 
 

Mass spectra Full scan 100−2000 m/z 

Ionisation mode Positive and negative mode 

Mass resolution power 100,000 full width at half maximum (FWHM) 

 

2.5.2 Spectra processing 

Raw data were visualised on Xcalibur, which allows the visualisation of the retention 

time, peak area and mass-to-charge ratio (m/z) of the base peaks (Figure 6.1 and 
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6.2). A preliminary mass search of the base peaks was undertaken on METLIN, an 

online repository platform used for identifying unknown compounds based on 

accurate m/z (METLIN: https://metlin.scripps.edu/). The raw LCMS data were then 

uploaded to XCMS online (XCMS version 2.7.2, https://xcmsonline.scripps.edu/), 

which allows batch processing and visualisation of MS data by aligning 

chromatograms and validating the relevant peaks. XCMS parameters are 

summarised in Table 2.10 and were adopted from Forsberg et al. (2018). After 

processing, XCMS deconvolutes and filters the peaks to generate an Excel 

spreadsheet that shows retention time and peak intensity for each peak, as well as 

adducts and isotope annotations of each mass (m/z) corresponding to M-H-, M+Cl-

, M-2H- (for negative ionisation mode) and M+H+, M+NH4+, M+Na+ and M+K+ (for 

positive ionisation mode). These XCMS generated spreadsheets were then 

subjected to lipid identification. The putative identification of lipids was achieved 

using LipidFinder –an online resource that searches databases in order to identify 

lipids and classify them based on LIPID MAPS (LipidFinder: 

http://lipidmaps.org/resources/tools/lipidfinder/)– using a modification of the method 

described by Fahy et al. (2019). LipidFinder was operated with the following 

parameter set points: intensity outlier 5000, monitored retention time 1−27 min, 

mass tolerance 0.005 (delta) and monitored ions M+H+, M+NH4+, M+Na+ and M+K+ 

(positive ionisation mode) and M-H- (negative ionisation mode) and COMP_DB as 

the database choice. On LipidFinder, an additional peak filtering step, which 

removes adducts, stacks and contaminants, was carried out before lipid ID. 

  



Chapter 2 

 
90 

Table 2.10: XCMS online parameters. 

Feature detection 

  

  
  

  
  

  
  

   

 method  CentWave 

 Mass error  5 ppm 

 S/N threshold   10 
 peakwidth  30 

 Mzdifference   0.01 
 prefilter peaks  3 

 prefilter intensity  100/40,000 

 noise  0/100,000 

Retention time correction 
  

 method obiwarp 
 profStep  1 

Grouping 

  
  

  
  

 method density 

 bw  5 
 Mzwidth  0.015 

 minfrac  0.5 
 minsamp  1 

Annotation  

  
  

isotopes & adducts 

Mz absolute error 0.015 
Error in ppm   5 

 

2.5.3 Data analyses  

Multivariant statistical analysis was carried out for the identified lipids masses, 

Hierarchical cluster analysis with heatmap (HCA) using Rstudio (version 3.6.1) on 

the R-package pheatmap and Microsoft Excel was used to determine if differences 

existed in lipidome profiles due to differences in Se exposure concentration and Se 

form (i.e., selenate vs selenite), and seaweed species.  

 

2.6 Methodology for protein characterisation of selenium enriched seaweed  

2.6.1 Sampling and selenium enrichment 

Healthy thalli of Palmaria palmata and Saccharina latissima were collected from the 

intertidal zone at Thurso East, Caithness, U.K., (58.5936° N, 3.5221° W), in July 

2019 at low tide and processed as described in Section 2.4, with the exception that 

samples were only subjected to one concentration (100 mg/L Se (as either sodium 

selenite or selenate)) and one exposure duration (3 days). After which samples were 

frozen and transported in an icebox before grinding using a mortar and pestle with 
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liquid nitrogen. Samples were kept frozen until analysed and when analysed were 

placed in a box containing ice to keep samples frozen. 

2.6.2 Total selenium analysis (ICP-OES) 

Briefly, 1 (±0.05) g of seaweed (ground in liquid nitrogen) was weighed into a 

digestion tube, 3 mL of concentrated trace metal grade nitric acid (~69 % assay) 

was added, after which the sample was allowed to stand for 22 hours before adding 

1.5 mL of trace metal grade hydrogen peroxide (~30 % assay). Samples were 

digested using a microwave reaction system (Multiwave PRO, Anton Paar) and 

analysed by ICP-OES (Varian 720-ES) as described in Section 2.4.3.  

2.6.3 Protein extraction (Lysis extraction) 

A modification of the method described by Wehmeier et al. (2020) and Fleurence et 

al. (1995) was used. Briefly, 500 mg of seaweed (fresh weight; ground in liquid 

nitrogen) was transferred into a 2 mL lo-bind tube and 1 mL of ice-cold lysis buffer 

added. The lysis buffer was prepared by adding 0.50 mL of stock solution A 

(containing 1 M tris(hydroxymethyl)aminomethane (TRIS) and 3.08 M sodium 

chloride (NaCl) in 1 L of ultrapure water, adjusted to pH 7.6 with hydrochloric acid 

(HCl)) and 0.05 mL of stock solution B (containing 1.00 g of Tween 20 

(polyethylene glycol sorbitan monolaurate) in 10 mL of ultrapure water) with 9.45 

mL of ultrapure water, and 1 phosphatase and 1 protease inhibitor tablets (Roche 

life science) dissolved in the solution before vortexing. The lo-bind tube containing 

seaweed and lysis buffer was homogenised with a tissue homogeniser (Ultra Turrax 

IKA T8) for 3 min and then vortexed (Heidolph S4111) twice, for 30 seconds, before 

centrifuging (Eppendorf 5453 mini spin plus) for 20 min at 4 °C at 8811 g. The 

resulting supernatant was decanted into a separate tube and kept on ice. 1 mL of 

lysis buffer was then added again to the solid residue and the homogenising, 

vortexing and centrifuging procedures repeated. The supernatant was pooled 

together with that of the first extraction and kept on ice until analysed.  

2.6.4 Protein quantification (Bradford assay) 

The protein content was determined using the Bradford assay. Exactly 50 µL of 

protein extract (lysis extraction) was pipetted into an Eppendorf tube and 50 µL of 
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Milli-Q water was added. 1 mL of Bradford solution (Sigma Aldrich) was then added, 

and the mixture was vortexed for 20 seconds twice and allowed to stand for 20 min 

before analysing on a UV spectrophotometer (Jenway 6300) at 595 nm wavelength. 

100 µL aliquots of varying concentrations (0−1 mg/mL) of bovine serum albumin 

(Sigma Aldrich) were used for calibration.  

2.6.5 HPSEC-ICPMS analysis 

Lysis buffer extracts were transferred into HPLC vials and analysed directly using 

an Agilent 1290 Infinity liquid chromatography system combined with an Agilent 

8800 ICPMS triple quadrupole mass spectrometer (Agilent Technologies). The LC 

column used for protein separation was a Superdex 75 HR 10/30 (GE Healthcare) 

size exclusion column, as detailed in Table 2.11. 
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Table 2.11: HPSEC-ICPMS instrumental parameters. 

HPLC parameters 

Column 

Material: Superdex 75 HR 10/30 

Dimension: 1.0 × 30 cm 
Volume: ~ 24 mL 

Flow 1.0 mL/min 

Injection volume 100 µL 

Buffer 100 mM TRIS-HCl (pH: 7.4) 

Elution mode Isocratic 
PDA wavelength 190−400 nm 

ICPMS Parameters 

Plasma parameters 

RF Power 1550 W 

RF Matching 1.70 V 

Smpl Depth 8.0 min 

Carrier Gas 1.18 L/min 

Option Gas 0.0 % 

Nebulizer Pump 0.10 rps 

S/C Temp 2 ℃ 

Gas Switch Makeup Gas 

Makeup/Dilution Gas 0.00 L/min 

Lenses Parameters 

Extract 1 -6.0 V 
Extract 2 -195.0 V 

Omega Bias -115 V 
Omega Lens 10.0 V 

Q1 Entrance -1 V 
Q1 Exit -1 V 

Cell Focus 4.0 V 

Cell Entrance -50 V 
Cell Exit -60 V 

Deflect 2.6 V 
Plate Bias -50 V 

Q1 Parameters 
ParameterName 

Q1 Bias -2.0 V 

Q1 Prefilter Bias -12.0 V 
Q1 Postfilter Bias -26.0 V 

Cell Parameters 
Parameter Name 

Use Gas true 

He Flow 0.0 mL/min 

H2 Flow 1.3 mL/min 

3rd Gas Flow 0 % 

4th Gas Flow 24 % 

OctP Bias -5.0 V 

OctP RF 200 V 

Energy Discrimination -7.0 V 

Wait Time Offset 2 msec 

Monitored isotopes 

1. 24Mg −> 24 m/z 
2. 31P16O+ −> 47 m/z 

3. 32S16O+ −> 48 m/z  

4. 42Ca16O+ −> 58 m/z 
5. 55Mn −> 55 m/z 

6.  56Fe16O+ −> 72 m/z 
7.  63Cu −> 63 m/z 

8.  64Zn −> 64 m/z 

9.  80Se −> 80 m/z, and 80Se 16O+ −> 96 m/z. 
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2.6.6 Statistical analysis 

One-way ANOVA’s and Tukey’s honestly significant difference (Tukey’s HSD) tests 

were carried out to determine if differences existed in Se uptake and soluble protein 

content due to differences by species and Se source (i.e., control vs selenate vs 

selenite) using Minitab 18 software. The significance level was set at P < 0.05. 

Microsoft Excel was used to plot bar charts and SEC-ICPMS chromatograms. 
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Chapter 3: The effect of different drying methods on 
certain nutritionally important chemical constituents in 
edible brown seaweeds  

 

3.1 Introduction 

Improved insight into links between food choice and human health and wellbeing 

has led to increased research regarding functional foods (Holdt and Kraan, 2011). 

Functional foods are considered capable of improving human wellbeing and may 

play a role in preventing chronic conditions like diabetes, hypertension, 

cardiovascular disease and cancer, as well as providing additional nutritional 

benefits (Dipplock et al., 1999; Menrad, 2003). Studies have indicated that some 

seaweeds may be considered functional foods, due to the presence of compounds 

with proven health benefits (Cornish and Garbary, 2010; Suleria et al., 2015). 

Seaweeds are widely used to produce a range of chemical additives, i.e., for 

pigmentation (astaxanthin) or to impart hydrocolloid properties (carrageenan, agar 

and alginate), and are consumed whole as a food, particularly in certain Asian 

countries (Holdt and Kraan, 2011). However, they are not yet a substantial part of 

many diets in other parts of the world. More recently, studies have examined the 

incorporation of seaweed as a whole or ingredient within conventional food products 

and beverages (Roohinejad et al., 2017).  

Fresh seaweed commonly has a high moisture content (of up to 85 %, depending 

on species). Thus, the use of seaweed as an ingredient in the food industry often 

requires it to be dehydrated before use (Gupta et al., 2011). Drying helps prevent 

decomposition, increases shelf life and aids the extraction of certain chemical 

constituents (Ito and Hori, 1989). Historically, various drying techniques have been 

used for foods, including sun-drying, freeze-drying, oven-drying, vacuum drying 

This chapter is the reformatted version of a published paper: Badmus, U. O., 
Taggart, M. A. and Boyd, K. G. (2019) ‘The effect of different drying 
methods on certain nutritionally important chemical constituents in edible 
brown seaweeds’, Journal of Applied Phycology, 31(6), pp. 3883–3897.  
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and, more recently, microwave-drying, which offers the advantage of shorter drying 

times when compared to other techniques (Zhang et al., 2010). Drying acts to inhibit 

microbiological activity and slows or stops chemical reactions that cause food to 

deteriorate (i.e., oxidation or reduction), thus prolonging shelf life (Gupta and Abu-

Ghannam, 2011; Gupta et al., 2011). While there are different drying techniques 

available, various factors such as cost, energy consumption, effectiveness, and 

impact on food quality all need to be considered when selecting the most 

appropriate method (Chen et al., 2016; Stramarkou et al., 2017). 

Whilst the main purpose of drying is to preserve the seaweed and extend shelf life 

– dehydration can also result in negative changes in terms of quality, colour, aroma 

and the nutritional and phytochemical content of the seaweed (Chan et al., 1997). 

The quality of seaweed can be reduced if beneficial compounds in the seaweed are 

lost as a result of drying. For example, phenolic compounds (capable of acting as 

antioxidants) are often depleted when using certain drying methods which may then 

result in reduced antioxidant activity (Ling et al., 2015; Cruces et al., 2016). Other 

valuable biomolecules such as amino acids, carbohydrates, proteins, lipids, fatty 

acids and other bioactive compounds in seaweeds can also be affected by drying 

procedures (Chan et al., 1997; Wong and Cheung, 2001a, 2001b; Le Lann et al., 

2008; Gupta et al., 2011; Ling et al., 2015; Cruces et al., 2016; Neoh et al., 2016; 

Gallagher et al., 2018; Hamid et al., 2018; Sappati and Nayak, 2018; Silva et al., 

2019). These studies have demonstrated the value of selecting appropriate drying 

treatments in order to preserve important bioactive compounds within seaweeds 

that are destined for use as functional foods. 

Of the drying techniques that have been described for seaweed, sun drying and 

oven-drying (relatively low-cost options) are the most commonly used (Kadam et al., 

2015). However, when sun-drying, seaweed is laid out in the open air in direct 

sunlight where there is ample opportunity for airborne contamination (i.e., with 

particulates, microbes, etc.) which may then affect the quality and hygiene of the 

final product. Alternatively, oven-drying often requires relatively high temperatures 

for prolonged periods, which may negatively influence the content of heat labile 

bioactive compounds and nutrients (Kadam et al., 2015). Previous studies have 

indicated that freeze-drying may avoid the loss of valuable chemical components in 
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seaweed due to drying, when compared to other conventional methods (Chan et al., 

1997; Wong and Cheung, 2001b), since this avoids the use of elevated 

temperatures. This is exemplified by Hamid et al. (2018) who compared metabolite 

profiles in three edible seaweeds (Cladosiphon okamuranus, Saccharina japonica 

and Osmundea pinnatifida) subjected to varying drying treatments and showed that 

freeze-dried batches showed higher concentrations of certain metabolites when 

compared to oven-dried batches. Additionally, a study by Moreira et al. (2017) 

showed that freeze-dried samples of Ascophyllum nodosum had higher antioxidant 

activity and contained more phenolic compounds than samples subjected to other 

drying procedures. However, freeze-drying is an expensive technique to deploy at 

a large scale, and as a result it is not widely used in the commercial processing of 

seaweed. Finally, microwave-drying is an alternative option which may offer rapid 

drying over short time periods – but again, whilst this has been used in other food 

sectors (Zhang et al., 2010; Hamrouni-Sellami et al., 2013; Zielinska and Michalska, 

2016), it is yet to be exploited in the seaweed industry.   

Whilst the effects of drying (i.e., oven-drying and freeze-drying) on certain 

nutritionally important components in some seaweed species have been explored 

to some degree, the use of time-efficient microwave drying has received little 

attention. Likewise, its effect on the final composition of the seaweed product - in 

relation to different seaweed species, remains virtually unexplored. Here, we 

considered the effects of freeze-drying, oven-drying (at 40 and 60 °C) and 

microwave-drying (at 375, 540 and 700 W) on the chemical constituents in five 

common species of brown seaweed, with a particular focus on antioxidant activity 

and the changes/differences in nutritionally important chemical species in the final 

seaweed product. 

3.2 Results 

Mass loss from drying during the experiments is shown in Table 3.1. Mass losses 

were similar for all species and in all treatments, ranging from 76 to 87 %. By 

species, the highest amount of moisture was lost in L. digitata (with losses ranging 

from 85−87 %) compared with the other species.  
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Table 3.1: Mass loss (%) in F. serratus, F. spiralis, H. siliquosa, L. digitata and P. 

canaliculata after freeze-drying (FD), oven-drying at 40 °C (OV40) and 60 °C (OV60) 

and microwave drying at 385 W (M385), 540 W (M540) and 700 W (M700). 

Moisture content (%) 

Drying treatments F. serratus F. spiralis H. siliquosa L. digitata P. canaliculata 

FD 80.00 79.00 78.00 86.32 76.24 

M385 77.14 80.95 81.37 85.15 80.20 

M540 79.05 80.20 79.61 86.00 80.00 

M700 78.22 76.47 78.00 87.38 77.27 

OV40 82.18 81.37 79.50 85.00 80.03 

OV60 82.35 80.20 78.50 86.61 80.46 

 

3.2.1 Antioxidant potential 

Radical Scavenging Activity (DPPH inhibition) 

Radical scavenging activity (RSA) is reported here in terms of percentage inhibition 

of DPPH, which is the proportion of DPPH radicals quenched compared to a control 

(methanol). Figure 3.1 shows that, with the exception of L. digitata and H. siliquosa, 

RSA varied markedly with the drying treatments used. The RSA of L. digitata 

extracts was similar and consistently low (9−15 %) for all drying treatments. For H. 

siliquosa, consistently high RSA was observed (86−93 %) for all drying treatments. 

For the other three species (F. spiralis, F. serratus and P. canaliculata), RSA was 

highest for low-temperature oven-drying (OV40) and freeze-drying treatments and 

was reduced when higher oven temperatures and microwave treatments were used 

(more so at high microwave power).  
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Figure 3.1: Radical scavenging activity (% inhibition) of methanol extracts of F. 

serratus, F. spiralis, H. siliquosa, L. digitata and P. canaliculata subjected to freeze-

drying (FD – black shading), oven-drying (no shading) at 40 °C (OV40) and 60 °C 

(OV60) and microwave-drying (grey shading) at 385 W (M385), 540 W (M540) and 

700 W (M700). All data points are averages of triplicate analyses (independent 

analytical replicates) and error bars indicate standard deviation. For individual 

species, bars with different letters are significantly different (p ≤ 0.05; Tukey). 

Statistical data (ANOVA results and Tukey comparison letters) are shown in Table 

3.A.1 in the Appendix. 

 

Total Antioxidant Capacity (TAC) 

Figure 3.2 shows the effect of drying treatments on TAC. Again, H. siliquosa shows 

markedly high TAC values compared to the other four species – regardless of the 

drying treatment used; with the highest value observed for freeze-dried samples and 

the lowest for OV40 and OV60. Consistently low TAC was observed for microwave-

dried F. spiralis and all treatments for L. digitata. Freeze-dried and OV40 oven-dried 
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samples of F. spiralis and F. serratus tended to have higher TAC than for the other 

treatments, as was the case for P. canaliculata. 

 

 

Figure 3.2: Total antioxidant capacity (mg AAE/100g DW) of methanol extracts of 

F. serratus, F. spiralis, H. siliquosa, L. digitata and P. canaliculata subjected to 

freeze-drying (FD – black shading), oven-drying (no shading) at 40 °C (OV40) and 

60 °C (OV60) and microwave-drying (grey shading) at 40 °C (OV40) and 60 °C 

(OV60) and microwave-drying (grey bars) at 385 W (M385), 540 W (M540) and 700 

W (M700). All data points are averages of triplicate analyses (independent analytical 

replicates) and error bars indicate standard deviation. For individual species, bars 

with different letters are significantly different (p ≤ 0.05; Tukey). Statistical data 

(ANOVA results and Tukey comparison letters) are shown in Table 3.A.1 in the 

Appendix. 

 

Total Phenolic Content (TPC) 

Figure 3.3 shows the effects of drying treatments on the TPC of methanol extracts 

of samples. Higher TPC levels were observed for F. spiralis, F. serratus and P. 
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canaliculata when oven-dried at 40 ºC (OV40) and freeze-dried (compared to high-

temperature oven-drying (OV60) and the microwave treatments). The TPC content 

of L. digitata varied only slightly by treatment and was consistently low.  H. siliquosa 

again showed higher TPC than the rest of the species, with considerably higher 

levels for microwave-dried and freeze-dried batches (compared to OV40 and 

OV60).  

 

 

Figure 3.3: Total phenolic content (mg GAE/100g DW) of methanol extracts of F. 

serratus, F. spiralis, H. siliquosa, L. digitata and P. canaliculata subjected to freeze-

drying (FD – black shading), oven-drying (no shading) at 40 °C (OV40) and 60 °C 

(OV60) and microwave-drying (grey shading) at 385 W (M385), 540 W (M540) and 

700 W (M700). All data points are averages of triplicate analyses (independent 

analytical replicates) and error bars indicate standard deviation. For individual 

species, bars with different letters are significantly different (p ≤ 0.05; Tukey). 

Statistical data (ANOVA results and Tukey comparison letters) are shown in Table 

3.A.1 in the Appendix. 
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Total Flavonoid Content (TFC) 

Figure 3.4 shows the effects of the drying treatments on the TFC of the methanol 

extracts of the seaweeds. H. siliquosa had the highest TFC levels of the five species 

– with levels highest in low and high energy microwave-drying (although the TFC 

levels in all dry batches of H. siliquosa did not vary markedly as a result of varying 

drying treatments). In all species, no consistent TFC patterns (with drying method) 

could be observed. For H. siliquosa and P. canaliculata, higher TFC was observed 

for certain microwave-dried batches; while for the two Fucus species, TFC levels 

were higher in the freeze-dried batch and/or the OV40 batch. In L. digitata, low 

values that varied only slightly between treatments were seen.  

 

 

Figure 3.4: Total flavonoid content (mg CE/100g DW) of methanol extracts of F. 

serratus, F. spiralis, H. siliquosa, L. digitata and P. canaliculata subjected to freeze-

drying (FD – black shading), oven-drying (no shading) at 40 °C (OV40) and 60 °C 

(OV60) and microwave-drying (grey shading) at 385 W (M385), 540 W (M540) and 

700 W (M700). All data points are averages of triplicate analyses (independent 

analytical replicates) and error bars indicate standard deviation. For individual 

species, bars with different letters are significantly different (p ≤ 0.05; Tukey). 

Statistical data (ANOVA results and Tukey comparison letters) are shown in Table 

3.A.1 in the Appendix. 
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3.2.2 Soluble protein and amino acid content 

Soluble protein 

The effects of drying on soluble protein are displayed in Figure 3.5. All seaweed 

species showed the highest protein content in freeze-dried batches with the 

exception of L. digitata, where levels were consistently low (<1 % DW). The protein 

content of F. spiralis and P. canaliculata was also higher after low-temperature 

oven-drying (OV40) compared to high-temperature oven-drying (OV60) and 

microwave treatments.  

 

 

Figure 3.5: Soluble protein content (in g/100g DW) of F. serratus, F. spiralis, H. 

siliquosa, L. digitata and P. canaliculata subjected to freeze-drying (FD – black 

shading), oven-drying (no shading) at 40 °C (OV40) and 60 °C (OV60) and 

microwave-drying (grey shading) at 385 W (M385), 540 W (M540) and 700 W 

(M700). All data points are averages of triplicate analyses (independent analytical 

replicates) and error bars indicate standard deviation. For individual species, bars 

with different letters are significantly different (p ≤ 0.05; Tukey). Statistical data 

(ANOVA results and Tukey comparison letters) are shown in Table 3.A.1 in the 

Appendix. 
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Amino acid content  

For each sample, amino acids were identified and quantified (Table 3.A.2 in the 

Appendix) before determining the total amino acid (TAA), essential amino acid 

(EAA) and non-essential amino acid (NEAA) content. The EAA content is the sum 

of threonine, valine, methionine, lysine, isoleucine, leucine and phenylalanine and 

the NEAA is the sum of aspartame, glutamine, serine, glycine, histidine, arginine, 

alanine and tyrosine. Additionally, the ratio of the NEAA to EAA was determined. 

The results are shown in Figure 3.6. For four of the five seaweed species, H. 

siliquosa being the exception, the highest level of TAA and EAA resulted from low-

temperature oven-drying (OV40). A similar pattern is observed for the NEAA, except 

in the case of F. spiralis that showed higher values for the microwave-dried batches. 

The EAA/NEAA ratio is used to determine the quality of the amino acid content with 

a higher ratio suggesting a relatively high EAA content, and therefore better protein 

quality (Stévant et al., 2018). Consistent trends in this data are not evident, for 

example for the two Fucus species the highest ratios were found in the OV40 treated 

samples, while M540 and M700 provided high ratios for H. siliquosa and L. digitata 

(alongside OV60 for H. siliquosa). For P. canaliculata there was little change in the 

ratio across the different drying treatments.  
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Figure 3.6: Amino acid content of F. serratus, F. spiralis, H. siliquosa, L. digitata 

and P. canaliculata subjected to freeze-drying (FD – black shading), oven-drying 

(no shading) at 40 °C (OV40) and 60 °C (OV60) and microwave-drying (grey 

shading) at 385 W (M385), 540 W (M540) and 700 W (M700).  (a) total essential 

amino acid (EAA) (in mg/g DW); (b) total non-essential amino acid (NEAA) (in mg/g 

DW); (c) total amino acid (TAA) (in mg/g DW). All data points are averages of 

triplicate analyses (independent analytical replicates) and error bars indicate 

standard deviation. For individual species, bars with different letters are significantly 

different (p ≤ 0.05; Tukey). Statistical data are displayed in Table 3.A.2 in the 

Appendix. 
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3.2.3 Lipid and fatty acid content 

Lipid concentration 

Lipid content data in relation to drying treatments is displayed in Figure 3.7. All 

species tended to show the highest lipid content in microwave-dried batches, except 

for L. digitata where OV40 gave marginally higher results. In H. siliquosa and P. 

canaliculata, the lowest lipid content was observed in freeze-dried batches. In 

contrast, the lowest lipid levels in the two Fucus species were found in oven-dried 

batches. 

 

 

Figure 3.7: Lipid content (g/100g DW) of F. serratus, F. spiralis, H. siliquosa, L. 

digitata and P. canaliculata subjected to freeze-drying (FD – black shading), oven-

drying (no shading) at 40 °C (OV40) and 60 °C (OV60) and microwave-drying (grey 

shading) at 385 W (M385), 540 W (M540) and 700 W (M700). All data points are 

averages of triplicate analyses (independent analytical replicates) and error bars 

indicate standard deviation. For individual species, bars with different letters are 

significantly different (p ≤ 0.05; Tukey). Statistical data (ANOVA results and Tukey 

comparison letters) are shown in Table 3.A.1 in the Appendix. 
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Fatty acid profiles 

For each sample, fatty acids were identified and quantified (Table 3.A.3 in the 

Appendix) before determining the quantities of saturated fatty acids (SFAs), 

monounsaturated fatty acids (MUFAs), polyunsaturated fatty acids (PUFAs) and the 

index ratio of n6 to n3. The effect of drying treatments on fatty acids is displayed in 

Figure 3.8. 

The C16, C18:1 and C20:4n6 fatty acids were the predominant fatty acids in the 

SFA, MUFA and PUFA classes respectively for all seaweeds (see Table 3.A.3). In 

L. digitata and H. siliquosa, notably higher SFA levels occurred in FD and OV40 

samples. Limited SFA differences were seen in the other three species. In terms of 

MUFA, F. spiralis and L. digitata showed the highest MUFA content following low-

temperature oven-drying (OV40) and/or FD or M385 treatment. For the PUFA levels, 

L. digitata and H. siliquosa show higher PUFA contents after microwave treatments, 

while F. spiralis and F. serratus showed the highest PUFA after FD. The PUFA 

levels in P. canaliculata showed no significant difference between drying treatments. 

The ratio of the total omega-6 fatty acid to total omega-3 (n6/n3) is often used to 

determine the quality of the fatty acid profile, with values in the range of 1 to 2 

considered ideal for the prevention of obesity (Simopoulos, 2016). For three of the 

five species studied, the highest ratio for n6/n3 occurred in samples subjected to 

low-temperature oven-drying (OV40).  
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Figure 3.8: Fatty acid content of F. serratus, F. spiralis, H. siliquosa, L. digitata and 

P. canaliculata subjected to freeze-drying (FD – black shading), oven-drying (no 

shading) at 40 °C (OV40) and 60 °C (OV60) and microwave-drying (grey shading) 

at 385 W (M385), 540 W (M540) and 700 W (M700). (a) total saturated fatty acid 

(SFA) (in %TFA); (b) total monounsaturated fatty acid (MUFA) (in %TFA); (c) total 

polyunsaturated fatty acid (PUFA) (in %TFA). All data points are averages of 

triplicate analyses (independent analytical replicates) and error bars indicate 

standard deviation. For individual species, bars with different letters are significantly 

different (p ≤ 0.05; Tukey). Statistical data are displayed in Table 3.A.1 in the 

Appendix. 
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3.3 Discussion 

Four of the five seaweed species studied here are listed in the European food safety 

authority (EFSA) EU novel foods catalogue. The exception being H. siliquosa, which 

was included in this study based on previous work that identified the seaweed as an 

excellent source of phenolic compounds and having strong antioxidant potential 

(Mutton, 2012). In the broadest sense, previous studies have demonstrated the 

presence of nutritionally important molecules in seaweed, including proteins and 

amino acids, vitamins, polysaccharides, lipids and fatty acids, polyphenols, 

carotenoids and other bioactive compounds and minerals (including iodine and 

other essential elements). Many of these may have therapeutic benefits (acting as 

antioxidants, antivirals, antihypertensives, anticoagulants, anti-inflammatories, 

anticancer compounds, thyroid stimulants or having antifungal properties) (Ganesan 

et al., 2008; Holdt and Kraan, 2011; Mohamed et al., 2012). However, many of these 

potentially beneficial chemical components are also heat-labile – and may be lost or 

depleted when seaweed is processed – hindering the effective value of certain 

compounds (Sappati and Nayak, 2018). As such, the importance of drying treatment 

used during processing (on nutritionally important components in seaweed) has 

been highlighted in several studies. For instance, Chan et al. (1997) considered 

freeze-drying, oven-drying and sun-drying and the effects on amino acids, fatty 

acids, mineral and vitamin C in Sargassum hemiphyllum (brown seaweed). They 

showed that sun-drying and freeze-drying reduced the loss of certain important 

chemical components in comparison with oven-drying. In another study by Stévant 

et al. (2018) which considered the effect of freeze-drying and convective air-drying 

at 25, 40 and 70 °C of Saccharina latissima, no effects due to drying were observed 

on the chemical components studied, with the exception of iodine which was lower 

in freeze-dried batches. Recently, the study of Silva et al. (2019) compared chemical 

contents of oven-dried (25, 40 and 60 °C) Ulva rigida, Gracilaria sp. and Fucus 

vesiculosus versus fresh seaweed, and showed that the extraction of polyphenols 

and their activities is influenced by the drying treatment used. 

In this study, drying treatment has been shown to influence the retention of and/or 

cause depletion in nutritionally important compounds in what would be final 

seaweed products. 
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The TPC, TFC and antioxidant activity (TAC and RSA) data presented here show 

that treatments at elevated temperature often resulted in products with depleted 

antioxidant activity and content. This finding agrees with the study of Wong and 

Cheng (2001), wherein higher levels of phenolics were found in freeze-dried batches 

of three Sargassum species when compared with oven-dried batches. Similar 

results were reported in the study of Stramarkou et al. (2017) regarding the 

microalgae Chlorella vulgaris. Here, differences in antioxidant activity for all species 

showed inconsistent effects due to drying treatment. For example, for F. serratus 

and F. spiralis, the freeze-dried batches had higher TPC and TFC, and stronger 

antioxidant activity than the oven-dried (at 60 °C) batches. A similar pattern occurred 

for H. siliquosa with the exception of the TFC, which showed no effect due to drying 

treatment. In contrast, L. digitata did not show appreciable differences in measured 

antioxidant parameters as a result of different drying conditions. These variations in 

antioxidant parameters exhibited by the processed seaweeds suggest that drying 

treatment employed would have a significant influence on either the content or 

extractability of potential antioxidant compounds (Cruces et al., 2016). However, no 

single drying treatment can be identified as being optimal for all species, possibly 

due to differences in their cell walls and/or their physiology (Cox et al., 2012). 

In terms of soluble protein levels - relatively low values for all species studied were 

noted. This includes L. digitata, which in previous studies has been shown to contain 

high levels of protein, ranging from 4.9-8.2 % DW (Schiener et al., 2014). This could 

simply be due to differences in the method of extraction used. Here, the method 

used was reported by Gressler et al. (2010). Differences in results measured by 

different methods are likely to result from differences in the polysaccharide matrix 

or in polyphenols, which some proteins bind to and which vary across seaweed 

species, influencing the extraction of protein (Harnedy and FitzGerald, 2013a). 

Regardless, in terms of drying treatment used here, higher protein level was found 

in freeze-dried batches (when compared to oven and microwave-dried batches), for 

all species except L. digitata (for which limited variation due to drying treatment was 

observed). These findings agree with Sappati and Nayak (2018) and their protein 

results for Saccharina latissima, but contradict total protein data in Chan et al. (1997) 

and Wong and Chikeung Cheung (2001) whose results did not show markable 

effects on crude protein content. Nevertheless, the results presented here support 
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the assumption that the extractability and accessibility of seaweed protein would be 

influenced by the method used to dry seaweed (Wong and Cheung, 2001b). It would 

seem logical that freeze-drying (rather than oven-drying) would be the best way to 

dry seaweed to ease the extraction of protein in seaweed because high temperature 

drying treatments would likely result in the denaturing of protein which could result 

in the protein being less extractable. 

Protein quality is as important as protein level when considering seaweed for 

consumption (Stévant et al., 2018). The type and quantity of individual amino acid 

present determine the quality of the protein (Mæhre et al., 2014). The amino acid 

content of seaweeds studied here showed similarly low levels to those described in 

Stévant et al. (2018). Total amino acids, essential amino acids and non-essential 

amino acids tended to be higher in low-temperature oven-dried batches compared 

to the other treatments, for many of the seaweed species studied. The majority of 

the amino acids present in these seaweeds were non-essential amino acids; 

however, reasonable levels of essential amino acids were also present. This is a 

similar finding to that of Mæhre et al. (2014), who showed higher non-essential 

amino acids than essential amino acids in seaweeds. Again, no consistent variation 

in amino acid composition with drying treatment was observed. In addition, many 

differences were minor, which is in agreement with the study of Stévant et al. (2018) 

who also showed no markable differences between oven-drying and freeze-drying 

for Saccharina latissima. Chan et al. (1997) also showed no effects on amino acid 

content when considering sun-dried, oven-dried and freeze-dried Sargassum 

hemiphyllum.  

Variations in total lipid content as a result of drying treatment employed were 

observed. This agrees with the study of Neoh et al. (2016) which showed higher 

lipid content in freeze-dried rather than oven-dried Kappaphycus alvarezii; whilst 

Chan et al. (1997), Wong and Cheung (2001a) and Sappati and Nayak (2018) all 

showed no marked variation in lipid content due to drying treatment. It is worth noting 

that in this study, microwave-drying (which took <15 minutes), often produced 

samples with higher lipid contents for certain species. This could be because of the 

short duration needed for microwave drying. Short duration drying procedures are 

assumed to overcome issues related to long-term exposure to light and/or high 
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temperatures (which occur during oven-drying and freeze-drying), which can result 

in the oxidation of lipids. The advantage of microwave-drying in vegetable and fruit 

processing has been previously highlighted, as again, this helps prevent quality 

degradation due to long-term air exposure (Zhang et al., 2006). However, 

microwave drying can also have its drawbacks – i.e., related to uneven drying and 

rapid temperature changes. These can be counteracted (at least in part) by ensuring 

uniform movement of the product in the microwave oven (i.e., by using a rotating 

tray); by optimising/controlling power inputs; and by combining microwave-drying 

with other drying techniques (such as vacuum ovens or freeze-drying) (Zhang et al., 

2010).  

The lipid content of seaweed is generally low (Mabeau and Fleurence, 1993). But, 

the quality of those lipids due to the presence of essential fatty acids such as omega-

3 and omega-6 (which are not synthesised de novo in humans and are also limited 

in terrestrial plants), makes seaweed a potential source of essential fatty acids for 

humans (Monroig et al., 2013). The results here showed that the choice of drying 

treatment impacted the levels of fatty acids in the seaweeds studied. However, 

again, no consistent pattern of variation with drying treatment was observed. For 

example, H. siliquosa and L. digitata showed higher SFA in the FD than OV60 and 

F. serratus and F. spiralis did not show any effect due to drying treatment. Also, the 

PUFA content in L. digitata was higher in all the microwave-dried batches, but for P. 

canaliculata, PUFA levels showed no marked effect due to drying treatment. These 

findings agree with those of Hamid et al. (2018) who also profiled metabolites 

present in three brown seaweeds and identified changes in profiles due to drying 

treatment. Species-specific variation in lipids as a result of different drying methods 

points to the uniqueness and diversity of specific traits associated with marine algae 

- which exhibit high species variation in cell and tissue structure (wherein, the 

majority of the phytochemicals are stored; Hurd et al., 2014). More broadly, the 

efficient lysis of cells and cellular structures, which aids the release of 

phytochemicals during extraction, can depend on the drying procedure used (Cox 

et al., 2012). Effective drying requires sufficient energy to remove water but should 

ideally not hinder the extractability or diminish the amount of nutritionally important 

chemical species present in a final product. However, the effect of any drying 

procedure on the quantity/extractability of nutritionally important chemical species 
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in a final dried product are, at least to some extent, also species-specific. This adds 

an extra layer of complexity when determining the optimal techniques to use, but, is 

also not surprising as the phytochemical profile of individual seaweed species is 

highly variable and unique. Clearly, drying treatment has the potential to enhance 

the level of certain chemicals – through the degradation of certain biomolecules into 

simpler compounds; or, cause undesirable degradation of beneficial compounds. 

Depending on the chemical and biological properties of these various molecules, 

both could either enhance or reduce the biological and/or chemical activity of the 

final product (such as the antioxidant capacity). Therefore, drying treatments to be 

employed in the future for the increased exploitation of seaweed in large-scale food 

production (or, for biotechnological purposes) will require careful optimisation to 

ensure that compounds of interest remain both available and undegraded in the final 

product. Moreover, optimal drying techniques are likely to be different for different 

species, and, will depend on the key chemical components of interest in any product 

to be created. 

 

3.4 Conclusion 

From the results presented here, it is clear that the choice of drying method can 

significantly influence the presence of nutritionally important compounds and the 

antioxidant activity of a final dried seaweed product. Additionally, effects are mostly 

species specific. Hence, to attain efficient exploitation of important chemical 

constituents present in seaweed, drying conditions should always be optimised and 

studied for individual species – taking into consideration the compounds of interest 

and the potential end-use (i.e., whether the preservation of individual chemical 

components is more critical than it is for others). The findings here also suggest that 

short duration microwave-assisted drying could be a viable option which may help 

overcome negative effects caused by long duration drying (such as contamination 

and/or undesirable oxidation of certain chemical components).  Although there is 

still a need for further research to explore the utility of microwave assisted drying, it 

may offer new opportunities, especially if it could be used in combination with other 

techniques, such as vacuum oven-drying or freeze-drying. Here, both freeze-drying 

and low-temperature oven drying proved to be beneficial in terms of preserving 
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certain chemical components. As such, novel combinations involving microwave 

drying, freeze-drying and low-temperature oven drying may have the potential to 

limit drying duration and aid the preservation of certain chemicals – thus improving 

the quality of final seaweed products. 
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Chapter 4: Variation of selected nutritionally important 
chemical constituents in edible seaweeds from Caithness 
(Scotland) with respect to species and sampling 
period/location 

4.1 Introduction  

Algae, especially seaweeds, are a valuable resource utilised by various industrial 

sectors. Chemicals isolated from seaweeds, and extracts of seaweeds, have been 

utilised by the pharmaceutical, personal care product and biofuel sectors for many 

years. Additionally, seaweed (and the chemicals isolated from seaweed) have 

significant value within the food and drink sector (Holdt and Kraan, 2011). Whilst in 

certain parts of the world (i.e., Europe and N. America) seaweed consumption in the 

human diet is viewed as being relatively novel; it has been widely used in some 

Asian diets (i.e., in Japan and China) for many centuries. The commercial 

exploitation of seaweed is also increasing globally, for example in 2016, 30 million 

tonnes was farmed – the majority (83 %) of which was directly or indirectly (i.e., 

extracts, ingredient, etc.) consumed as food, with the remainder used for other non-

food applications (i.e., as fertiliser, or for nutraceutical and biofuel production) 

(Ferdouse et al., 2018). In Asia, 99 % seaweeds used are farmed, whilst in other 

parts of the world, seaweed farming is not so well established, and seaweeds are 

largely harvested from the wild (Ferdouse et al., 2018). Increased interest in the use 

of wild-harvested seaweeds outside Asia, (especially in Europe, Canada and Latin 

America) has prompted consideration of how best to sustainably undertake 

harvesting (Stévant et al., 2017). There are significant concerns regarding the 

impact of harvesting on wider biodiversity and ecosystem function (Angus, 2017). 

However, sustainable harvesting of wild seaweeds could potentially provide multiple 

benefits – not least because there are 1000’s of documented seaweed species, from 

which a huge variety of nutritionally beneficial chemical components could 

potentially be derived.   

As potentially important as wild harvested seaweeds are, they grow and inhabit 

natural ecosystems that constantly change (Stengel et al., 2011). Changes in key 
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environmental parameters such as temperature, light quality and quantity, 

photoperiod, nutrient levels, salinity, water flow and interactions with other 

organisms, may all affect seaweed ‘quality’ (in the broadest sense). All of these 

parameters have been demonstrated to be crucial to seaweed growth, reproduction 

and development (Hurd et al., 2014; Zou et al., 2018), yet they can change daily, 

diurnally and seasonally as well as differing from location to location. Such changes 

may also affect different seaweed species in different ways (Stengel et al., 2011). 

Alongside reproduction, development and growth; changes and variation in 

environmental parameters can also affect the biosynthesis, presence/absence and 

potential bioaccumulation of various chemical constituents – and thus, the nutritional 

‘value’ of seaweeds (McCauley et al., 2016; Guihéneuf et al., 2018; Zou et al., 2018). 

Understanding such changes is potentially important, given that the 

presence/activity of various chemical components may be an important driver 

behind the exploitation of many seaweeds, whether for the extraction of key 

bioactive chemicals or as food marketed as having specific health benefits (Holdt 

and Kraan, 2011).  

One challenge hindering the full exploitation of seaweeds (as food, or for other 

purposes) is our limited knowledge of how changes in environmental parameters 

influence levels of chemical constituents/bioactivity (Barbier et al., 2019). 

Establishing such a knowledge base is also difficult, since changes may be both site 

and species specific (Vilg et al., 2015), as well as temporally (i.e., seasonally and 

diurnally). Such knowledge would provide insights to aid the selection of optimal 

seaweed species, as well as sampling site and times in particular regions (Schiener 

et al., 2014). A body of literature has now emerged relating to the relevance of site-

specific seaweed screening for relevant bioactivities and chemical constituents. For 

example, in the Yucatan Peninsula (Mexico), the antioxidant potential of 48 tropical 

seaweeds was studied, which highlighted those with greatest/least antioxidant 

potential in this regard, in this region (Zubia et al.,  2007). Similar work has also 

been carried out in Iceland (Liu et al., 2009), while Rodrigues et al. (2015) has 

considered seaweeds from the west coast of Portugal. In the UK, Hornsey and Hide 

(1974, 1976a, 1976b, 1985) examined seasonal, temporal and species related 

variations of antimicrobial activity in British seaweeds, and more recently, the 

biorefinery potential of seaweeds sampled from south-west England (Devon) 
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(Beacham et al., 2019). In Scotland, Schiener et al. (2014) screened four brown 

seaweeds for essential elements and nutritional components (such as polyphenolic 

content, fatty acids, amino acids and proteins); and earlier work by Black (1948, 

1949) considered seasonal variations in chemical components in Scotland’s most 

common seaweeds and highlighted that seaweeds from the region contained 

chemical constituents that may have nutritional and antioxidant benefits.  

Despite an abundance of seaweed species in Caithness (North Scotland), and a 

coastline >350 km long (along which 129 seaweed species have been recorded: 42 

Phaeophyceae, 62 Rhodophyceae and 21 Chlorophyceae) there is minimal detailed 

knowledge regarding seaweeds in this region (Mutton, 2012). This chapter, 

therefore, examines eight of the most common species from this region with the 

potential to be used in foods – comparing species and spatial/temporal variations of 

a range of chemical constituents and activities (i.e., their elemental composition, 

lipid content, fatty acid content, radical scavenging activity, total antioxidant 

capacity, total phenolic and flavonoid contents). We examined these eight species 

over a period between March 2016 to September 2017, from seven different shore 

locations in Caithness. Samples were taken specifically for commercial purposes 

(i.e., were collected, handled, dried, processed, stored, etc., in a consistent fashion) 

by New Wave Foods Ltd (Wick, UK). In undertaking this research, we seek to 

provide insights regarding optimal species and sampling time/location in relation to 

the chemical constituents listed.  

4.2 Results  

4.2.1 Antioxidant potential 

Antioxidant potential was evaluated from four parameters: total antioxidant capacity 

(TAC), radical scavenging activity (RSA), total phenolic content (TPC) and total 

flavonoid content (TFC), using methanol extracts of seaweeds. Results are 

displayed in Figure 4.1 and Table 4.1.  

Figure 4.1 (a, b, c and d) and Table 4.1 show variations in TAC, RSA, TPC and TFC 

for methanol extracts of seaweed species. TAC ranged from 16−167 mg AAE/100g 

DW; with the highest and lowest average values occurring for F. vesiculosus (111 ± 

22 mg AAE/100g DW) and L. digitata (28 ± 9 mg AAE/100g DW), respectively. 
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Radical scavenging activity (RSA) is reported here as the percentage inhibition of 

DPPH, i.e., the amount of DPPH radicals quenched, compared to a control 

(methanol) (Figure 4.1b). The RSA values ranged from 4−96 % inhibition of DPPH; 

with the highest and lowest average RSA values occurring for F. vesiculosus (92 ± 

4 % inhibition) and A. esculenta (6 ± 1 % inhibition), respectively. TPC values ranged 

from 92−2050 mg GAE/100g DW, wherein the highest and lowest average occurred 

for F. vesiculosus (1804 ± 170 mg GAE/100g DW) and L. digitata (171 ± 91 mg 

GAE/100g DW), respectively. TFC values ranged from 141−1129 mg CE/100g DW 

and the highest and lowest average values occurred for F. vesiculosus (506 ± 175 

mg CE/100g DW) and P. palmata (181 ± 32 mg CE/100g DW), respectively. TAC, 

RSA, TPC and TFC values, all differed significantly (p < 0.001) between species 

(despite variations by sampling site and period). 
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Figure 4.1: Total antioxidant capacity (TAC) (a), radical scavenging activity (RSA) 

(b), total phenolic content (TPC) (c) and total flavonoid content (TFC) (d) of methanol 

extracts of eight seaweed species sampled in Caithness between March 2016 and 

September 2017. Box plots show average, interquartile ranges (minimum, median 

and maximum) and outliers. All data points are averages of duplicate analyses 

(independent analytical replicates) of each seaweed sample (batch) tested. Bars 

with different letters are significantly different (p ≤ 0.05; Tukey). Statistical data 

(ANOVA results and Tukey comparison letters) are shown in Table 4.1. 
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Table 4.1: Average (± standard deviation) values for TAC (mg AAE/100g DW), RSA (% inhibition), TPC (mg GAE/100g DW) and TFC (mg 

CE/100g DW) for the eight seaweed species from Caithness (Scotland). Also, the one-way ANOVA statistical data for the comparison between 

species for these four variables.  

 AE 
(n=18) 

FP 
(n=9) 

FT 
(n=38) 

FV 
(n=28) 

HE 
(n=8) 

LD 
(n=17) PC (n=11) PP 

(n=12)  p F 

TAC 33 ± 8d 65 ± 25b 69b,c  ± 18 111 ± 22a 46 ± 16b,c,d 28± 8d 45 ± 14c,d 37 ± 14d  <0.001 46.5 

RSA 6 ± 1f 83 ± 9b,c 92a,b ± 4 94 ± 2a 48 ± 20d 25 ± 11e 79 ± 14c 15 ± 2e,f  <0.001 316.0 

TPC 280 ± 83d 1478 ± 389b 1352 ± 413b 1804 ± 170a 738 ± 326c 171 ± 91d 824 ± 292c 259 ± 62d  <0.001 110.9 

TFC 220 ± 39c 331 ± 94b 348 ± 71b 506± 175a 261 ± 44b,c 173 ± 22c 261 ± 65b,c 181 ± 32c  <0.001 26.6 

Note: values with different letters are significantly different at P < 0.05. A. esculenta (AE), F. spiralis (FP), F. serratus (FT), F. vesiculosus (FV), H. elongata (HE), L. digitata (LD), P. canaliculata (PC), P. 
palmata (PP). 
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4.2.2 Lipid and fatty acid content 

Lipid content  

Figure 4.2 shows variations in lipid content between seaweed species. Lipid content 

ranged from 2−9 g/100g DW with P. canaliculata (5.9 ± 1.6 g/100g DW) and P. 

palmata (3.7 ± 0.8 g/100g DW), showing the highest and lowest average values, 

respectively. Lipid content also differed significantly (p < 0.001) between species 

(despite variations by sampling site and period) (Table 4.2). 

 

 

Figure 4.2: Lipid content (g/100g DW) of eight seaweed species sampled in 

Caithness between 2016 and September 2017. Box plot show average, interquartile 

ranges (minimum, median and maximum) and outliers. All data points are averages 

of duplicate analyses (independent analytical replicates) of each seaweed sample 

(batch) tested. Bars with different letters are significantly different (p ≤ 0.05; Tukey). 

Statistical data (ANOVA and Tukey comparisons between species) are shown in 

Table 4.2. 
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Fatty acid content 

The full fatty acid profile/content of all seaweed species were characterised before 

calculating values for saturated fatty acids (SFA), monounsaturated fatty acids 

(MUFA), polyunsaturated fatty acids (PUFA) and the index ratio of n6 to n3. More 

than 25 different fatty acids were found and quantified in the seaweed samples – 

and the full dataset for this information is provided in Table 4.A.1 (Appendix). 

Figure 4.3 (a, b and c) show the variation in the percentage of total saturated fatty 

acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids 

(PUFA) between seaweed species. The dominant SFA was palmitic acid (C16) 

followed by myristic acid (C14) (Table 4.A.1 in Appendix); with both fatty acids 

making up more than 80 % of total SFA for all species. SFA values ranged from 

13−57 % total fatty acid (TFA) and the highest and lowest average values occurred 

for P. palmata (42.6 ± 13.8 %TFA) and P. canaliculata (23.0 ± 2.7 %TFA), 

respectively. The dominant MUFA was oleic acid (OLE, C18:1), which made up 

about 90 % of total MUFA in all species tested. MUFA values range from 12−60 

%TFA, with the highest and lowest average values occurring in P. canaliculata (43.8 

± 8.2 %TFA) and A. esculenta (24.8 ± 1.8 %TFA), respectively. In contrast to the 

MUFAs and SFAs, the dominant PUFA varied with seaweed species. 

Eicosapentaenoic acid (EPA, C20:5 n3) dominated in P. palmata and L. digitata; in 

A. esculenta, stearidonic acid (SA, C18:4 n3) was dominant; in H. elongata, 

arachidonic acid (AA, C20:4 n6); in P. canaliculata, both AA (C20:4 n6) and linoleic 

acid (LA, C18:2 n6) dominated; while in F. spiralis, F. serratus and F. vesiculosus, 

LA (C18:2 n6), AA (C20:4 n6) and eicosapentaenoic acid (EPA, C20:5 n3) were 

most prevalent. PUFA content values ranged from 18−53 %TFA, with the highest 

and lowest average values occurring for A. esculenta (48.2 ± 3.4 %TFA) and P. 

palmata (31.4 ± 6.3 %TFA), respectively. SFA, MUFA and PUFA, all differed 

significantly (p < 0.001) between species (despite variations by sampling site and 

period). 

Figure 4.3 (d, e and f) further shows variations in the total omega-6 (n6) and omega-

3 (n3) fatty acids and the index ratio of n6 to n3 (n6/n3). n6-FA values ranged from 

3−29 %TFA, and the highest and lowest average values occurred in P. canaliculata 

(24.6 ± 4.7 %TFA) and P. palmata (5.2 ± 1.2 %TFA), respectively. n3-FA values 
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ranged from 4−39 %TFA, with the highest average value occurring in A. esculenta 

(30.3 ± 4.0 %TFA) and the lowest in P. canaliculata (8.4 ± 4.4 %TFA). The n6/n3 

ratio index is often used to determine the nutritional quality of fatty acids. Here, ratios 

ranging from 0.1–5 were found, with the lowest and highest average values from P. 

palmata (0.2 ± 0.1 %TFA) and P. canaliculata (3.3 ± 0.6 %TFA), respectively. Of all 

eight seaweed species, only F. vesiculosus and P. canaliculata show n6/n3 ratios 

higher than two − which is often deemed an ideal value (Simopoulos, 2016). n3, n6 

and n6/n3 ratios, all differed significantly (p < 0.001) between species (despite 

variations by sampling site and period). 
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Figure 4.3: SFA (a), MUFA (b), PUFA (c), n6 (d), n3 (e) and index ratio of n6 to n3 

(f) of eight seaweed species sampled in Caithness from March 2016 to September 

2017. Box plots show average, interquartile ranges (minimum, median and 

maximum) and outliers. All data points are averages of duplicate analyses 

(independent analytical replicates) of each seaweed sample (batch) tested. Bars 

with different letters are significantly different (p ≤ 0.05; Tukey). Statistical data 

(ANOVA and Tukey results by species) are shown in Table 4.2. 
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Table 4.2: Average (± standard deviation) values for lipid (g/100g DW), SFA, MUFA, PUFA, n3 and n6 (all in %TFA) and index ratio of n6 to n3 

for eight seaweed species from Caithness (Scotland). Also, the one-way ANOVA statistical data for the comparison between species for these 

variables.   

 AE  
(n=18) 

FP  
(n=9) 

FT 
 (n=38) 

FV 
 (n=28) 

HE 
 (n=8) 

LD  
(n=17) 

PC  
(n=11) 

PP 
 (n=12) 

 
p F 

Lipid 3.8 ± 1.4c,d 5.0 ± 1.4a,b,c 5.6 ± 1.5a,b 3.7 ± 1.3d 5.0 ± 2.8a,b,c,d 4.9 ± 1.1a,b,c,d 5.9 ± 1.6a 3.7 ± 0.8b,c,d 
 

<0.001 5.7 

SFA 27.0 ± 2.9c,d 25.5 ± 1.2c,d 29.0 ± 3.2b,c 29.6 ± 2.5b,c 33.5 ± 1.9b 32.7 ± 3.5b 23.0 ± 2.7d 42.6 ± 13.8a 
 

<0.001 18.9 

MUFA 24.8 ± 1.8b 38.5 ± 3.6a 37.5 ± 4.7a 38.0 ± 4.3a 25.5 ± 1.8b 28.4± 2.3b 43.8 ± 8.2a 25.9 ± 15.7b 
 

<0.001 21.2 

PUFA 48.2 ± 3.4a 36.0 ± 3.9b,c 33.4 ± 4.0c 33.0 ± 4.4c 41.0 ± 3.1b 38.9 ± 4.1b 33.1 ± 8.0c 31.4± 6.3c 
 

<0.001 27.2 

n6 16.8 ± 1.2c 21.0 ± 2.0b 20.2 ± 1.3b 21.3 ± 1.3b 21.0 ± 2.3b 13.4 ± 0.6d 24.6 ± 4.7a 5.2 ± 1.2e 
 

<0.001 148.8 

n3 30.3 ± 4.0a 14.8 ± 4.1c,d 13.0 ± 3.1d 10.9 ± 3.6d,e 19.8 ± 4.1c 25.3 ± 4.4b 8.4 ± 4.4e 25.6 ± 6.5a,b 
 

<0.001 66.9 

n6/n3 0.5 ± 0.2d,e 1.6 ± 0.4c 1.6 ± 0.4c 2.2 ± 0.9b 1.2 ± 0.5c,d 0.6 ± 0.1d,e 3.3 ± 0.6a 0.2 ± 0.1e 
 

<0.001 53.9 

Note: values with different letters are significantly different at P < 0.05. A. esculenta (AE), F. spiralis (FP), F. serratus (FT), F. vesiculosus (FV), H. elongata (HE), L. digitata (LD), P. canaliculata (PC), P. 

palmata (PP). 
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4.2.3 Elemental analysis 

For the elemental analysis of seaweeds – a range of quality control checks were 

also put in place. The quality control and certified reference material (CRM) recovery 

details, as well as the limits of detection (LOD) and quantification (LOQ) for the 

elements tested, are shown in (Table 4.A.2 in Appendix). The mean percentage 

recovery of all elements from the CRMs tested (Bush, Branches and Leaves − 

NCSDC 73348; Lichen BCR − 482) ranged from 83−122 %, except for selenium, 

where CRM values were below the LOD (i.e., recovery could not be calculated). 

Figure 4.4 and 4.6, and Table 4.3 show the species variation in the trace, macro 

and microelements in the seaweeds.  

Ni, Se, Cd, Co and Cu were present in seaweeds at trace levels, and levels varied 

significantly between species. The highest average Se content was found in A. 

esculenta (0.4 ± 0.1 µg/g DW), while most of the other seaweeds contained values 

that were below the detection limit. The highest and lowest average Ni content 

occurred in P. palmata (5.7 ± 2 µg/g DW) and L. digitata (0.6 ± 0.5 µg/g DW), 

respectively. Cd was at its highest and lowest average in A. esculenta (1.1 ± 0.4 

µg/g DW) and L. digitata (0.02 ± 0.03 µg/g DW), respectively. For Co, the highest 

and lowest average values occurred for F. spiralis (0.8 ± 0.9 µg/g DW) and L. digitata 

(0.02 ± 0.09 µg/g DW), respectively. The highest Cu content occurred in P. palmata 

(4.2 ± 1.2 µg/g DW) with the lowest in P. canaliculata (1.2 ± 0.23 µg/g DW). 

Fe content ranged from 9−1215 µg/g DW, with the highest and lowest average 

values occurring for P. palmata (247.9 ± 315.9 µg/g DW) and H. elongata (20.0 ± 

7.6 µg/g DW), respectively. Mn ranged from 2−207 µg/g DW, with the highest and 

lowest averages occurring in F. serratus (108.0 ± 37.1 µg/g DW) and L. digitata (3.1 

± 0.6 µg/g DW), respectively. Zn content ranged from 9−360 µg/g DW and the 

highest and lowest averages occurred in A. esculenta (60.7 ± 16.3 µg/g DW) and P. 

canaliculata (22.1 ± 13.1 µg/g DW), respectively. Fe, Mn and Zn all differed 

significantly (p < 0.001) between species (regardless of variation by sampling site 

and season). 

K, Mg, Na and Ca occurred in seaweeds at high levels and varied significantly with 

species. Ca ranged from 984−113600 µg/g DW, with the highest and lowest 
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averages in L. digitata (74824 ± 17246 µg/g DW) and P. palmata (14104 ± 10936 

µg/g DW), respectively. K ranged from 11997−84599 µg/g DW, with the highest and 

lowest averages found in H. elongata (72577 ± 8190 µg/g DW) and P. canaliculata 

(16244 ± 2795 µg/g DW), respectively. Mg ranged from 1453−8556 µg/g DW, with 

the highest and lowest averages found in H. elongata (7784 ± 582 µg/g DW) and P. 

palmata (1832 ± 352 µg/g DW), respectively. Na ranged from 5397−51933 µg/g DW 

and the highest and lowest averages occurred in H. elongata (43405 ± 6233 µg/g 

DW) and P. palmata (7655 ± 2017 µg/g DW), respectively. K, Mg, Na and Ca all 

differed significantly (p < 0.001) between species (despite variations by sampling 

site and period). 
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Figure 4.4: Cd (a), Co (b), Mn (c), Cu (d) and Ni (e) concentrations in eight seaweed 

species sampled in Caithness (Scotland) from March 2016 to September 2017. Box 

plots show average, interquartile ranges (minimum, median and maximum) and 

outliers. All data points are averages of duplicate analyses (independent analytical 

replicates) of each seaweed sample (batch) tested. Bars with different letters are 

significantly different (p ≤ 0.05; Tukey). Statistical data (ANOVA and posthoc Tukey 

results by species) are shown in Table 4.3.   
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Figure 4.5: Ca (a), Mg (b), Na (c), Fe (d), Zn (e) and K (f) concentrations in eight 

seaweed species sampled in Caithness (Scotland) from March 2016 to September 

2017. Box plots show average, interquartile ranges (minimum, median and 

maximum) and outliers. All data points are averages of duplicate analyses 

(independent analytical replicates) of each seaweed sample (batch) tested.  Bars 

with different letters are significantly different (p ≤ 0.05; Tukey). Statistical data 

(ANOVA and posthoc Tukey results) are shown in Table 4.3.   
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Table 4.3: Average (± standard deviation) regarding interspecies variation in element levels in seaweed species from Caithness (Scotland). 

Also, one-way ANOVA statistical results and posthoc Tukey letters showing where differences by species occurred. 

Elements 
AE 

(n=18) 

FP 

(n=9) 

FT 

(n=38) 

FV 

(n=28) 

HE 

(n=8) 

LD 

(n=17) 

PC 

(n=11) 

PP 

(n=12) 
p F 

Ca (µg/g) 23070 ± 7028d 30851 ± 21107c,d 48804 ± 13994b,c 69955 ± 19081a 55927 ± 18241a,b 74830 ± 17246a 66039 ± 17665a 14104 ± 10936d <0.001 32.6 

Cd (µg/g) 1.1 ± 0.4a 0.5 ± 0.2c,d 0.9 ± 0.3a,b 0.7 ± 0.3b,c 0.8 ± 0.3b,c <0.01 ± 0.0e 0.1 ± 0.1e 0.2 ± 0.1d,e <0.001 40.8 

Co (µg/g) 0.3 ± 0.1b 0.8 ± 0.9a 0.4 ± 0.2b 0.2 ± 0.1b,c 0.1 ± 0.1b,c <0.01 ± 0.1c 0.3 ± 0.3b,c 0.2 ± 0.1b,c <0.001 9.9 

Cu (µg/g) 2.2 ± 1.0b 1.5 ± 0.7b,c 1.7 ± 0.5b,c 1.6 ± 0.3c 1.4 ± 0.3b,c 1.4 ± 0.3c 1.2 ± 0.2c 4.2 ± 1.2a <0.001 30.7 

Fe (µg/g) 71.3 ± 35.9b 169.1 ± 122.6a,b 98.2 ± 54.9b 94.0 ± 45.5b 20.0 ± 7.6b 51.9 ± 49.4b 126.5 ± 85.2a,b 248.0 ± 315.9a <0.001 5.2 

K (µg/g) 54943 ± 11030b 30331 ± 8605d,e 365755 ± 5136d 29253 ± 5486e 72577 ± 8190a 35164 ± 10132d,e 16244 ± 2795f 45445 ± 7572c <0.001 61.7 

Mg (µg/g) 7220 ± 676a 6306 ± 1076b 6100 ± 419b 5738 ± 697b 7784 ± 582a 5971 ± 526b 6030 ± 559b 1832 ± 352c <0.001 104.1 

Mn (µg/g) 7.7 ± 1.6c 65.6 ± 47.3b 108.0 ± 37.1a 80.0 ± 23.0b 21.2 ± 4.9c 3.1 ± 0.6c 10.9 ± 6.8c 9.0 ± 1.9c <0.001 60.6 

Mo (µg/g) 1.2 ± 1.6 1.4 ± 1.8 1.6 ± 2.3 1.5 ± 2.1 1.1 ± 1.9 1.3 ± 2.2 1.8 ± 2.2 0.5 ± 0.2 0.769 0.6 

Na (µg/g) 31709 ± 3787b 27903 ± 6608b,c,d 27037 ± 3140c,d 24833 ± 5800d 43405 ± 6233a 29700 ± 3849b,c 23257 ± 5621d 7655 ± 2017e <0.001 51.6 

Ni (µg/g) 1.9 ± 1.3c 4.6 ± 2.4a,b 4.6 ± 1.2a 3.5± 0.9b 1.1 ± 0.3c,d 0.6 ± 0.5d 1.5 ± 0.4c,d 5.7 ± 2.0a <0.001 35.2 

Se (µg/g) 0.4 ± 0.1 <0.01 ± 0.8 BDL BDL BDL BDL BDL BDL <0.001 9.9 

Zn (µg/g) 60.7 ± 16.3a 29.3 ± 8.78a,b 48.7 ± 14.4a,b 43.1 ± 62.8a,b 38.8 ± 6.6a,b 33.7 ± 6.0a,b 22.1 ± 13.1b 41.4 ± 14.1a,b 0.03 2.3 

Note: values with different letters are significantly different at P < 0.05. A. esculenta (AE), F. spiralis (FP), F. serratus (FT), F. vesiculosus (FV), H. elongata (HE), L. digitata (LD), P. canaliculata (PC), P. 

palmata (PP). Below detection limit (BDL). 
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4.2.4 Temporal variation in the chemical constituents of seaweed sampled 

around Caithness  

Alongside variations between species, the temporal and spatial variations of the 

chemical constituents of the seaweeds were also examined. However, no spatial 

variation was found, and temporal variation was seen in only one species, F. 

serratus. The other seaweed species show no marked variation, probably because 

the species were not collected all year round, resulting in low n values (sample size), 

for time points. 

The monthly variation of some chemical constituents of F. serratus collected 

between March 2016 to July 2017 from seven separate sites (Ackergillshore, Easter 

haven, Gills Bay, Hams-to-scarfskerry, Keiss, Miltown and West Mey) around 

Caithness is presented in Figure 4.6 and Table 4.A.3 (appendix). Of all the chemical 

constituents studied only MUFA and PUFA levels, n6 to n3 index ratio, nickel, zinc 

and potassium content (p < 0.05) showed marked differences as a result of sampling 

time. As seen in Figure 4.6, the MUFA level and index ratio (n6/n3) declined after 

January until May, after which levels started to increase in June and continued to 

increase in December. PUFA levels increased after January until June and 

continued declining until December. For the elemental content (Zn, Ni and K levels) 

declined after January until July, after which a steady increase occurred to give 

levels higher than in July which was maintained throughout the remaining months 

of the year. 

The results provide insight into the underlying variation of the chemical as a result 

of differences in sampling season exhibited by seaweeds (especially Fucus 

serratus) and the need to consider, such variation when wild seaweed is sourced 

for their chemical constituents. In this study, we have only seen this for one species, 

but again, due to low sample numbers, this does not preclude such a phenomenon 

in other species. 
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Figure 4.6: The monthly distribution of MUFA (A), PUFA (B), n6/n3 index ratio (C), 

and Ni (D), K (E) and Zn (F) content in all independent batches of F. serratus 

randomly sampled from different sites on Caithness coast between March 2016 and 

July 2017 (Table 2.6). Box plots show interquartile ranges (minimum, median and 

maximum) and outliers for each month (with n ≥ 1). Statistical data (ANOVA F and 

p value) are shown in Table 4.A.3. Note, J-D shows the 12 calendar months 

(January to December).  

 

4.2.5 Multivariate analysis of fatty acid and element content data 

The fatty acid and elemental analysis data for the seaweeds were subjected to 

principal component analysis to visualise and analyse differences between 

seaweed species and/or groups of species. Principal component analysis (PCA) is 

an unsupervised multivariate analysis tool that identifies groupings (or clusters) in 
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sets of relatively independent data, in this case, regarding levels of various fatty 

acids and element concentrations within seaweed species. 

 

Fatty acid  

Figure 4.7 shows the PCA analysis for the fatty acid content present in the seaweeds 

tested here, some fatty acids (such as C12, C17, C19, C14:1, C19:1 and C20:4n3) 

were omitted due to their low levels in all samples and to avoid outliers. The loading 

plot shows the influence of individual FAs on the trends/groupings seen in the score 

plot. PC1 accounted for 64.6 % of the variability in FAs, while PC2 accounted for 

16.8 %. Score plots based on harvest date, season, sample site and species were 

all explored, but only the distribution based on species showed distinct clustering. 

Four apparent clusters occurred, as labelled A−D (Figure 4.7). Label A comprised 

of P. palmata primarily, and this clustering was influenced by palmitic acid (C16) and 

C20:5n3. Label D showed clustering of A. esculenta, which was influenced by the 

negative loading of stearidonic acid (C18:4n3). Label C grouped F. serratus, F. 

spiralis, F. vesiculosus and P. canaliculata, as influenced by oleic acid (C18:1) on 

PC1. Finally, label B pooled L. digitata and H. elongata, but with no marked FA 

influencing the loading plot. This result shows that maybe unsurprisingly the FAs 

clearly vary between species – and that this variation is often consistent within 

individuals from the same species and/or within family of similar species (i.e., all 

Fucaceae considered here) (see Figure 1.9 (Chapter 1) for phylogenetic tree of the 

seaweed species). 
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Figure 4.7: PCA score (top) and loading plots (bottom) showing seaweed species 

groupings and vector variables for fatty acids. 
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Figure 4.8 shows the PCA plot for the fatty acid groups (i.e., total SFA, MUFA, 

PUFA, n3 PUFA and n6 PUFA contents) present in the seaweed. PC1 accounted 

for 66.4 % of variability, while PC2 accounted for 24.3 %. Score plot distributions 

based on harvest date, season, sample site and species were all explored, but only 

the distribution based on species showed any distinct clustering. In Figure 4.7, five 

different clusters are apparent, labelled A−E. Label A corresponds to P. canaliculata 

and is influenced by MUFA and n6 values; while label C, A. esculenta separated 

due to the PUFA and n3 content. Label B shows clustering of the Fucus species 

and for label D, L. digitata and H. elongata clustered together with no fatty acid group 

strongly influencing the grouping. Also, P. palmata (Rhodophyceae) was distinct 

from the brown seaweeds; with the loading plot suggesting this was due to a 

negative loading of SFA on PC2. Thus, P. palmata, a red seaweed (Rhodophyceae), 

differed markedly from the brown seaweeds (Phaeophyceae) in terms of SFA 

content.  
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Figure 4.8: PCA score (top) and loading plot (bottom) showing how seaweed 

species relate in terms of fatty acid grouping results.  
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Element composition  

Figure 4.9 shows the PCA for the elements determined in the seaweeds. PC1 

accounted for 23.9 % of the variability, while PC2 accounted for 21.4 % (and PC3, 

not shown, 14 %). Score plot distributions based on harvest date, season, site 

sampled, and species were all explored and only grouping by species showed 

markable clusters. Similar to the groups found based on fatty acids (SFA, MUFA, 

etc.), P. palmata (Rhodophyceae) (label A) was well separated from the seven 

brown seaweeds (Phaeophyceae). The loading plot indicated that the clustering 

exhibited by P. palmata (compared to other seaweeds) was a result of its low Ca, 

Mg and Na and higher Cu and Fe content. In contrast, H. elongata tended toward 

high Mg and Na (label C), while L. digitata and P. canaliculata clustered at the 

bottom right due to high levels of Ca (label D). Also, the Fucus species showed 

clustering with A. esculenta due to higher Cd, Se, Zn Co and Mn levels (label B). 

This result shows that the elemental content of seaweeds varies between species 

and maybe not sampling sites and time.  
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Figure 4.9: PCA score (top) and loading plot (bottom) showing species groupings 

for seaweeds in relation to total element levels. 
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4.3 Discussion 

Seaweeds are still considered to be a novel part of the ‘western’ diet, and as such, 

it is important to demonstrate their nutritional value and safety (Dawczynski et al., 

2007). Marine ecosystems, especially near-shore environments, are subject to 

constant shifts in environmental parameters that can potentially influence chemical 

constituents, development, growth and survival of algae (Kumar et al., 2016). These 

factors include salinity, turbidity, pH, interactions with other organisms, water 

depth/motion, nutrient availability and the presence of pollutants (Hurd et al., 2014). 

These factors can also change diurnally, seasonally, yearly and differ between sites 

– and, their impact can vary from species to species  (Hurd et al., 2014). This can 

potentially result in a seaweed food product that is inconsistent in terms of chemical 

profile and thus bioactivity and/or nutritional benefit. Such considerations could 

potentially hinder the exploitation of seaweed as a food product (Stengel et al., 

2011).  

Understanding the links between environmental parameters and chemical 

constituents in seaweed (and associated bioactivity/nutritional value) continues to 

be a topical subject in applied phycology. Whilst efforts continue, defining clear links 

is challenging, given the diversity in response exhibited by seaweed species – and, 

the myriad environmental conditions present globally (Barbier et al., 2019). 

However, more localised studies have built knowledge and improved understanding 

regarding these links. Here, multiple chemical constituents (elements, lipids, fatty 

acids and antioxidant potential) were quantified in samples (destined for food 

production) of eight seaweed species from Scotland (A. esculenta, F. serratus, F. 

spiralis, F. vesiculosus, H. elongata, L. digitata, P. canaliculata and P. palmata) – 

providing insights into variation due to species, location and time of harvest. Such 

information may then be used (i.e., by the food sector) to optimise harvesting 

protocols – perhaps permitting a focus on certain species and/or chemical 

components which may be of particular interest.   

4.3.1 Species related variation in chemical constituents 

Seaweeds are a diverse group of organisms with inter-species differences in 

metabolic systems, cell wall patterns and preferential natural habitat zones (Hurd et 
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al., 2014). This diversity is further reflected in the chemical constituents normally 

present in any particular species, and prevailing constituent levels may be 

significantly moderated by multiple habitat-related characteristics/factors. Due (in 

part) to such innate variability, relatively few studies have focused on characterising 

differences in chemical constituents by species, yet this knowledge is crucial if 

seaweeds are to be commercially exploited. For instance, Biancarosa et al. (2018) 

determined the heavy, trace and macro element, fatty acids and vitamin E content 

of 21 seaweed species harvested from Norway. This study revealed significant 

variation by species (in chemical constituents) and discussed possible food, animal 

feed and pharmaceutical based applications for these seaweeds, based on their 

chemical constituents. In another study, Gressler et al. (2010) looked at the 

chemical constituents of four red seaweeds harvested in Brazil and found that even 

though the seaweeds studied belong to the same class (Rhodophyta), their fatty 

acid and amino acid content varied significantly. Similarly, Beacham et al. (2019) 

profiled lipids, fatty acids, pigments, proteins and carbohydrates and determined the 

mineral contents of 14 seaweeds (native and invasive) from UK water and noted 

that the seaweeds varied in their chemical constituents even though they were 

collected from the same region. All these studies drew links between the chemical 

constituents present and the potential nutritional value, whilst also providing insights 

into variation (i.e., in chemical constituents and bioactivity) linked to changes in 

environmental parameters.  

Here, we show that the antioxidant content in seaweed varies by species, and, that 

these variations are broadly in agreement with those reported in other studies. For 

instance, Matanjun et al. (2008) analysed total phenolic content (TPC) and 

antioxidant activity in eight edible seaweeds, showing that these parameters differed 

between species, and, that the phenolic content and antioxidant activities were 

higher in extracts of brown seaweeds than in red and green seaweeds. Similarly, 

Nunes et al. (2017) determined the flavonol and TPC content of seven seaweed 

species harvested from Madeira (Portugal) and found that both the TPC and flavonol 

content varied with species. This is somewhat in agreement with what was found 

here, although the species studied were quite different. Here, extracts of F. 

vesiculosus and F. serratus produced higher TPC and RSA inhibition values 

compared to those for A. esculenta, L. digitata and P. palmata. This finding is similar 
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to that of Wang et al. (2009) who compared antioxidant potentials of Icelandic 

seaweeds (including F. vesiculosus, F. serratus, L. digitata and P. palmata). They 

found that F. vesiculosus had a  higher TPC, as was the case in a study by Tibbetts 

et al. (2016), who compared F. vesiculosus with A. esculenta and P. palmata. 

Similarly, Farvin and Jacobsen (2013) showed higher antioxidant activities in 

Fucaceae (F. serratus, F. vesiculosus, F. spiralis) than in other seaweeds; and, TPC 

levels followed the order Fucaceae > L. digitata > P. palmata, as found here. 

Heffernan et al. (2015), also demonstrated the higher antioxidant content and 

activity in F. serratus versus L. digitata.  

In terms of lipids, values here ranged from 1-9 % DW, varying by species. Mæhre 

et al. (2014) have reported lipid contents ranging from 0.63-5.81 % DW, with the 

highest levels being found in P. canaliculata and P. palmata compared to other 

seaweeds (including F. vesiculosus). Similarly, Verma et al. (2017), characterised 

30 different seaweed species, with lipid levels ranging between 0.55-3.69 % DW 

(generally less than that found here). The lipid content here were also higher than 

those reported by Gressler et al. (2010) (1.1-6.2 % DW) and Frikha et al. (2011) 

(0.80-2.15 % DW), however, the seaweeds in question differed to those reported 

here. Generally, seaweeds do not tend to contain particularly high lipid levels (in 

comparison to some terrestrial plants), but, they do often contain potentially valuable 

essential fatty acids that are not present in many terrestrial plants. Hence, 

determining fatty acid profiles of seaweeds is important. Here, seaweed fatty acid 

content showed significant species-related variation. For instance, fatty acids in P. 

canaliculata showed a trend of MUFA > PUFA > SFA; while for L. digitata and H. 

elongata, it was PUFA > SFA > MUFA. This agrees with findings reported by Schmid 

et al. (2014) who reported similar variation. For P. palmata, the trend was SFA > 

PUFA > MUFA; as reported by Mæhre et al. (2014). Also, here higher MUFA content 

(than other fatty acid groups) occurred for F. spiralis, F. serratus, F. vesiculosus and 

P. canaliculata, this agrees with the work of Schmid et al. (2014) ( who found high 

values for F. vesiculosus), Mæhre et al. (2014) (who reported high values for P. 

canaliculata and F. serratus) and Paiva et al. (2014) (for F. spiralis).  

In terms of trace, micro and macro elements in seaweeds, here significant variation 

by species was seen, most of which correspond to the findings in other studies. For 
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example, Biancarosa et al. (2018) characterised elements in 21 seaweeds and 

highlighted that elemental content in seaweeds varies between the three main 

taxonomical classes and also the potential benefits of seaweeds as a source of 

essential elements for food and feed. Further, Mæhre et al. (2014) compared the 

mineral content in 10 seaweed species from Norway and found higher zinc content 

in A. esculenta compared to L. digitata, F. vesiculosus, P. canaliculata and P. 

palmata, also high copper content in P. palmata and manganese content in F. 

vesiculosus. Similar trends were seen here in the sense that higher average zinc, 

copper and manganese contents were found for A. esculenta, P. palmata and F. 

vesiculosus. The generally low level of selenium found in all the seaweeds in this 

study corresponds to that reported by Biancarosa et al. (2018). Also, the higher 

sodium content in Fucus spp. than dulse (P. palmata) found in this study agreed 

with was reported by  Romarís-Hortas et al. (2010). Additionally, in another study by 

Schiener et al. (2014) that characterised macro, micro and trace elements in four 

brown seaweeds (that included A. esculenta and L. digitata) sampled in the west 

coast of Scotland, showed that the elemental profile of all the seaweed species was 

different and this variation stemmed from the difference in species as well as the 

sampling period; this is in agreement with the findings in this study for all the 

seaweed species. 

The variation in chemical constituents between species can be driven by multiple 

factors, including physiology (Stengel et al., 2011). Differences in physiology can 

(for example) result in differences in the accumulation and utilisation of essential 

elements – which in turn may be linked to biosynthesis, metabolic processes, growth 

and development (Hurd et al., 2014). Further, factors such as shore position (of 

seaweed), will (in part) determine access to nutrients (Hurd et al., 2014). For 

instance, P. canaliculata inhabits the upper shore, which is sheltered and only 

submerged at very high tides; P. palmata, (on the other hand) inhabit the mid-shore, 

which can be occasionally submerged even at low tides, while F. serratus and A. 

esculenta (lower shore) will be submerged for the majority of the time (even during 

extremely low tides). These differences in preferential shore position will likely 

influence access to nutrients, temperature and sunlight as well as resulting in 

variability in water motion around the seaweed and desiccation (among other 

environmental parameters), which may then impact on the accumulation, secretion 
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and metabolism of various chemical constituents (Hurd et al., 2014). This notion 

was proven in the study by Connan et al. (2007) that compared the phenolic content 

and antioxidant capacity of three Fucales that are regularly found in the high (P. 

canaliculata), mid (A. nodosum) and low (B. bifurcata) tidal shore positions; their 

result showed that the differences in the immersion, access to air temperature as 

well as sunlight might have significantly resulted in variation of the antioxidant 

content and capacity of the seaweeds. Similar findings occurred in the study by 

Mutton (2012), who compared the bioactivity of seaweeds based on their shore 

position. This study showed that variation in chemical constituents (mainly those 

responsible for antibacterial activity) were likely influenced by shore position, as the 

lower intertidal seaweeds likely produced more antibiotics activity than those found 

on the upper shore, which tends to undergo desiccation and limited access to 

nutrients. However, other factors such as competition for space, as well as 

interaction with other organisms (i.e., endophytes and epiphytes) could not be ruled 

out. 

4.3.2 Temporal related variation in chemical constituents of F. serratus 

Alongside species variation, temporal variations of selected chemical constituents 

of the seaweeds were explored, which to the best of our knowledge, is the first study 

of this type on seaweeds from this region and is crucial for establishing sampling 

protocols which ensure product consistency. However, of all the seaweed species 

studied here, only F. serratus showed any marked changes correlated to harvest 

date, although the lack of such variation for other species may be attributed to the 

limited number of samples available for different time points. 

In the case of F. serratus of all the chemical parameters measured, only MUFA, 

PUFA, Zn, Ni and K levels as well as n6/n3 index ratio varied significantly with 

harvesting month and this finding corresponds to what was reported in other studies. 

For instance, in this study, the highest Zn, K and Ni levels that occurred between 

January and May is similar to what was reported by Schiener et al. (2014) for brown 

seaweed species (L. digitata, L. hyperborea, S. latissima and A. esculenta) sampled 

from West Scotland. In another study by Hernández-Carmona et al. (2009), high Zn 

levels were reported in March and lowest in December for Eisenia arborea sampled 

around Mexican coast and high K levels occurred in December and the lowest in 
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July, this finding agrees with this study, although the seaweeds and location were 

different. Similarly, monthly variation for total fatty acid that was found here for F. 

serratus agrees with Schmid et al. (2017a) who studied the temporal and spatial 

variation of fatty acids in seaweeds sampled from West Ireland. Their results 

showed that MUFAs and PUFAs in F. serratus declined after January (low 

temperature month) and rose after April (average temperature increases), as found 

in this study where the MUFAs declined and PUFAs rose between January until 

May, respectively. However, Schmid et al. (2014)  reported higher MUFA levels in 

F. serratus, sampled from the Irish coast, in June (high temperature month) than in 

November (low temperature month) and vice versa for PUFA. Also, higher MUFA 

levels reported for Undaria pinnatifida sampled from Malborough sounds, New 

Zealand during high temperature months compared to low-temperature months 

(Boulom et al., 2014); contradict the findings in this study wherein, MUFA declined 

and PUFA increased during high temperature months.  

Temporal variation of the chemical constituents of seaweeds often occurs due to 

change in environmental parameters, such as light (levels and photoperiod), nutrient 

availability, salinity and temperature. All of which influence the accumulation, 

secretion and metabolism of several biochemicals and this influence varies 

temporally because many of these factors change with the seasons as well as sites 

(Stengel et al., 2011; Hurd et al., 2014).  For instance, in Scotland, longer days and 

shorter nights (more extended light availability and high temperature) occur in 

summer months and vice versa (shorter light availability and low temperature) in 

winter months. Due to the role light plays in metabolism and accumulation of some 

biochemicals (mainly antioxidant related), monthly changes in the light availability 

would likely result in monthly variation in antioxidant related biochemicals (Floreto 

and Teshima, 1998). This is shown by Floreto and Teshima (1998) who studied the 

role of salinity and light intensity on fatty acid content of seaweed. Their result 

showed that high light intensity resulted in enhanced levels of saturated fatty acids 

and combining light with increased salinity enhanced some polyunsaturated fatty 

acids (18:2n-6, 20:4n-6 and 20:5n-3). In another study, the impact of temperature 

on the chemical content of seaweed was determined; where the fatty acids in Ulva 

pertusa Kjellman cultivated at either 15 °C or 20 °C was studied (Floreto et al., 

1993). The result showed that temperature change influenced the lipid and fatty acid 
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content with higher levels of oleic acid and linoleic acid (PUFA) found in seaweeds 

that were cultivated at low temperature. Similarly, in the study by Roleda et al. (2019) 

that compared the polyphenolic content of A. esculenta sampled in spring, summer 

and autumn, showed that significant variations occurred in the phenolic content as 

a result of differences in environmental conditions over the three seasons. 

Along with temperature and light, ‘the availability of nutrients’ also influences the 

chemical constituents of seaweed. Nutrients, such as nitrogen and phosphorus, are 

often limited in low temperature seasons compared to high temperature months and 

are also low in high precipitation seasons, most likely resulting in monthly variations 

of the chemical constituent of seaweeds (Hurd et al., 2014). This idea is mooted in 

the study by Floreto et al. (1996) who studied the availability of phosphorus and 

nitrogen on the fatty acid content of seaweeds, and result showed that low nitrogen 

availability resulted in enhanced crude lipid content and high PUFA content occurred 

due to high nitrogen levels in the culture medium. Also, changes in precipitation, 

which varies seasonally can also result in variation of seaweed chemical 

constituents. This was shown by Assaye et al. (2018) who compared the chemical 

constituents of Arthrospira fusiformis sampled from Ethiopia during rainy and dry 

seasons, and found high levels of sodium and potassium during the dry season 

compared to rainy seasons and vice versa, for iron, manganese, iron, copper, zinc 

and selenium.  

From an economic perspective, this investigation has provided insights into 

temporal variations of the chemical content of some seaweeds from Caithness. Most 

importantly, the influence of harvest month on the chemical constituent of one of the 

most abundant seaweed in Caithness coast, F. serratus, was demonstrated. As can 

be seen, it would be very logical, when developing harvest plans, to consider the 

chemical constituents that befit the end-use of the seaweeds and how such 

chemical constituents vary based on harvest months. For instance, based on the 

findings from this study, if the goal of harvesting seaweed is for exploiting its PUFA 

content and elements such as potassium, sampling between February and May 

could be considered the most ideal, compared with other months. However, there is 

still need to determine the impact of various harvest sites on the chemical 

constituents and also consider characterising other seaweed species; alongside 
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surveying the monthly variation of environmental factors such as salinity, nutrients, 

light, water motion and anthropogenic activities in possible harvest sites, as such 

knowledge would be crucial for establishing links between environmental 

parameters and the changes in chemical constituents, thus ensuring raw materials 

with consistent nutritional qualities and bioactivities. 

4.3.3 Multivariant analysis of fatty acids and elemental contents in seaweed 

Chemical constituents in seaweeds, especially fatty acids (FAs), have been 

considered in a limited number of studies as a means of classifying seaweeds and 

identifying the most promising species for the exploitation of valuable FAs. The FAs 

quantified here showed variation between species (Figures 4.7 and 4.8) and a clear 

distinction between the brown seaweeds (seven species) and the single red species 

(P. palmata). Similar trends were also shown by Schmid et al. (2014) for 16 seaweed 

species from three phyla (Rhodophyta, Phaeophyta and Chlorophyta). They 

concluded that FA content was useful for grouping/ranking seaweeds, and again 

that P. palmata showed good potential for specific FAs, having higher PUFA levels 

than other seaweeds. Here, we noted particularly high PUFA levels in A. esculenta, 

but high SFA content in P. palmata in comparison to other seaweed species. In 

other work, Kumari et al. (2010) examined FAs in 27 seaweed species (from three 

phyla), again showing groupings similar to those in this study – i.e., that brown 

seaweeds were notably different from red seaweeds in terms of their fatty acid 

profiles. Overall, the results indicate that combining the characterisation of certain 

chemical constituents in seaweed (especially FAs) with multivariant analysis (such 

as PCA) could be useful to screen species based on their nutritional and bioactivity 

potentials, which may be helpful when considering exploitation of seaweed 

resources – further, FAs seemed to provide more consistent information (in terms 

of grouping), than elemental content (for which there was less obvious consistent 

discrimination between species). Additionally, this work shows that the fatty acid 

content of seaweed can be significantly different between species, more so than the 

elemental composition, and that for the exploitation of seaweeds for dietary FAs 

focusing on harvesting certain species could provide products with specific and 

unique dietary benefits. 
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4.3.4 Nutritional implications of the chemical constituent variation analysis of 

seaweed species: elemental and fatty acid content as examples  

Comprehensive data regarding seaweed chemical constituents – from both a 

nutritional and toxicological perspective – is clearly important. Seaweeds generally 

contain variable levels of many elements, with iodine, sodium, potassium, 

magnesium and calcium often present at high concentrations and other elements 

such as arsenic, lead and mercury, that can be toxic and of concern are generally 

present at lower concentrations (Mabeau and Fleurence, 1993; Holdt and Kraan, 

2011; Circuncisão et al., 2018). If seaweed is used in human food, the concentration 

of these elements clearly need to be carefully monitored as they could pose a risk 

to consumers (i.e., human and animal health), whilst even certain essential 

elements (normally beneficial) could also be toxic if ingested at very high levels 

(Circuncisão et al., 2018). Hence, it is important to consider levels of elements in 

seaweed and assess these in relation to recommended daily reference nutrient 

intake values (RNI) for humans – in order to ensure that levels do not surpass 

tolerable upper intake levels (UL) (EFSA, 2017; IOM, 2011). The Scientific 

Committee on Food (SCF) and European Food Safety Authority (EFSA) Panel on 

Dietetic Products (2018) define the tolerable upper intake level (UL) as the 

maximum level of an element that (if consumed) would pose no risk, but anything 

above that may pose a risk to consumers.  

Table 4.4 and Figure 4.11 showed that the seaweeds in this study contain enough 

level of elements that can help attain the RNI and not surpass the UL. A suitable 

amount of seaweed (5 g dry seaweed) can provide the required level for essential 

elements like sodium, calcium, potassium and magnesium, and 15 % RNI (the level 

that if a food can provide, such food could be considered as nutritionally relevant)  

could be achieved with 1−357 g dry seaweed for all the elements studied. For 

example, based on the maximum level detected for individual elements, less than 

45 g dry seaweed would be needed to meet RNI, except for copper that would 

require up to 249 g dry seaweeds. Further, based on the maximum iron 

concentration, 2 g of dry P. palmata would be required for 15 % RNI and only 13 g 

for the full RNI. For selenium, 45−492 g of dry seaweed would be needed to attain 

the required selenium RNI (of 70 µg/day), based on the minimum and maximum 
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level of selenium detected here. From a nutrition perspective, this is relevant since 

selenium intake is often sub-optimal in human diets – and selenium is an essential 

element critical to antioxidant enzyme activity in the human body (EFSA, 2010; 

Fairweather-Tait et al., 2011). Hence, given these figures, the seaweed would be of 

limited value as a rich selenium source – unless selenium levels could be enhanced 

in seaweed food products (see Chapter 5).  

 

Table 4.4: Calculated levels of individual elements in 5 g of seaweed in milligram 

(mg), daily reference nutrient intake values (RNI), calculated mass needed to meet 

RNI (g) and the daily tolerable upper intake levels (UL) in milligram per day (mg/day) 

for an adult; also, the calculated mass of seaweed required to exceed the UL in 

grams dry weight (g DW) based on EFSA (or IOM) - taking into consideration the 

minimum and maximum levels detected here for individual elements. 

Element Range  Level in 
seaweed 
(mg/kg 
DW) 

Level per 
5 g dry 

seaweed 
(mg) 

Daily 
reference 

intake value 
(mg/day) 

Mass of 
seaweed 

needed for 
15 % RNI (g 

DW) 

Mass of 
seaweed 

needed for 
RNI (g DW) 

UL 
(mg/day) 

Mass 
needed to 

exceed 
UL (g 
DW) 

Ca min 984 4.9 950 145 966 2500 2541  
max 113545 567.7 950 1 8 2500 22 

Cu min 1 <0.01 1.6 357 2383 5 7448  
max 6 <0.01 1.6 37 249 5 780 

Fe min 9 <0.01 16 267 1782 45a 5011  
max 1216 6.1 16 2 13 45a 37 

K min 11997 60.0 3500 44 292 nd nd  
max 84599 423.0 3500 6 41 nd nd 

Mg min 1454 7.3 350* 36 241 250* 172  
max 8556 42.8 350* 6 41 250* 29 

Mn min 2 <0.01 3 211 1403 11a 5146  
max 207 1.0 3 2 15 11a 53 

Na min 5398 27.0 1500a 42 278 2300a 426  
max 51933 259.7 1500a 4 29 2300a 44 

Se min <0.01 <0.01 0.07 74 492 0.4 2811  
max 2 <0.01 0.07 7 45 0.4 258 

Zn min 8 <0.01 11 195 1299 25 2952  
max 360 1.8 11 5 31 25 69 

a - value from the US Food and Nutrition Board, IOM (Institute of Medicine) 2011, all other values are obtained from 

EFSA (2017) (for adults). 

nd - no data available. 

*stated value for magnesium does not include naturally occurring in food, only inorganic forms like in salt.  
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Figure 4.10: Calculated mass of all seaweed species (g DW) needed to meet EFSA (in some cases IOM) RNI, 15 % RNI and exceed 

tolerable upper intake levels (UL), taking into consideration the average levels detected for individual elements in this study, as 

summarised in Table 4.4.  
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While it is important to consume the appropriate level of essential elements, care 

needs to be taken so as not to exceed the safe limit (UL). This often relies on both 

the level of such minerals in food and the amount of food consumed. As seen from 

the result presented here, the levels found in most of the elements would require an 

individual to consume huge portions of seaweed to go past the safe limit (UL). For 

instance, the RNI and UL for Cu are 1.6 and 5 mg/day (respectively) (EFSA, 2017; 

SCF and EFSA, 2018), and using the minimum (1 mg/kg) and maximum (6 mg/kg) 

Cu content detected here in seaweeds, 780 g DW of P. palmata (with the highest 

Cu content) and 7448 g dry A. esculenta (with the lowest Cu content) would need 

to be consumed to exceed the UL value. For iron, considering the maximum 

concentration, 37 g dry P. palmata could result in exceeding the tolerable limit; thus 

it would be better to include this seaweed as an ingredient, where limited mass is 

required, rather than consuming as a main meal that would often require consuming 

more substantial portions. 

Overall, this data shows the importance of understanding the elemental levels 

present in seaweed species – especially where there is interest in nutritional benefit 

and/or potential toxicity. Looking ahead, biofortification of seaweed may become 

viable and food diversification is likely to become more important as new solutions 

are explored to feed and nutritionally sustain an ever-growing human population 

(White and Broadley, 2009; Trentmann et al., 2012; Schiavon et al., 2017).   

Additionally, evidence suggests that a link exist between the consumption of foods 

with high n6/n3 index ratio and increased chance of chronic conditions such as 

cardiovascular diseases, diabetes, cancer, rheumatoid arthritis and obesity among 

others in humans (Simopoulos, 2002, 2016). This suggests that foods with low n6/n3 

are likely more beneficial than those with a high ratio. In the study presented here, 

n6/n3 (omega-6/omega-3) index ratios of less than three were found for most of the 

seaweed species with the exception of F. vesiculosus and P. canaliculata (with 

values <5). Also, these index ratios agree with the findings in other studies. One 

example is the study by Schmid et al. (2014) that found index ratios ranging from 

0.5-2.8 from the fatty acid profiles of 16 different seaweeds sampled in Ireland, with 

the highest in P. canaliculata. Another example is Mæhre et al. (2014), wherein the 

index ratio reported was <1 in all the seaweeds studied except for F. vesiculosus 
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and P. canaliculata, that has values >2. This low n6/n3 index ratio found in 

seaweeds is not common in most conventional foods, which have been shown to 

have high (>16) n6/n3 index ratio, (Simopoulos, 2002). Hence, it could be argued 

that seaweed, especially those with lower n6/n3 index ratios, are worth considering 

when developing functional foods with a suitable PUFA index ratio, which may help 

to reduce the chance of developing chronic diseases. On a different note, it has also 

been shown here that determining the PUFA index ratio of seaweed could be 

reasonably helpful in selecting seaweeds that can help meet the nutritional demand 

of consumers. 

 

4.4 Conclusion 

Seaweeds are currently considered to be functional foods because they contain 

chemicals that may have therapeutic properties. From the results presented in this 

study, the fatty acid, lipid, antioxidants and elemental composition of seaweed 

collected from Caithness shores (North Scotland) vary with species and to some 

extent seasonally, in the case of F. serratus. Our results show that seaweeds 

harvested around Caithness contain nutritionally relevant chemicals. Also, that 

seaweeds from Caithness have the potential to contribute many chemicals at levels 

which will provide a product of sufficient nutritional quality, such as meeting the 

recommended daily nutrient intake requirement, if they are included in foods (either 

as a whole or as ingredients). These results are consistent with studies of seaweeds 

from other regions. Of all the studied species, F. vesiculosus was the most 

promising in terms of all the chemical constituents studied and A. esculenta, on the 

other hand, being a promising potential source for essential polyunsaturated fatty 

acids. Our result also provided insights into the monthly variation of the chemical 

contents in F. serratus (the only seaweed considered for temporal study) which 

could help establish an efficient sampling protocol for this species in the area. 

However, as such temporal variation was limited to a single seaweed species, an 

extensive study of the monthly variation of other seaweeds, and the changes in the 

environmental parameters, may be needed to establish an effective sampling 

protocol, in terms of ideal harvest sites and seasons to ensure consistency in the 

chemical content and bioactivity of products. 
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Overall, we have demonstrated that seaweeds harvested from Caithness contain 

nutritionally essential chemicals and if adequately exploited, can be a value-added 

product for the food and drinks sector.  
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Chapter 5: Selenium enrichment of Palmaria palmata and 
Saccharina latissima: bioaccumulation and 
biotransformation 

5.1 Introduction  

One of the main drivers of food research is the predicted increase in the human 

population to 9.7 billion before 2050 (SAPEA, 2017; FAO et al., 2019). This 

predicted increase continues to drive the need to develop new and sustainable 

foods. Hunger is still widespread in some parts of the world and will likely continue 

to increase as the population rises (Ferdouse et al., 2018). While this remains a 

concern, malnutrition – which is the lack and/or inadequacy of vital nutrients required 

in diets – is another form of food insecurity that is still of significant concern 

(Trentmann et al., 2012; Mensink et al., 2013). Recent evidence suggests that 

typical diets do not contain sufficient essential nutrients such as long-chain fatty 

acids, iodine, zinc, iron, selenium and some vitamins; which must be obtained by 

consuming appropriate diets (White and Broadley, 2009; Mensink et al., 2013; 

SAPEA, 2017). 

5.1.1 Selenium chemistry  

One common limiting micronutrient in human diets alongside iron and iodine is 

selenium (White and Broadley, 2009). Selenium (Se) is a trace element and 

metalloid with an average molecular mass of 78.971 Da and has various stable 

isotopes namely; 74Se (0.87 %), 76Se (9.02 %), 77Se (7.58 %), 78Se (23.52 %), 82Se 

(9.19 %), and 80Se (49.82 %) – which is the most relatively abundant isotope. The 

common oxidation states of Se are −II, 0, +IV and +VI and the most common 

inorganic form are selenite, selenate and selenide. Selenium is also found in organic 

forms, such as methyl selenide, selenomethionine, selenocysteine, selenocystine 

and methyl selenocysteine, which are shown in Figure 5.1 (Broadley et al., 2006; 

Wallschlager and Feldmann, 2010). 
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Figure 5.1: Structure of some selenium species (inorganic an organic forms) with 

their oxidation number and organo-selenium compounds with their molecular 

weights (MW); drawn based on Wallschlager and Feldmann (2010). 

 

5.1.2 Selenium in the diet 

Selenium is an essential microelement needed in the body in trace quantities and is 

primarily found in foods such as meat, fish, eggs, some vegetables (mushrooms) 

and grains (oats, grains, wheat, etc.) and most notably in Brazil nuts (Barclay et al., 

1995; Finley, 2006; EFSA, 2010). The European Food Safety Authority (EFSA) 

recommends a dietary intake of 70 µg Se per day (EFSA, 2010). In the human body, 

Se is incorporated into proteins, to form selenoproteins (Figure 5.2), which are 

important in a range of biological processes such as in the reduction of peroxide-

free radicals, the synthesis of prostaglandin that may be capable of preventing 

cancer (by preventing the oxidation of lipid intermediates) (Finley, 2006; Avery and 

Hoffmann, 2018). The role of Se in human biochemistry has been highlighted in a 

number of studies. For example, Schnabel et al. (2008) investigated the role of Se 

supplementation on glutathione peroxidase activity (Gpx-1) in coronary endothelial 

cells and coronary heart disease patients, with results showing enhanced Gpx-1 

activity in both the patients and the cell as a result of Se supplementation. Similar 

findings of enhanced Gpx and plasma Se were found in a clinical trial, where Se 
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supplementation was carried out on patients with chronic kidney disease (Sedighi 

et al., 2014). Selenium may also play an important role in the maintenance of hair, 

nails and joints, and the detoxification of heavy metals (EFSA, 2010).  

 

Note: SeO4
2- (selenate), SeO3

2- (selenite), SeMet (selenomethionine), SeCys (selenocysteine), (CH3)2Se (dimethylselenide),  (CH3)3Se+ 

(trimethylselenonium), CH3SeH (methylselenol), SeMeSeCys (selenomethylseleno- cysteine), GPX (glutathione peroxidase), GSSeSG 
(selenodiglutathione), MeSeA (methylseleninic acid), H2Se (hydrogen selenide). GPX (glutathione peroxidase), SAM (S-adenosylmethionine),  ribonucleic 
acid (RNA), PSTK (phosphoseryl-tRNA kinase) 

Figure 5.2: Schematic model showing an overview of the metabolism of different 

Se-containing compounds in the human body, from Hoefig et al. (2011).  

 

However, evidence from a micronutrient intake survey across Europe suggests that 

inadequate amounts of Se exist in the diets of all age groups (Mensink et al., 2013). 

Also, Jones et al. (2017) suggest that one in seven individuals, across the globe, 

are likely deficient in dietary Se; which means that about 1 billion of the world’s 

current population may not be consuming enough Se. Se deficiency in the body is 

argued to have resulted from low levels of Se in food, which in turn is due to changes 

in soil Se content in most agricultural regions which, again, in turn, has come about 

due to changes in climate and soil organic carbon content (Jones et al., 2017). 

Selenium deficiency can impact several critical biochemical pathways and result in 

several severe conditions. For example, selenoprotein activity can be reduced and 

 
Se2- 
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diseases such as Keshan disease in humans and white muscle disease in livestock 

have been linked to Se deficiency (Finley, 2006). Broadley et al. (2006) argued that 

there might be a link between Se deficiency and conditions such as cardiovascular 

disease, asthma and pancreatitis, as a result of limited antioxidant enzyme activity 

caused by an insufficient level of Se in the body.  

Dietary Se deficiency could be addressed by mineral supplementation, food 

fortification and dietary diversification (Broadley et al., 2006; Trentmann et al., 

2012). Dietary diversification is described as the combination of food 

supplementation and fortification with nutritional education on the importance of 

consuming appropriate diets (Broadley et al., 2006). One of the most promising 

approaches described in the literature is the enrichment of foods with Se. Efforts to 

enrich plants with Se has had some success. For instance, Ştefîrţă et al. (2017) 

enriched Allium sativum (garlic plants) using potassium selenite, resulting in both an 

increased growth rate of the plant and enhanced antioxidant potential of the garlic 

extracts. In other studies, the fortification of tomato plants, wheat, sunflower, alfalfa 

and strawberry have also been reported (Lintschinger et al., 2000; Mimmo et al., 

2017; Zhu et al., 2018). The studies above show that an enhanced Se content and 

nutritional quality of the crops can be achieved with Se-fortification. The 

incorporation of these foods into diets lacking Se could, therefore, go some way to 

addressing Se deficiency. 

5.1.3 Selenium in seaweed  

Seaweeds continue to attract attention as potential functional foods, due to the 

presence of nutritionally important chemical constituents with certain health 

benefits. However, as chemically diverse as seaweeds are, they are not particularly 

rich in Se (Hurd et al., 2014), despite evidence suggesting that Se, among other 

elements, plays a significant role in algal growth (Lindström, 1983; Price et al., 1987; 

Harrison et al., 1988). Seaweeds likely take up Se ions (and other minerals) from 

seawater as selenate and/or selenite. Ions are absorbed at the thallus surface, then 

transferred through the cell wall to plasmalemma. Some ions, at least, can bind to 

chemical components such as lipids, polyphenols or peptides present in the cell wall 

(Figure 5.3). However, the efficiency of such processes is influenced by factors like 

light, temperature, water motion, desiccations, concentration and speciation of the 
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ion or molecule, the age and life-history of the seaweed (Hurd et al., 2014). The 

ability of algal cells to absorb and accumulate ions is critical for transferring minerals 

from the environment into the aquatic food chain (Schiavon et al., 2017). As a result 

of the ability of algae to efficiently accumulate minerals such as Se, where they are 

made “available”, may provide an opportunity to increase the nutritional value of 

seaweeds destined for food production using Se enrichment during cultivation or 

post-harvesting (Schiavon et al., 2017).  

 

Note: SO4
2- (sulphate), PO4

3- (phosphate), SiO4
2- (silicate), SeO4

2- (selenate), SeO3
2- (selenite), SeMet (selenomethionine), SeCys (selenocysteine), 

(CH3)2Se (dimethylselenide),  (CH3)3Se+ (trimethylselenonium), CH3SeH (methylselenol), SeMeSeCys (selenomethylseleno- cysteine), GPX (glutathione 
peroxidase), GSSeSG (selenodiglutathione), MeSeA (methylseleninic acid), H2Se (hydrogen selenide), APSe (adenosine phosphoselenate), GSH 
(glutathione), OAS (O-acetylserine), MMT (methylmethionine methyltransferase), DMSeP (dimethylseleno-proprionate), DM(D)Se ( dimethyl(di)selenide), 
SMT (selenocysteine methyltransferase). ROS (reactive oxygen species), superoxide dismutase (SOD), catalase (CAT). 

Figure 5.3: Pathways of Se uptake, assimilation and activity in algae, taken from 

Schiavon et al. (2017). 

 

However, the extent of the factors that contribute to the efficient absorption of Se in 

seaweeds is not yet fully understood even though a thin line exists between healthy 

and toxic levels of Se (Schiavon et al., 2017). A few studies have attempted the 

enrichment of seaweed with Se. For instance, Yan et al. (2004) enriched Laminaria 

japonica using a range of sodium selenite concentrations ( 0−1000 mg/L Se) and 
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exposure times (0−60 hours) in seawater. Enrichment was attempted with and 

without additional nitrate and phosphate nutrients. The results showed that ~13 % 

of the added Se was accumulated in the seaweed treated with 200 mg/L Se for 56 

hours, and ~68 % of the accumulated Se were in organic form (bounded to protein, 

lipid and polysaccharides). Also, increased (2-fold) organic Se form was found when 

Se enrichment of seaweed was undertaken with N and P nutrients. In another study, 

Zhong et al. (2015) enriched Ulva fasciata with selenite (0−1250 mg/L Se) and found 

that Se was accumulated in the seaweed, and the accumulated Se resulted in 

increased antioxidant enzyme activity. However, higher Se enrichment 

concentrations (≥750 mg/L) resulted in decreased antioxidant enzyme and 

photosynthesis activities of the seaweed. Additionally, Schiavon et al. (2016) 

compared the uptake of Se in Ulva australis, using selenite and selenate (as Se 

sources) at concentrations ranging from 0−400 µM Se for either 3 or 7 days. Where 

Se levels in enrichment medium were less than 100 µM, a higher Se uptake was 

found for selenate (as Se source) compared to selenite, with the opposite being true 

at above 200 µM Se.  

It is clear that Se can be found in many different chemical forms and as a result of 

this speciation, its biochemistry is relatively complex. Se accumulation does not 

necessarily result in bioavailable Se. In seaweeds, Se is generally present as either 

inorganic Se (selenate and/or selenite) or as part of organic compounds (mainly 

selenoproteins) (Vítová et al., 2011; Schiavon et al., 2012, 2017). It is therefore 

important to determine the chemical form of Se in order to determine whether it is 

bioavailable following Se enrichment. However, to date, the bioavailability of Se in 

seaweeds following Se enrichment or fortification has only been determined by 

quantifying total organic Se and some specific enzyme activities. (Schiavon et al., 

2012, 2016; Zhong et al., 2015; Wang et al., 2018; Liu et al., 2018). No attempts 

have been made to determine the form of Se in fortified seaweeds, even though this 

is crucial in informing any health claims associated with Se-enrichment.  

5.1.4 Chapter aim  

While Se is limited in seaweed, they have the capacity to accumulate Se where it is 

available. As a result, the enrichment of seaweeds with Se could be an option for 

developing Se-rich functional foods. However, the development of such functional 
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foods using this approach requires a clear understanding of many important factors; 

such as the impact of Se form and concentration in the medium, exposure duration, 

the availability of other nutrients, and the most appropriate parameters such as light 

cycle and intensity, temperature and humidity. This chapter focuses on the role of 

Se concentration, speciation (selenate or selenite) and exposure duration on the 

uptake of Se in two wild-harvested seaweeds (P. palmata and S. latissima) exposed 

to inorganic Se, post-harvest. Additionally, an attempt is made to determine the 

extent of Se biotransformation (from inorganic to organic selenium) by quantifying 

Se levels in the cationic fraction of the seaweed hydrolysates. 

 

5.2 Results  

5.2.1 Selenium bioaccumulation in seaweeds exposed to Se 

For quality assurance (for accuracy) of the determination of total Se using ICP-OES 

analysis, two certified reference materials (CRMs), DC73348 (bush, branch and 

leaves from China National Analysis Centre for Iron and Steel) and BCR 185 (bovine 

liver from Institute for Reference Materials and Measurements) were included in the 

analysis. The Se level in DC73348 was below the limit of detection. For BCR 185, 

with a certified value of 1.68 ± 0.14 µg/g, the Se level was found to be 1.70 ± 0.42 

µg/g, giving a recovery of 101 %. 

Each seaweed species was exposed to three concentrations of Se (50, 100 and 200 

mg/L; as either selenite or selenate) for different exposure periods (1, 3 and 5 days). 

In most cases, Se uptake increased with exposure time and Se concentration as 

shown in Figure 5.4; with the exception of S. latissima (Figure 5.4c) where a higher 

uptake of Se was found in the final tissue for exposure to 200 mg/L Se concentration 

(as selenite) for 3 days (386 ± 3 µg/g DW) as opposed to 5 days (316 ± 1 µg/g DW). 

In the case of P. palmata, Se concentrations in the final tissue ranged between 

0.3−431 µg/g DW. Figure 5.4a and 5.5b show the Se uptake in P. palmata exposed 

to Se as selenite ranged from 71−431 µg/g DW while samples exposed to Se as 

selenate ranged from 16−87 µg/g DW. In the case of S. latissima, Se concentrations 

in the final tissue ranged between 0.9−828 µg/g DW. Figure 5.4c and 5.5d show that 

the Se uptake in S. latissima exposed to Se as selenite ranged from 93−828 µg/g 
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DW while samples exposed to Se as selenate ranged from 71−386 µg/g DW. These 

results show that the Se concentration and chemical form influences Se uptake and 

that uptake differed between the two seaweed species. 

 

 

Figure 5.4: Total Se (µg/g DW) in wild-harvested Palmaria palmata (a, b) and 

Saccharina latissima (c, d); following postharvest exposure to 50, 100 and 200 mg/L 

Se (as either selenite or selenate) for 1, 3 and 5 days, with control (no Se). All data 

points are averages of duplicate analyses (independent analytical replicates) and 

error bars indicate standard deviation. Bars with different letters are significantly 

different (p ≤ 0.05; Tukey). Data are summarised in Table 5.1. Statistical data 

(ANOVA results) are shown in Table 5.A.1. 

 

The Se content of the cationic fractions of the hydrolysates from P. palmata and S. 

latissima exposed to different levels of Se (0, 50, 100 and 200 mg/L Se), in the form 

of either selenite or selenate, for 1, 3 or 5 days are summarised in Table 5.1. As 

seen in Table 5.1, the total Se content in the cationic extracts of P. palmata and S. 

latissima ranged from 1−19 µg/g DW for those samples exposed to selenite while 

samples exposed to selenate ranged from 0.6−4 µg/g DW. Selenium was 
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undetectable in some treatments for both seaweed species. Additionally, all 

fractions were ninhydrin positive, which suggests they contained amino acids. This 

result indicates that organic Se compounds, which, after hydrolysis can form 

cations, are formed as part of the enrichment of seaweeds with Se. 

 

Table 5.1: Comparison of total Se content (µg/g DW) in whole thalli with total Se 

content (µg/g DW) in the extracts (cationic fraction of hydrolysates) of wild-harvested 

Palmaria palmata and Saccharina latissima; following exposure to 50, 100 and 200 

mg/L Se (as either selenite or selenate) with control (no Se), for 1, 3 and 5 days. 

Exposure conditions 
P. palmata S. latissima 

Selenite Selenate Selenite Selenate 

Duration 
(days) 

Concentration 
(mg/L) 

Total Se in 
thalli (µg/g 

DW) 

Total Se (µg/g 
DW) in the 

cationic 
fraction 

Total Se in 
thalli (µg/g 

DW) 

Total Se (µg/g 
DW) in the 

cationic 
fraction 

Total Se in 
thalli (µg/g 

DW) 

Total Se (µg/g 
DW) in the 

cationic 
fraction 

Total Se 
in thalli 
(µg/g 
DW) 

Total Se (µg/g 
DW) in the 

cationic 
fraction 

1 0 4.74 2.96 0.8 BDL 0.85 1.72 2.34 BDL 
 

50 70.51 1.62 17.54 0.59 92.89 3.07 85.32 BDL 
 

100 127.92 0.06 37.95 BDL 220.45 9.14 118.63 1.19 
 

200 165.02 1.51 42.19 BDL 382.66 5.55 250.19 2.59 

3 0 3.48 BDL 1.59 1.37 3.32 BDL 1.98 BDL 
 

50 138.4 1.32 16.42 BDL 135.21 2.14 74.74 0.92 
 

100 262.56 7.23 25.38 BDL 237.51 9.04 183.36 BDL 
 

200 341.02 5.23 45.36 0.92 491.94 17.1 386.04 0.86 

5 0 3.38 BDL 0.31 1.19 3.24 BDL 2.97 BDL 
 

50 255.11 9.99 24.02 BDL 397.43 7.3 71.27 1.43 
 

100 367.88 11.06 42.92 1.17 457.51 12.9 163.58 0.46 
 

200 430.55 10.22 86.48 3.77 828.41 19.08 316.41 BDL 

Note: Below detection limit (BDL). 

 

5.3 Discussion 

5.3.1 Selenium bioaccumulation   

Selenium, with other inorganic nutrients, is accumulated in seaweeds either by 

adsorption, passive transportation, facilitated diffusion or active transportation. 

These, in turn, are modulated by several factors including light, temperature, water 

motion, desiccation, the oxidation state and concentration of ions or molecules, the 

type of seaweed species, the age of the seaweed and life-history (Hurd et al., 2014). 

The accumulation, bioaccessibility and bioavailability of Se in seaweeds are still not 

fully understood even though uptake is envisaged to be similar to those of 

microalgae and green plants. In these better studied systems, Se uptake occurs by 



Chapter 5 

 
162 

mechanisms similar to those found for inorganic silicon, phosphorus and sulphate, 

which involves Se-containing ions mimicking these molecules due to the similarity 

of their structure (size and shape) and/or functional properties (Pilon-Smits and 

Quinn, 2010; Schiavon et al., 2017). 

The results presented in this study show that Se is bioaccumulated in seaweed and 

that bioaccumulation is affected by the concentration and form of Se as well as the 

duration of exposure. This finding corresponds to the findings in other studies. For 

instance, in the study by Yan et al. (2004), Laminaria japonica was enriched with 

different concentrations of sodium selenite (Se (IV)) in the culture medium, for 

different durations, with and without added nitrate and phosphate nutrients. The 

result showed that 13 % of selenite was taken up by seaweed after exposure for 56 

hours to 200 mg/L Se. Similarly, here, Se levels in S. latissima exposed to 200 mg/L 

Se (as selenite) was 200-fold higher than the level that occurred for the control. In 

another study, where Ulva fasciata and Gracilaria lemaneiformis were exposed to 

varying selenite concentrations (200, 500, 800 mg/L), it was shown that Se uptake 

increased with exposure to increasing levels of Se in the culture medium (Liu et al., 

2018). Similarly, a linear relationship between Se uptake and Se content in the 

culture medium was shown for Ulva fasciata exposed to selenite (Zhong et al., 

2015). These studies corroborate the findings in this study that showed an increase 

in the accumulated Se with exposure to increased Se concentrations. 

Few studies have focused on understanding the link between the form of Se 

(selenite or selenate) used for enrichment and Se uptake in seaweeds. However, 

Schiavon et al. (2016) showed that selenite exposure resulted in a higher uptake of 

Se by Ulva australis especially at higher concentrations in the culture medium (>200 

µm Se)  and longer duration (7 days),  when compared with selenate exposure. This 

finding agrees with the findings reported here, where selenite enrichment resulted 

in higher Se uptake compared with selenate enrichment, for both seaweed species. 

A possible explanation for this may likely be due to pH, as pH tends to influence Se 

uptake in algae (Riedel and Sanders, 1996). For instance, selenite tends to form a 

weaker acid, that is easily ionised in neutral, or slightly acidic media (like seawater) 

compare to selenate (Wallschlager and Feldmann, 2010; Schiavon et al., 2016). 

Additionally, selenite is easily soluble compared with selenate, and selenate is 
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known to metabolise by pre-conversion to selenite before further metabolism 

(Hoefig et al., 2011). The influence of other ionic compounds (such as phosphate, 

silicate and sulphate ions) cannot be ruled out, especially with the similarities in their 

ionic structure (tetrahedral). However, this influence is still yet to be fully understood 

but maybe dependent on the oxidation form of Se (i.e., selenite vs selenate) 

(Wallschlager and Feldmann, 2010; Schiavon et al., 2015, 2016).  

Under the same enrichment conditions, Se-enriched S. latissima showed higher Se 

levels than P. palmata, on a dry weight basis. This finding − that different species 

accumulate Se differently − may not be surprising, although it contradicts a study 

that showed no significant difference in the uptake of Se by Ulva fasciata and 

Gracilaria lemaneiformis (Liu et al., 2018). However, in our case, the difference 

could be as a result of a much more distinct species-related attributes between the 

seaweed species studied here than ones studied in Liu et al. (2018). Furthermore, 

species-related attributes of seaweeds are mostly due to differences in physiology 

(Hurd et al., 2014). For instance, the physical features such as surface area could 

impact the ability of seaweed to accumulate Se (Vecchia et al., 2012). For example, 

S. latissima has a thicker and longer thallus compared to P. palmata with segmented 

thalli. Also, seaweeds generally contain diverse chemical constituents which vary 

by class; for instance, red seaweeds tend to have a more diverse range of 

secondary metabolites and have high protein content, compared to brown and green 

seaweeds, and S. latissima, in common with other brown seaweeds contain 

complex polysaccharides, which may be capable of binding with Se efficiently (Holdt 

and Kraan, 2011; Hurd et al., 2014). As a result, differences in the chemical 

constituents of individual species may also be responsible for the differences in their 

ability to accumulate Se.  

The total Se content found in the soluble hydrolysed cationic fractions of the 

seaweeds suggests that some of the accumulated Se are likely transformed into 

organic Se. However, the method used here is not capable of accounting for all the 

organic Se as it selects for mainly cationic species present in the protease extract. 

This method was used as it would be capable of separating the common inorganic 

species of Se (selenate and selenite) from the common Se-containing metabolites 

likely to be found in proteolytic extracts (namely selenomethionine, selenocysteine 
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and related compounds). Previous studies have attempted to identify the 

biotransformation of Se into organic forms of Se following exposure to inorganic Se. 

For example, Wang et al. (2019) exposed Gracilaria lemaneiformis to excess Se 

and showed the presence of organic Se by taking the differences between the total 

Se level and total inorganic Se; their result showed that up to 80 % (dry weight) of 

the total Se in the seaweed are organic Se. Additionally, Liu et al. (2018) who 

compared the effects of selenite enrichment on Ulva fasciata and Gracilaria 

lemaneiformis, and evaluated the organic Se content of the seaweeds using a 

similar method described by Wang et al. (2019), showed that not only was Se 

biotransformed into organic Se, but in addition, the organic Se content of the 

seaweeds increased with Se concentration in the culture medium. All these studies 

corroborate the findings in this study, which suggests that the hydrolysate (amino 

acid containing fractions) of seaweeds exposed to selenate and selenite are 

enriched with Se compared to the control.  

Increasing the Se content of seaweeds, destined for food production, is likely to 

have a number of benefits. Selenium is vital for antioxidant enzyme activity such as 

in glutathione peroxidation, thioredoxin reduction, iodothyronine deiodination, 

methionine sulfoxide reduction and selenophosphate synthesis (Avery and 

Hoffmann, 2018; Zoidis et al., 2018) and increased Se levels in seaweeds may 

result in increased antioxidant enzyme activity. However, this study did not evaluate 

the bioactivity of Se enriched seaweed, even though this has been shown in other 

studies. For instance, a study of the catalase, superoxide dismutase, peroxidase 

dismutase and glutathione peroxidase activities of Se enriched Gracilaria 

lemaneiformis suggested that Se enrichment resulted in increased antioxidant 

enzyme activity (Liu et al., 2018). Similarly, increased antioxidant enzyme activity 

was found in Ulva sp. enriched in Se (Schiavon et al., 2012, 2016). In another, 

separate study, Ulva fasciata enriched Se produced a Se-containing 

polysaccharide-protein complex. The epidemiological, preclinical and clinical 

studies of the complex showed that it induced mitochondria-mediated apoptosis of 

A549 human lung cancer cells, suggesting that Se-enrichment of seaweeds may 

provide valuable agents for the treatment of cancer (Sun et al., 2017). Schiavon et 

al. (2012), also showed that a slight increase in Se content (up to 25 µM Se), 

resulted in increased antioxidant enzyme activity in Ulva australis. Similar 
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observations occurred for microalgae, wherein Se enrichment of Scenedesmus 

quadricauda (Vítová et al., 2011), and Chlorella pyrenoidosa (Zhao et al., 2019), 

both resulted in increased glutathione peroxidase activity compared to controls. 

These studies show the potential of Se enrichment for increasing the biological 

function of seaweeds, resulting from metabolic reconfiguration due to homeostasis, 

acclimation and adaptation responses of seaweeds to Se uptake (Borowitzka, 

2018). Therefore, in addition to making up for limiting Se in diets, Se fortified food 

could provide additional benefits in the form of improved biological function. 

5.3.2 Selenium content of selected foods compared to Se-enriched seaweed 

Selenium is one of several limited micro essential minerals in foods. Selenium, 

however, is still present in foods (primarily plant-based foods) where Se is thought 

to be accumulated from the soil in the form of selenate and/or selenite and then 

converted into selenomethionine and selenocysteine, which are subsequently 

incorporated into proteins that are essential for antioxidant activity such as 

glutathione peroxidase (Finley, 2006; Kieliszek, 2019). Selenium levels in typical 

British foods are shown in Table 5.2. The data are those published by Barclay et al. 

(1995), who have reported the Se content of more than 700 samples comprising 

more than 100 types of foods purchased around the UK analysed using ICP-OES. 

The highest and lowest Se contents were found in Brazil nuts and fresh fruits, 

respectively. The high Se content reported for Brazil nuts suggests that 28 g and 4 

g serving of dry Brazil nut is needed to achieve the recommended 70 µg per day 

(RNI) (EFSA, 2010, 2017) and 15 % RNI, respectively. In the case of dairy products 

and vegetables, 4.7 kg and 2.3 kg of dry products are needed to meet the RNI and 

15 % Se RNI, respectively. This suggests that the consumption of commonly 

available foods would likely make it challenging to get enough dietary Se. As a 

result, Se fortified foods are an attractive option. The Se-enriched S. latissima 

produced here contains up to a 1000-fold increase in Se, compared to the control 

and less than 100 mg of dry seaweed would be required to achieve the RNI for Se. 

Similarly, only 200 mg dry Se-enriched P. palmata is needed to achieve the Se RNI. 

These amounts compare well with the levels found in conventional foods, which 

would require the consumption of more than reasonably expected amounts to attain 

the RNI.  
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Table 5.2: Maximum Se content in common UK foods as reported by Barclay et al. 

(1995), minimum (control) and maximum Se levels in seaweed exposed to Se in this 

study (µg/100g); the calculated Se level per 5 g of both foods and seaweeds (µg); 

calculated mass of foods and seaweeds needed for EFSA reference nutrient intake 

(RNI; 70 µg/day), 15% RNI and to exceed SCF/EFSA tolerable limit (UL; 400 µg. 

/day). 

Se sources 
Se content 

(µg/100g DW) 

Se content 
per 5g DW 

(µg) 

Serving to 
attain RNI (g 

DW) 

Serving to 
attain 15% of 
RNI (g DW) 

Serving to 
exceed UL of 
RNI (g DW) 

Se containing foods 

(Barclay et al., 1995) 

Beverages 8.7 0.4 804.6 120.7 4597.7 

Brazil nut 254 12.7 27.6 4.1 157.5 

Cereals 2.5 0.1 2800.0 420.0 16000.0 

Cheese 12 0.6 583.3 87.5 3333.3 

Flour 5.9 0.3 1186.4 178.0 6779.7 

Fruit (flesh only) 0.4 0.0 17500.0 2625.0 100000.0 

Meat 14 0.7 500.0 75.0 2857.1 

Milk 1.5 0.1 4666.7 700.0 26666.7 

Rice 13 0.7 538.5 80.8 3076.9 

Shellfish 84 4.2 83.3 12.5 476.2 

Turkey 20 1.0 350.0 52.5 2000.0 

Vegetable 3 0.2 2333.3 350.0 13333.3 

Yoghurt 1.5 0.1 4666.7 700.0 26666.7 

Unenriched seaweed 
S. latissima 85.4 4.3 82.0 12.3 468.6 

P. palmata 31.2 1.6 224.6 33.7 1283.3 

Selenite enriched seaweed 
S. latissima 82841.4 4142.1 0.1 <0.1 0.5 

P. palmata 43054.7 2152.7 0.2 <0.1 0.9 

Selenate enriched seaweed 
S. latissima 31641.1 1582.1 0.2 <0.1 1.3 

P. palmata 8648.3 432.4 0.8 0.1 4.6 

Note: beverages (tea and coffee); cereals (Weetabix, oatmeal cornflakes etc.); cheese (brie, cheddar etc.); flour (wheat);  meat (pork, 
beef, lamb); milk (whole and skim); rice (brown, long grain); shellfish (Crab, lobster, prawns); vegetables (potatoes, peas, beansprout, 
beans); yoghurt (low and full fat). Se level reported for fruit are those in flesh and the types of fruit was not declared 

 

The incorporation of seaweeds or seaweed extracts into foods in order to achieve 

enhanced bioactivity and nutritional qualities is not new, as shown in Table 1.3 

(Chapter 1)  (Roohinejad et al., 2017). As a result, the incorporation of Se-enriched 

seaweed, in some form, into foods could be an acceptable mechanism to increase 

the proportion of the population with the appropriate dietary Se (RNI) and reducing 

the incidences of Se deficiency.  

While Se enriched seaweed is capable of providing Se at nutritionally relevant 

levels, care would have to be taken not to exceed the tolerable limit for Se (400 

µg/day) (EFSA, 2010). The mass of fortified seaweed required to reach this limit 

ranges from, 0.5−4.6 g DW. Therefore, the consumption of relatively modest 

amounts of Se-enriched seaweed could result in individuals exceeding the tolerable 
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Se limit and thus pose a risk to the consumer. Care would, therefore, have to be 

taken in the incorporation of such products in the diet. 

Overall, the results presented here highlight the need to carefully optimise a number 

of factors, such as Se speciation and concentration, exposure duration and the 

seaweed species used, in order to achieve enrichment levels of Se that enhances 

the nutritional and bioactivity qualities while posing no, or minimal, risks to the 

consumer. Additionally, our result suggests that Se-enriched seaweeds and/or 

products containing them could be an acceptable option in the search for solutions 

to dietary Se deficiency, especially now that seaweeds are finding their way into 

diets globally and may contribute to the health benefits of such foods. 

 

5.4 Conclusion 

In this chapter, the exploitation of the mineral accumulation capacity of seaweed, 

from fortified seawater medium, as a means to address dietary Se deficiency was 

investigated. Wild-harvested seaweeds were subjected to different concentrations 

of selenate and selenite for up to 5 days. The results showed that Se, if made 

available, is readily taken up by seaweed and factors such as Se speciation, 

concentration, exposure duration and species of seaweed used impacted Se 

accumulation. Se-enriched seaweed contained higher concentrations of Se than 

those present in typical foods. Also, insights were provided into the possible 

biotransformation of accumulated Se into organic Se in the seaweeds studied.  

Our results suggest that if Se-enriched seaweeds are incorporated into typical foods 

(such as beverages, salads, dairy, confectionery or bakery products), then the 

dietary requirement for Se could be easily met and the nutritional and bioactivity 

qualities of such food could be enhanced.  
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Chapter 6: Lipidomic and protein profiling of Palmaria 
palmata and Saccharina latissima following exposure to 
selenium 

6.1 Introduction  

Seaweeds inhabit environments that undergo constant change in many key 

environmental parameters (such as temperature, salinity, light levels, pH, chemistry 

of the surrounding water and interactions with other organisms) that occur either 

naturally or due to anthropogenic activity (Stengel et al., 2011; Hurd et al., 2014). 

Seaweeds have therefore developed a range of physical and chemical mechanisms 

that allows them to survive and/or acclimatise to such change (Stengel et al., 2011; 

Obata and Fernie, 2012; Kumar et al., 2016; Borowitzka, 2018). Recent evidence 

suggests that one of these mechanisms is metabolism modification (Rai and Gaur, 

2001; Borowitzka, 2018). However, such modifications are not yet fully understood 

or characterised due to the complexity of these changes and myriad of factors (that 

may act antagonistically or synergistically) that could drive metabolic 

shifts/adaptation (Hurd et al., 2014).  

The elucidation of the biochemical changes that occur in seaweeds in response to 

changes in environmental parameters is an emerging area of research (Kumar et 

al., 2016). A number of studies have been carried out, wherein differences in 

chemical profiles and gene expression in seaweeds exposed to different 

“environmental” conditions are determined and compared (Table 6.1). For instance, 

Lee and Choi (2018) explored the proteomic profiles of Pyropia yezoensis subjected 

to elevated temperature and exposure to peroxide, and found upregulation of 

aldehyde dehydrogenase (ALDH), an enzyme triggered to protect against oxidative 

damage – implying that this enzyme plays an important role in adaptation to 

environmental stress. Ritter et al. (2008, 2014) studied the effects of exposing  

Laminaria digitata and Ectocarpus siliculosus to copper (Cu) using transcriptomic 

and metabolomic profiling and showed activation of genes again involved in 

oxidative stress response alongside elevated levels of free fatty acids (in response 

to increased copper exposure). Similarly, Saccharina latissima exposed to elevated 

temperature and varying light conditions showed upregulation and downregulation 
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in a significant number of genes and 32 % of genes showed altered expression in 

response to higher light and temperature (Heinrich et al., 2012). In addition to 

transcriptomic profiling, metabolomic profiling has also been applied to determine 

the physiological response in seaweed due to changes in environmental 

parameters. For instance, the effect of UV radiation and salinity on Sargassum 

cynosum was studied using attenuated total reflection infrared (AT-IR) analysis with 

principal component analysis (Polo et al., 2015). Results showed that variation in 

UV radiation changed the metabolic profiles, while changes in salinity showed no 

effect. On the whole, these studies show that changes in environmental parameters 

will alter seaweed metabolites. Hence, any significant change to the conditions 

under which seaweeds are cultivated (or processed) may also have a significant 

effect on the metabolites present in any final product (i.e., a food item). 

 

Table 6.1: Summary of recent examples of studies that considered changes in 

biomolecules in macrophytes (seaweed, seagrass and microalgae) in response to 

(induced) changes in environmental parameters. 

Species Parameter modified Monitored response Reference 

Stephanodiscus sp., 

Porphyra haitanensis 

High temperature Metabolomic and Lipidomic 
profile 

Chen et al. 2013, 
2016 

 

Ascophyllum nodosum, 

Fucus vesiculosus 

Salinity, copper Photosynthesis analysis, growth 
rate and phenolic content 

Connan and 
Stengel 2011a; 

2011b 

Ectocarpus siliculosus Salinity and oxidative 

stress 

Metabolomic and transcriptomic 

profile 

Dittami et al. 

2011 
Lobophora rosacea pH Metabolomic profile Gaubert et al. 

2020 

Zostera marina, Zostera 

noltii 

Chronic heat Metabolomic and transcriptomic 
profile 

Gu et al. 2012 

Pavlova lutheri Nitrogen and 

inorganic carbon 

Fatty acid profile Guihéneuf and 

Stengel 2013 
Cladosiphon, Saccharina 

latissima, Undaria 

pinnatifida 

Drying treatment Metabolomics profile Hamid et al. 

2018 

Saccharina latissima Temperature and 

light 

Transcriptomic profile Heinrich et al. 

2012 
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Ulva lactuca Cadmium and 

hydrogen peroxide 

Biochemical content and 

antioxidant activity 

Kumar et al. 

2010 
Gracilaria dura Spermine, selenium 

and cadmium 

Biochemical content and 

antioxidant activity 

Kumar et al. 

2012 

 
Ulva lactuca Nitrate and 

phosphate 

Lipidomic profile and 

biochemical content 

Kumari et al. 

2014 

Gracilaria dura Methyl jasmonate 

induced 

Lipidomic profile and 

biochemical content 

Kumari et al. 

2015 
Porphyra yezoensis Hydrogen peroxide 

and high temperature 

Proteomic profile and Enzyme 

activity 

Lee and Choi 

2018 

 
Sargassum cymosum UV radiation and 

salinity 

Metabolic profile Polo et al. 2015 

Laminaria digitata Copper Lipidomic and transcriptomic 
profile 

Ritter et al. 2008 

Ectocarpus siliculosus 

strains 

Copper Metabolomic and transcriptomic 

profile 

Ritter et al. 2014 

Ulva australis Selenium Antioxidant enzyme activity and 

morphophysiology 

Schiavon et al. 

2012, 2016 

Gracilaria tenuistipitata Cadmium and copper Gene expression and 
photosynthesis analysis 

Tonon et al. 
2018 

Chlorella species Nitrogen deprivation Metabolomic profile, 

photosynthesis analysis and 
biochemical content 

Vello et al. 2018 

Scenedesmus 

quadricauda 

Selenium Enzyme activity and cell size Vítová et al. 

2011 
Chlorella sp. Nutrient change 

(nitrogen and 

phosphorus) 

Lipidomic profiling White et al. 2019 

Porphyra haitanensis 

strains 

High temperature Metabolic profile Ye et al. 2013 

Ulva fasciata Selenium Biochemical content and 

antioxidant activity 

Zhong et al. 

2015 
Sargassum fusiforme Copper Metabolic profile and 

biochemical contents 

Zou et al. 2014 

 

As seen in Table 6.1, altering environmental parameters can elicit changes in the 

biochemical profiles of seaweeds – and, such responses could potentially be 

advantageous. In particular, where this response leads to an increase in the 

biosynthesis or accumulation of primary and/or secondary metabolites with 
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desirable bioactivities, such as those which are associated with antioxidant, 

antimicrobial or anticancer activities (Rai and Gaur, 2001; Borowitzka, 2018). This 

approach is not ‘new’ in plant science (Obata and Fernie, 2012), but, it remains to 

be explored and exploited fully in relation to seaweed cultivation and use. In 

terrestrial plants, by way of examples, Mimmo et al. (2017) enriched hydroponically 

grown strawberries with Se and were able to show enhanced levels of flavonoid and 

polyphenol synthesis. Further, peaches and nectarines were treated with UV-B, 

which triggered the accumulation of excess light-defending polyphenol compounds 

(Scattino et al., 2014).  

The concept of modifying the metabolite profile of seaweeds to improve the 

biological function of human food is still at its infancy, especially with regard to 

response from trace element uptake. Most studies regarding trace element uptake 

in seaweed focus on the bioremediation of heavy metals or using seaweed for 

bioindication or biomonitoring pollutants (Veglio’ and Beolchini, 1997; Kratochvil et 

al., 1998; Vecchia et al., 2012; Tonon et al., 2018). However, as shown in Chapter 

4 and 5, Se uptake is naturally limited in seaweed (due to low levels in seawater) 

and in many human diets (due to low levels in many foods), but, seaweed can readily 

accumulate Se from seawater given suitable cultivation conditions (Schiavon et al., 

2017). While this could be of benefit (helping to address Se deficiency in certain 

human diets), enhanced exposure/uptake of Se during cultivation could also 

up/down-regulate other biochemicals and thus enhance certain bioactivities, i.e., 

antioxidant activity (Wang et al., 2019; Yue et al., 2019). It has been shown that the 

accumulation of excess trace elements could change the metabolism of algae in 

order to maintain homeostasis (Stengel and Dring, 2000; Kumari et al., 2014; Ritter 

et al., 2014). During homeostasis, some metabolic processes that are normally 

focused towards photosynthesis or growth can be switched towards defence, thus 

resulting in the biosynthesis of different biochemicals (Rai and Gaur, 2001; Obata 

and Fernie, 2012). Such change could be exploited to produce certain chemical 

constituents – which may impart added value if the net result is directed towards the 

development of nutraceuticals, functional foods or pharmaceuticals. 
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6.1.1 Lipidomic profile of seaweed  

Lipids are one important ‘suite’ of naturally occurring macromolecules in living 

organisms, comprising of fats, waxes, phospholipids, glycerides, sterols and fat-

soluble vitamins (Gibney et al., 2009). Lipids are present in seaweeds, but are 

generally at low levels; however, certain important seaweed lipids are made up of 

long-chain PUFAs that are constituents of polar lipids such as glycolipids 

(monogalactosyldiacylglycerols (MGDGs), digalactosyldiacylglycerols (DGDGs), 

sulfoquinovosyldiacylglycerols (SQDGs) and sulfoquinovosylmonoacylglycerols 

(SQMGs)), betaine lipids (diacylglyceryl-N,N,N-trimethylhomoserines (DGTSs)) and 

phospholipids (phosphatidylglycerols (PGs), phosphatidylinositols (PIs), 

phosphatidylcholines (PCs), phosphatidylserines (PSs) and phosphatidic acids 

(PAs)) – all of which have key functions and may impart certain health benefits such 

as anticancer, antihypertensive, antioxidant and anti-inflammatory activity (Michalak 

and Chojnacka, 2015; Maciel et al., 2016; White et al., 2019).  

While lipid levels are generally low in seaweeds, they play a significant role, i.e., 

maintaining membrane functions and responding to/mitigating the impacts of 

environmental stress (Guschina and Harwood, 2009; Okazaki and Saito, 2014; 

Singh et al., 2016). For example, Monteiro et al. (2020) compared the lipid profiles 

of S. latissima cultured in Norway, France and the UK, linking variation in 

environmental conditions with variations in lipid profile in this seaweed. Further, in 

microalgae, White et al. (2019) subjected Chlorella sp. to nutrient limitation and, 

Guihéneuf and Stengel (2013) exposed Pavlova lutheri to sodium bicarbonate, 

before and after nitrogen limitation. Both studies showed that lipid profiles were 

significantly altered due to changes in culture conditions. 

Lipidomics is the comprehensive characterisation of all lipids present in a biological 

sample. This technique is not new in phycology and has been previously used to 

observe and understand the responses of algae to changes in environmental and 

culture parameters (Table 6.1). Additionally, lipidomics has been used to study the 

potential for seaweed to be a source of valuable chemicals (i.e., bioactive lipids). 

This is mostly undertaken by characterising and isolating bioactive polar lipids (such 

as glycolipids, betaine lipids and phospholipids) from seaweeds using liquid 

chromatography coupled with high-resolution mass spectrometry. For instance, 
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Lopes et al. (2019) confirmed the presence of 87 different glycolipids, 58 betaine 

lipids and 57 phospholipids. In another study, the potential of S. latissima as a 

source of bioactive lipids was determined (by the identification of valuable 

glycolipids including MGDGs, DGDGs, SQDGs and SQMGs; betaine lipids such as 

DGTSs and phospholipids such as PGs, PIs, PCs, PSs and PAs, among others) 

(Rey et al., 2019). Finally, Ma et al. (2014) isolated 10 different MGDGs from 

Sargassum horneri (an edible brown seaweed), showing that some showed 

inhibitory effects on triglyceride and free fatty acid accumulation in adipocytes, i.e., 

the isolated compounds may help prevent type II diabetes. All of these studies 

focused on ‘bioprospecting’ individual seaweed species for polar lipids and, in some 

way, considering their therapeutic potential (Da Costa et al., 2015, 2017, 2018; Melo 

et al., 2015; Maciel et al., 2016). 

6.1.2 Protein profile of seaweed  

Proteins are a class of complex nitrogen-containing biomolecules abundant in the 

body and are one of many essential biochemicals required in human nutrition. These 

are often present in seaweeds at high levels, especially in red seaweeds (Mabeau 

and Fleurence, 1993; Mouritsen et al., 2013; Angell et al., 2016). Seaweed proteins 

contain both essential and non-essential amino acids, some of which have been 

shown to have antioxidant, antihypertensive, antimicrobial, antidiabetic and 

antibacterial properties, which may be beneficial within food, or if extracted, i.e. to 

create nutraceuticals (Černá, 2011; Harnedy and FitzGerald, 2013b; Pangestuti and 

Kim, 2015; Fleurence, 2016; Biancarosa et al., 2018). Additionally, some seaweeds 

(i.e., Phaeophyceae) contain unique amino acids, such as mycosporine-like amino 

acids, that may have anti-cancer, antiproliferative and anti-ageing properties (De la 

Coba et al., 2009; Chrapusta et al., 2017; Guihéneuf et al., 2018).  

Evidence suggests that protein-rich foods also often contain higher Se levels than 

foods low in protein (Kieliszek, 2019). Selenium is an essential element and is most 

nutritionally relevant when associated with proteins, especially when incorporated 

into proteins as selenocysteine and selenomethionine (Finley, 2006). Selenium (in 

the form of selenomethionine) plays a significant role in the synthesis of some 

proteins through the trans-selenation pathway, which is similar to the trans-

sulphuration pathway that occurs in the transformation of methionine to cysteine 
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(Finley, 2006; Kieliszek, 2019). Selenium is also relevant in terms of antioxidant 

enzyme activity, whereby the absence of Se can result in reduced antioxidant 

enzyme activity, potentially increasing the risk of developing cardiovascular disease, 

asthma, pancreatitis and Kashin-beck disease (Fairweather-Tait et al., 2011). While 

Se is present in many food items (such as dairy products, certain vegetables, nuts, 

fruits, meat and seafood), it is often only present at relatively low levels (Barclay et 

al., 1995). 

As chemically diverse as seaweeds are, they do not tend to contain high levels of 

Se, and this is mainly due to prevailing low levels of Se in their habitat/in seawater 

(Hurd et al., 2014; Schiavon et al., 2017). However, seaweeds do have the capacity 

to accumulate minerals (such as Se) depending on the concentration present in 

surrounding seawater (or culture media). This has made it possible to enhance Se 

levels in seaweed, as has been shown in several studies (Yan et al., 2004; Schiavon 

et al., 2012; Zhong et al., 2015).  

Proteins are one of the many biochemicals in seaweed that can be influenced by 

changes in environmental conditions. For instance, Kumar et al. (2010) exposed 

Ulva lactuca to various concentrations of cadmium chloride (0−0.7 mM), resulting in 

reduced total protein content with increased Cd. Similarly, changes in phosphorus 

and nitrogen concentration during the culture of Gracilaria lemanieformis resulted in 

soluble protein content changes (Yu and Yang, 2008). Lastly, Guihéneuf et al. 

(2018) considered the temporal and spatial variability in mycosporine-like amino 

acid (a constituent of seaweed protein) showing that mycosporine-like amino acid 

was highest during periods with increased daily light dose and irradiance levels. 

These studies clearly show that changes in certain environmental conditions can 

influence proteins in seaweeds.  

While some studies have focused on the impact of environmental conditions (such 

as light, trace elements concentrations, etc.) on protein in seaweed, the impact of 

Se uptake and/or exposure (on seaweed protein) has not been fully explored. Some 

studies have explored Se, i.e., exposing seaweed to excess Se to enhance 

antioxidant enzyme activity (Schiavon et al., 2017). Further, Sun et al. (2017) 

enriched Ulva fasciata with Se and showed that a Se-rich polysaccharide-protein 

extracted from Ulva fasciata (Chlorophyceae) inhibited the growth of A549 cancer 
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cells. Also, Liu et al. (2018) showed that Se-rich protein extracts from Gracilaria 

lemaneiformis and Ulva fasciata imparted enhanced glutathione peroxidase, 

catalase and superoxide dismutase activity compare with extracts with low Se level. 

Even though such studies have highlighted the nutritional value and bioactivity 

potential of Se-containing proteins, changes in the overall protein profiles (as a 

response to the accumulation of an essential element like Se) remains unexplored.  

Total protein content in seaweed is largely determined using either Lowry, Kjeldahl, 

Bradford or Biuret assay methods (Černá, 2011; Mæhre, 2015; Mæhre et al., 2018). 

Aside from total protein, the detailed molecular weight distribution of seaweed 

protein has been characterised in very few studies. In one example, Kadam et al. 

(2017) studied proteins from Ascophyllum nodosum (using size exclusion 

chromatography; SEC), and they were able to determine the molecular weight 

distribution of the extracted protein. Such information ultimately allows an increased 

focus and understanding to be gained of a particular functional protein of interest 

(i.e., through the targeting and separation of proteins within a particular molecular 

weight ‘band’). Similarly, the effect of post-harvest treatments (sun drying, oven-

drying, freeze-drying and freezing) on the protein content of Saccharina latissima 

was determined using SEC (Abdollahi et al., 2019). However, the characterisation 

of protein fractions using hyphenated techniques (i.e., SEC coupled to ICPMS – 

inductively coupled plasma mass spectrometer) to separate fractions by molecular 

weight and simultaneously monitor the levels of specific elements (such Se) in those 

fractions has rarely been used. Those studies which have used such approach 

mainly to focus on elements such as arsenic, iodine, etc., due to their toxicological 

rather than nutritional properties (Shah et al., 2005; Khan et al., 2015; Pétursdóttir 

et al., 2019).  

  

6.1.3 Chapter aim  

While the exposure of seaweed to copper, cadmium, nitrate and phosphate, etc., 

have been explored to some degree, the impact of Se accumulation on the 

biochemical profile of seaweed has not been studied. Although a number of studies 

have looked at impact of Se bioaccumulation on photosynthesis, growth, 
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morphology and antioxidant activity (Schiavon et al., 2012, 2016; Zhong et al., 2015; 

Sun et al., 2017). Since the biochemical (e.g. lipid and protein) profile of seaweeds 

could potentially be altered by exposure of such seaweed to Se, this, in turn, may 

be an efficient way to produce or enhance the accumulation of desirable chemicals 

(i.e., as nutraceuticals) (Kumari et al., 2015; Maciel et al., 2016; Schmid et al., 

2017b). Also, selenium can be incorporated into proteins since Se can easily 

substitute for sulphur in methionine and cysteine. Thus, Se bioaccumulation and 

biotransformation, as well as biochemical profile changes in seaweed as a result of 

Se exposure, could be better understood through improved protein characterisation. 

Hence, following on from the Se accumulation study here (Chapter 5), this chapter 

focuses on profiling the lipidomes and protein present in S. latissima and P. palmata 

with and without exposure to Se (as either selenite or selenate) in order to determine 

possible changes in lipidome and protein profiles. Also, the impact of Se uptake on 

the presence of compounds containing a range of other elements (magnesium, 

phosphorus, sulphur, calcium, manganese, iron, copper and zinc) is also briefly 

considered. This data is then discussed from both a nutritional and physiological 

viewpoint. 

 

6.2 Results  

The lipidome profile of Se-enriched S. latissima and P. palmata was determined 

using liquid chromatography (high-performance reverse phase) with high resolution 

(Orbitrap) mass spectrometry. The protein profile was determined by characterising 

Se-containing compounds in protein extracts using liquid chromatography (high-

performance size exclusion chromatography; HPSEC) − that separates proteins 

based on molecular weight/size (in Daltons) − coupled with inductively coupled 

plasma mass spectrometry (ICPMS) – which in this case, is used to detect the 

presence of Se containing compounds and other selected elements in the separated 

fractions. 
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6.2.1 Lipidomic profiling of Se enriched P. palmata and S. latissima 

Lipidomic data visualisation and pre-processing  

Figures 6.1 and 6.2 show the chromatograms (produced in both positive and 

negative ionisation modes) of the methanol-chloroform extracts from P. Palmata and 

S. latissima. The compounds matching the masses of the base peaks (based on 

Xcalibur) were identified on METLIN; for example in the negative ionisation mode, 

compounds matching the expected mass included: 1033.6955 m/z 

(triradylglyceride), 839.5021 m/z (sulfoquinovosyl diacylglycerol; SQDG), 739.4376 

m/z (phosphatidylinositol), 983.6364 m/z (dolastatin 11), 819.5339 m/z 

(phostatidyglycerol), 791.5018 m/z (SQDG), 1003.5678 m/z (dolastatin 12) and 

869.5624 m/z (pheophytin A). In the positive ionisation mode, 871.5708 m/z 

(phosphoinositol), 871.5713 m/z (pheophytin a), 887.5662 m/z 

(glycerophospholipid), 678.5083 m/z (phosphocholine) and 641.4193 m/z 

(phosphatidic acid) were identified. However, this is a very time-consuming process 

and the number of possible masses identified precluded exploration of them all 

using this manual method. Hence, raw data were subjected to XCMS (online) for 

batch processing of the raw data using the method summarised in Table 2.9 

(Forsberg et al., 2018). XCMS filters out the less intense peaks and those due to 

solvents or possible contaminants, and undertakes mass correction, peak 

integration and annotation using the METLIN database (Forsberg et al., 2018). 

XCMS then returns an Excel file and an aligned chromatogram of retention time 

versus total ion counts for all samples in negative and positive mode.
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Figure 6.1:  LC-ESI-Orbitrap-MS lipidomic profiling chromatogram of P. palmata (a) 

and S. latissima (b) exposed to 50 and 100 mg/L Se (either as selenate or selenite) 

with controls (no Se) for 3 days; in negative ionisation mode. PP.SeIV.0 and 

PP.SeVI.0  (P. palmata controls), PP.SeIV.50 (P. palmata exposed to 50 mg/L 

selenite), PP.SeIV.100 (P. palmata exposed to 100 mg/L selenite), PP.SeVI.50 (P. 

palmata exposed to 50 mg/L selenate), PP.SeVI.100 (P. palmata exposed to 100 

mg/L selenate), SL.SeIV.0 and SL.SeVI.0 (S. latissima controls), SL.SeIV.50 (S. 

latissima exposed to 50 mg/L selenite), SL.SeIV.100 (S. latissima exposed to 100 

mg/L selenite), SL.SeVI.50 (S. latissima exposed to 50 mg/L selenate) and 

SL.SeVI.100 (S. latissima exposed to 100 mg/L selenate). 

a 

b 
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Figure 6.2: LC-ESI-Orbitrap-MS lipidomic profiling chromatogram of P. palmata (a) 

and S. latissima (b) exposed 50 and 100 mg/L Se (either as selenate or selenite) 

with controls (no Se), for 3 days; in positive ionisation mode. PP.0 (P. palmata 

control), PP.SeIV.50 (P. palmata exposed to 50 mg/L selenite), PP.SeIV.100 (P. 

palmata exposed to 100 mg/L selenite), PP.SeVI.50 (P. palmata exposed to 50 mg/L 

selenate), PP.SeVI.100 (P. palmata exposed to 100 mg/L selenate), SL.0 (S. 

latissima control), SL.SeIV.50 (S. latissima exposed to 50 mg/L selenite), 

SL.SeIV.100 (S. latissima exposed to 100 mg/L selenite), SL.SeVI.50 (S. latissima 

exposed to 50 mg/L selenate) and SL.SeVI.100 (S. latissima exposed to 100 mg/L 

selenate).

a 

b 
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Lipidome identification  

The XCMS generated spreadsheets that gave retention time (maximum, minimum 

and median), mass to charge ratio (m/z; maximum, minimum and medium) and peak 

intensities for each m/z (in negative and positive ionisation mode) for the seaweed 

samples, were uploaded onto LipidFinder (LIPID MAPS online). From this a 

spreadsheet containing input mass, matched mass, mass difference (in delta), 

matched mass name, molecular formula, lipid class, and ion adduct and their 

intensity in samples (for both negative and positive ionisation modes) were 

generated. 

The spreadsheets were carefully processed such that isomers (with the same 

intensity and molecular formulae) were counted as a single mass, to avoid 

repetition. The two spreadsheets (negative and positive modes) were then 

combined into a single list, which contained 9092 masses. Each mass was classed 

as either fatty acids, fatty esters, fatty amides, fatty acyls, monoradylglycerols, 

diradylglycerols, triradylglycerols, sterols, ceramides, sphingoid bases, 

phosphoshingolipids, glycosyldiradylglycerols, glycerophosphoinositols, 

glycerophosphoethanolamines, glycerophosphoinositols, glycerophosphoglycerols, 

glycerophosphoinositol monophosphates, glycerophosphocholines, 

glycerophosphate, glycerophoserines, acidic glycosphingolipids, neutral 

glycosphingolipids, other sphingolipids, glycerophosphoglycerophosphoglycols or 

unclassified lipids. These lipid classes were based on previous studies in seaweeds 

(Maciel et al., 2016; Rey et al., 2019). The lipidome groups were then visualised 

using a heat map, which showed the total intensities of lipids belonging to each class 

(Figure 6.3). 

Figure 6.3 shows the hierarchical cluster analysis, with heat maps (HCA) of the 

lipidome classes. As can be seen from Figure 6.3, the total intensity of each lipidome 

class often differs between the control and the Se exposed seaweed, and the 

intensities also varied between the two seaweed species. This is highlighted in the 

dendrogram, where two primary splits separate the controls from the treated 

samples, with the exception of two treatments (50 mg/L selenate exposed 

(SL.SeVI.50) S. latissima and 50 mg/L  selenite exposed (PP.SeIV.50) P. palmata). 

Further, for S. latissima, triadylglycerols, glycerophosphoglycerophosphoglycols, 
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sterols, glycerophosphoserines, glycerophosphoinositols, glycosyldiradylglycerols, 

fatty esters, fatty amides and other sphingolipids, were all higher in the control 

compared with Se exposed samples; while for P. palmata, all the lipidome classes 

were higher in the Se exposed samples compared to the control. Additionally, in the 

case of S. latissima, the highest total intensity for the majority of the lipidome classes 

occurred in the 50 mg/L selenate exposed sample (SL.SeVI.50), with the exceptions 

being the sphingoid bases, glycerophosphoglycerophosphoglycols, fatty acyls, 

phosphosphingolipids and the unclassified groups, that were all highest for the 100 

mg/L selenite exposed sample (SL.SeIV.100). In the case of Se exposed P. palmata 

samples, the highest intensities of all lipidome groups occurred in 50 mg/L selenate 

exposed sample (PP.SeVI.50), with the exceptions being the fatty amides, 

triadylglycerols and sterols, that were all highest for 100 mg/L selenite exposed 

sample (PP.SeIV.100), and fatty acyl groups in 100 mg/L selenate exposed sample 

(PP.SeVI.100). 
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Figure 6.3: Hierarchical cluster heatmap of lipidome classes in S. latissima and P. 

palmata extracts following exposure to 50 and 100 mg/L Se (as either selenate or 

selenite) with control (no Se), for 3 days. Lipidome classes are based on LIPID 

MAPS (in LipidFinder) and ‘Euclidean’ clustering distance was used. Colour change 

in the heatmap denotes the range in values (intensity of lipidome class) in each 

sample, where maximum intensity is colour red (1.5) and the minimum is colour blue 

(-1.5). PP.0 (P. palmata control), PP.SeIV.50 (P. palmata exposed to 50 mg/L 

selenite), PP.SeIV.100 (P. palmata exposed to 100 mg/L selenite), PP.SeVI.50 (P. 

palmata exposed to 50 mg/L selenate), PP.SeVI.100 (P. palmata exposed to 100 

mg/L selenate), SL.0 (S. latissima control), SL.SeIV.50 (S. latissima exposed to 50 

mg/L selenite), SL.SeIV.100 (S. latissima exposed to 100 mg/L selenite), 

SL.SeVI.50 (S. latissima exposed to 50 mg/L selenate) and SL.SeVI.100 (S. 

latissima exposed to 100 mg/L selenate). 

 

Having explored the lipidome in broad terms, it was concluded that the intensity of 

a large number of compounds identified was relatively low. A new mass search was 

therefore undertaken, where the prefilter intensity was increased from 100 to 40,000 

and prefilter noise from 0 to 100,000 – this was then applied in XCMS in order to 

exclude masses with lower intensity and any background noise, before another lipid 

mass search (on LipidFinder). The number of masses detected then reduced from 
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a total of 9092 to only 160 (Table 6.A.1 in Appendix), for both negative and positive 

ionisation mode combined. As can be seen in Figure 6.4 (and Table 6.A.1), the lipid 

classes present were mainly diradylglycerols, triradylglycerols, and 

glycosyldiradylglycerols (like MGDG, DGDG and SQDG), and various other 

glycerophospholipids, and very limited sphingolipids. This result confirms the notion 

that seaweeds contain polar lipids that may have bioactive properties.  

 

 

Figure 6.4: Summary of the number of lipidomes of S. latissima and P. palmata 

extracts following exposure to Se, putatively identified on LIPID MAPS (LipidFinder) 

for both negative and positive ionisation mode as displayed in Figure 6.A.1 

(Appendix). 

 

6.2.2 Protein profile of Se enriched P. palmata and S. latissima 

The Se enriched seaweeds subjected to lipidomic profiling were oven-dried (as 

described in Chapter 5). However, given how easily protein degrades or denatures 

when subjected to high temperature drying treatments, the pre-treatment approach 
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used for protein profiling somewhat differed from those of lipidomic profiling, in the 

sense that samples were grinded in liquid nitrogen (as oppose to oven drying) prior 

to extracting the protein and determining the level of Se accumulated. Although the 

sampling and Se-enrichment protocols were entirely the same. 

Selenium bioaccumulation  

Total Se in the fresh seaweed was determined using inductively coupled plasma 

optical emission spectrometer (ICP-OES) and the certified reference material (BCR 

185) gave a recovery of 75 %. Figure 6.5 shows the total levels of Se in P. palmata 

and S. latissima following exposure to 100 mg/L Se (as selenate or selenite) for 3 

days versus controls (i.e., with no Se). Se uptake differed between the two seaweed 

species and the form of Se used. The highest Se uptake occurred when using 

selenite (for both seaweed species) when compared to selenate. Selenium uptake 

was also higher for selenite enriched P. palmata (299.1 ± 115.6 µg/g fresh weight, 

FW) as compared to S. latissima (88.3 ± 28.5 µg/g FW).  
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Figure 6.5: Total Se (in µg/g  fresh weight) accumulated in Palmaria palmata and 

Saccharina latissima following exposure to 100 mg/L Se (as either selenite or 

selenate) for 3 days, with control data (no Se). All data points are averages of 

triplicate analyses (independent sample replicates) and error bars indicate standard 

deviation. Bars with different letters are significantly different at p < 0.05 (Tukey) and 

differences between all data are denoted with (A, B), differences for P. palmata 

alone with (a, b); and differences for S. latissima alone with (x, y). Statistical data 

(ANOVA results) are shown in Table 6.2. 

 

Soluble protein content 

Soluble protein content in P. palmata and S. latissima following enrichment with Se 

is shown in Figure 6.6. The highest soluble protein content occurred for P. palmata 

(>4 mg/g FW) with S. latissima (<1 mg/g FW) containing much less. Also, the total 

level of protein did not show any statistically significant variation between the control 

and the treated (selenate or selenite) samples, for both seaweed species.  
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Figure 6.6: Soluble protein content (in mg/g fresh weight) in Palmaria palmata and 

Saccharina latissima exposed to 100 mg/L Se (as either selenite or selenate) for 3 

days, with control data (no Se). All data points are averages of triplicate analyses 

(independent sample replicates) and error bars indicate standard deviation. Bars 

with different letters are significantly different at p < 0.05 (Tukey). Statistical data 

(ANOVA results) are shown in Table 6.2. 

 

Table 6.2: Statistical data for the Se enrichment experiments: giving F-value, p-

value, and degrees of freedom (DF). 

Factor Species F-value p-value DF 

Protein 

P. palmata 0.21 0.819 8 

S. latissima 0.39 0.690 8 

Species variation 49.75 <0.001 17 

Total Se 

P. palmata 25.47 0.001 8 

S. latissima 19.65 0.002 8 

Species variation 17.80 <0.001 17 

 



Chapter 6 

 
187 

HPSEC-ICPMS profile of P. palmata and S. latissima exposed to Se 

The HPSEC-ICPMS profiles of buffer extracts (i.e., containing soluble proteins) of 

P. palmata and S. latissima exposed to Se (as selenite or selenate), show the 

intensity and distribution of Se-containing fractions (Figures 6.7 and 6.8).  

Size exclusion chromatography (SEC) separates chemical components based on 

molecular weight, with high molecular weight compounds eluted quickly, and low 

molecular weight fractions interacting more with the column packing and eluting 

later. However, in these experiments, molecular weight calibration was not carried 

out, so, specific molecular weights cannot be determined. However, a study by 

Wehmeier et al. (2020) which used a similar method (with the exception of their 

buffer concentration which was 50 mM in comparison to 100 mM TRIS-HCl, as used 

here) showed elution times for the following standards (with sizes) in kDa): 

thyroglobulin (670 kDa) at 8.5 min; y-globulin (158 kDa) at 10.5 min and vitamin B12 

(1.35 kDa) at 18.6 min. This information can also be used as a rough indication of 

the likely relationship between protein size and retention here. 

As seen in Figure 6.7, the most intense Se peaks for P. palmata extracts occur at 

~7 min and ~16 min. Figure 6.7a shows the ICPMS response of pure Se standards 

and Figure 6.7b shows Se present in the protein extracts (all as separated on the 

Superdex 75 column). Figure 6.7c shows the photo-diode-array (PDA) response at 

wavelengths from 190−400 nm; with the peak at ~7 min being less intense than 

those at ~16 min, but confirming the presence of both low and high molecular weight 

compounds, each eluting at retention time’s (RT’s) aligned with distinct ICPMS Se 

response (Figure 6.7b). Figure 6.7d further shows the UV chromatogram response 

when focused on a protein-specific wavelength of 214 nm (Kadam et al., 2017), and 

again the most intense peaks occur at similar time points (with an intense peak at 

~7 mins and other less intense peaks at ~16 mins). This is the opposite trend to that 

seen for the PDA chromatogram (Figure 6.7c). This implies that the buffer extract 

likely contains other organic compounds (detectable at the wavelength range of the 

PDA) and not just proteins (as might be expected). The corresponding RT’s in the 

PDA and UV responses with the Se ICPMS signal seems to confirm the presence 

of Se in both high and low molecular weight (MW) fractions.  
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Further, while PDA and UV responses are similar for selenate and selenite treated 

P. palmata, the intensity of the peaks differ to some extent. For example, the peaks 

for selenate treated samples are slightly more intense in comparison to the selenite 

treated ones, despite lower Se concentration in seaweed tissue for selenate 

treatment than selenite treatment. 
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Figure 6.7: Se HPSEC-ICPMS profile of buffer extracts of P. palmata (following 

exposure to 100 mg/L Se (as either selenite or selenate) for 3 days, with control (no 

Se)) separated using size exclusion chromatography. Se ICPMS response on a 

logarithmic scale for pure Se standards (a) and seaweed sample extracts (b). PDA 

response at 190−400 nm (c) and UV response 214 nm (d). 
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Figure 6.8 shows the data for S. latissima extracts, with the most intense Se peaks 

at ~7 min and ~16 min. In contrast to the data for P. palmata, the PDA and UV data 

(Figures 6.8c and 6.8d) show a less intense signal at ~16 mins, suggesting that 

fewer low MW compounds may be present. However, the alignment of peaks in the 

PDA-UV and Se ICPMS profiles again suggests the presence of both high and low 

molecular weight Se-containing compounds. 

Similarly, the Se treatment (selenite vs selenate) also influenced the Se ICPMS 

profile of S. latissima. Additionally, in the UV and PDA profiles, the selenite treated 

sample were relatively higher in intensity in comparison to the selenate treatment, 

for peaks in the low molecular weight region (~16 min).  

Further, the ICPMS Se profiles for both seaweed species (P. palmata and S. 

latissima) differ significantly – whereby selenite treatment resulted in a more intense 

Se signal in the high MW region (~7 min), while the selenate treatment produced 

more intense signals in the low MW region (~16 min). Both treatments (selenite and 

selenate) showed a higher response than the control, which only showed a 

response at the low MW region (~16 min). This, as well as higher Se uptake found 

for selenite treated sample vs the selenate treated sample and control, indicates 

that Se is likely converted into organic Se. Also, Se uptake, as a result of selenite 

treatment, resulted in higher organic Se conversion in comparison to selenate 

treatment.   
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Figure 6.8: Se HPSEC-ICPMS profile of extracts of S. latissima (following exposure 

to 100 mg/L Se (as either selenite or selenate) for 3 days, with control (no Se)) 

separated using size exclusion chromatography. Se ICPMS response on a 

logarithmic scale for pure Se standards (a) and seaweed sample extracts (b). PDA 

response at 190−400 nm (c) and UV response 214 nm (d). 
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HPSEC-ICPMS elemental profiles in P. palmata and S. latissima extracts 
following exposure to Se 

The profiles of a range of essential elements (magnesium, phosphorus, sulphur, 

calcium, manganese, iron, copper and zinc) in the buffer extracts of P. palmata and 

S. latissima exposed to Se were determined and are shown in Figures 6.10 and 

6.A.1.  The intensity of some of these elements did not show marked changes when 

compared with the control and Se-treated seaweeds (for both species) (Figure 

6.A.1, Appendix). However, certain elements did show profile patterns shifts as 

shown in Figure 6.9. For instance, in the case of S, for P. palmata, the peak at ~17 

min showed a higher intensity for the selenate treated sample vs the selenite treated 

seaweed and control; while for S. latissima, no shift was observed for the same 

peak, although at ~7 min the intensity of the Se treated (selenate and selenite) 

samples were higher than the control. In the case of P, Se treated P. palmata 

showed higher intensity than the control, but no marked change occurred for S. 

latissima. For Fe, in the case of P. palmata, the peak at ~16 min showed higher 

intensity in the control than in the Se treated samples and no marked changes 

occurred for other peaks; while for S. latissima, the peaks at ~7 min and ~16 min 

showed higher intensity for the Se treated than the control. For Cu, P. palmata 

showed higher intensity for the peak at ~16 min for the selenate treated sample (vs 

the selenite treated and control samples); while the peaks for S. latissima no marked 

shifts or differences were obvious.  
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Figure 6.9: Phosphorus (P), sulphur (S), iron (Fe) and copper (Cu) HPSEC-ICPMS profiles of P. palmata and S. latissima, following exposure 

to 100 mg/L Se (as either selenite or selenate) for 3 days, with controls. 



Chapter 6 

 
194 

These elemental profiles confirm the presence of a range of elements in seaweed 

and suggest that the buffer extracts (with soluble protein) contain essential elements 

that are likely not just present in inorganic form but also incorporated into organic 

compounds. Also, Se uptake (with Se form, i.e. either selenate or selenite) may also 

have influenced the distribution and abundance of some of these 

elements/compounds. 

 

6.3 Discussion 

Innate responses of algae to changes in environmental conditions (such as salinity, 

light, temperature, nutrients, etc.) can modify their metabolism (Stengel et al., 2011; 

Borowitzka, 2018). Such modifications can occur as part of an organisms defence 

mechanisms and/or to aid adaptation or acclimatisation and often result in increased 

accumulation of certain biologically active compounds (Rai and Gaur, 2001; Obata 

and Fernie, 2012; Schiavon et al., 2017; Borowitzka, 2018). Metabolic modification 

in algae (as a result of changes in environmental conditions) have been monitored 

using a range of omics techniques, including transcriptomics, proteomics, 

genomics, lipidomics and metabolomics (Brunetti et al., 2013; Ritter et al., 2014; 

Kumar et al., 2016; Gaubert et al., 2019). Here, we postulated that Se uptake by 

seaweed would likely result in at least some modification to metabolism, and thus 

chemical profiles (Ritter et al., 2008, 2014; Kumari et al., 2014; Hurd et al., 2014; 

Schiavon et al., 2017; Tonon et al., 2018). In turn, we considered the lipidome and 

protein profiles of the species studied.  

6.3.1 Impact of Se enrichment on seaweed lipidomic profile  

Broadly, we found that lipid profile of seaweed changed as a result of Se exposure 

and this impact may be species specific (P. palmata vs S. latissima). Such changes 

are difficult to interpret fully as there are a very limited number of studies regarding 

Se interaction with seaweed and its impact on metabolism. To the best of our 

knowledge, this is the first study that has focused on using untargeted lipidomic 

profiling to understand how Se uptake impacts the lipidome in seaweed. 
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In phycology, untargeted lipidomic profiling has primarily been used for 

‘bioprospecting’ and to assign added value to seaweeds, i.e. to look for bioactive 

polar lipids (glycolipids, phospholipids and betaine lipids) that may have beneficial 

properties (antimicrobial, antioxidant, antiviral, antitumor, anti-inflammatory, etc.) 

(Domínguez, 2013; Maciel et al., 2016; Da Costa et al., 2018). Similar to these 

studies, the presence of polar lipids such as diradylglycerols, triradylglycerols, and 

glycosyldiradylglycerols (like MGDG, DGDG and SQDG), majority of which have 

been shown to have relevant bioactivity, was confirmed to be present in P. palmata 

and S. latissima. 

Additionally, untargeted lipidomic profiling combined with multivariate analysis 

(HCA) was carried out, and the results suggest that the lipidome changes as a result 

of Se exposure, Se form and Se concentration. In all cases, the lipidome profiles for 

seaweed exposed to Se differed from those of the control. For example, the total 

intensity of glycerophosphocholines in both P. palmata and S. latissima exposed to 

50 mg/L selenite and 100 mg/L selenate downregulated with the opposite trend 

occurring for 50 mg/L selenate and 100 mg/L selenite (Figure 6.3). This change 

corresponds to findings from other studies that also analysed the lipidome change 

in seaweed in response to other environmental changes. For instance, Ritter et al. 

(2008) showed that Cu uptake in Laminaria digitata resulted in a modified lipidome 

– with evidence of lipid peroxidation, and the formation of oxylipin due to the release 

of free PUFA as a result of oxidative stress. Also, Kumari et al. (2015) treated 

Gracilaria dura with methyl jasmonate (a lipid-derived signalling compound which 

induces oxidative stress), and showed that glycolipids (especially MDGD) and 

phosphatidylcholines became preferentially degraded due to exposure. Further, a 

reduction in glycolipids and phospholipids were found in Pyropia haitanensis as a 

result of a temperature shift during culturing (Chen et al., 2016). 

Additionally, the result displayed showed an upregulation of most of the lipidome 

classes when seaweed was exposed to either higher levels of selenite or low levels 

of selenate and, vice versa, when exposed to either low levels of selenite or high 

levels of selenate. This finding corresponds to those of White et al. (2019) who 

compared the impact of different nutrient levels on Chlorella sp., with results 

showing variation in the lipid profiles as a result of the nutrient change, with a high 
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concentration of polar lipids found in samples cultured with high levels of nutrients 

(nitrogen and phosphorus) compared to those cultured with lower level of nutrients. 

Although this study did not consider Se and macroalgae, but it does indicate that 

different lipid profiles can be produced when the culture medium is modified. The 

possible explanation for this may lie in the differences of the chemistry (i.e., 

solubility, pH interaction, etc.) between the two Se species (selenite and selenate). 

As a result, the two Se species are accumulated by similar mechanisms in the 

seaweed and as such may trigger different genes, particularly those involved in lipid 

biosynthesis and/or conversion (e.g., free fatty acid to oxylipin). This implies that 

both selenite and selenate (as Se source) may help manipulate the lipid profile of 

seaweed, but Se concentration and form needs to be carefully considered to 

achieve the upregulation of lipids rather than downregulation. 

The results presented in Chapter 5, showed that Se levels in these two seaweed 

species (P. palmata and S. latissima) differed. The two species clearly have very 

different physiologies, and this is also clear from their lipidomic profiles, especially 

from the intensities associated with each lipidome class and how these alter 

following Se exposure. For instance, in the case of P. palmata, a greater 

upregulation occurred for most of the lipidomes that were upregulated, in 

comparison to S. latissima (Figure 6.3). The differences observed were consistent 

with the limited number of similar studies on other seaweed species which show 

distinct species-related biochemical diversity, especially between species belonging 

to different seaweed classes (Stengel et al., 2011; Belghit et al., 2017; Hamid et al., 

2019). For example, Da Costa et al. (2017) and Rey et al. (2019) characterised the 

lipidomes in Gracilaria sp. (red seaweed) and Saccharina latissima (brown 

seaweed), and found 147 and 197 different lipids, respectively. Although the 

intensities of these lipids were not reported, the differences in the lipidome profiles 

suggested striking differences between the two species in terms of the lipids they 

synthesise. Similarly, in the study by Hamid et al. (2018) that compared metabolites 

in Cladosiphon okamuranus, Saccharina japonica and Undaria pinnatifida, and 

although the lipidomes were not directly considered, their results revealed specific 

metabolite profiles for each species. For example, most of the amino acids and 

simple sugars were relatively higher in Undaria pinnatifida and Cladosiphon 

okamuranus (respectively), in comparison to the other seaweed species. 
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Despite exposing the seaweed to Se, no Se-containing lipids were identified, despite 

evidence to suggest that metalloids can be incorporated into seaweed lipids (Hurd 

et al., 2014). For instance, arsenic-containing lipids have been identified in Undaria 

pinnatifida, Alaria esculenta and Saccharina latissima (Morita and Shibata, 1988; 

Raab et al., 2013; Pétursdóttir et al., 2019). This may suggest that exposing 

seaweeds to Se may change the lipidome profile, but Se-rich lipids may not 

necessarily be created. Alternatively, Se may have been incorporated into lipids, but 

since Se-rich lipids have not been extensively studied, they may not be well 

represented in the database used for lipid identification, and as a result may have 

been missed here  

This study shows that P. palmata and S. latissima contain a range of polar lipids 

that may have nutritional value and/or potentially useful bioactives. Additionally, 

there is a possible link between changes in Se levels and lipid profile in seaweeds. 

However, the study suffered from some limitations with respect to both the degree 

of samples analysed and access to instrumentation. For instance, only a limited 

number of analytical and biological replicates could be analysed, and no standards 

were analysed, even though this is crucial to determine the precision and accuracy 

of experiments. This limitation is as a result of very limited instrumentation access 

offered by an external laboratory, where this work was undertaken. Thus, this 

limitation needs to be noted when considering the findings here. However, this study 

coupled with more studies (i.e., on the impact of Se on lipid accumulation in 

seaweed and the efficacy of such lipids) could be useful for the development of a 

product with added value from seaweed. 
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6.3.2 Impact of Se enrichment on seaweed protein profile  

Selenium accumulation and total soluble protein content  

Similar to the results presented in Chapter 5, the results here show that Se is taken 

up by seaweeds (if exposed to Se) and that higher Se uptake occurred for selenite 

(as a Se source) rather than selenate (for both seaweed species), a finding that 

corresponds to those of other studies (Schiavon et al., 2017). The variation in uptake 

(between selenite and selenate) may relate to differences in the physical and 

chemical properties of selenite and selenate; as described in Chapter 5 
(Wallschlager and Feldmann, 2010; Hoefig et al., 2011; Schiavon et al., 2017). 

However, higher Se uptake by P. palmata rather than S. latissima contradicts the 

result presented in Chapter 5 wherein higher Se levels occurred in S. latissima 

compare to P. palmata. The key methodological difference was perhaps that total 

Se reported in Chapter 5 was in dry weight (oven-dried seaweeds) as opposed to 

fresh weight, reported in this chapter. As such, the moisture content of the seaweed, 

due to the state of the sample (fresh weight), may have impacted the results or the 

effectiveness of the digestion method. Analysing total Se requires digestion, 

however, if the seaweed contains a high enough moisture content, the concentration 

of that acid could be reduced, resulting in incomplete digestion. Of the two seaweed 

species, P. palmata has been shown to have a lower moisture content than S. 

latissima, (Holdt and Kraan, 2011; Mæhre et al., 2014). Also, the difference in 

processing might have influenced Se solubility during digestion; as the chemical 

constituents of seaweed are known to be impacted by pre-processing treatment 

(such as drying, rinsing, etc.), and impacts may be species-specific (García-Sartal 

et al., 2013; Nitschke and Stengel, 2016). Lastly, other factors cannot be ruled out, 

especially differences in sampling time, biomass sampled and life-history – all of 

which may have impacted our results (as separate sampling exercises were 

undertaken for these two chapters).  

The result presented here show that seaweed contains significant amounts of 

soluble protein and these results correspond with that reported by Mæhre et al. 

(2014) wherein, P. palmata was reported to contain more than twice the protein 

content of brown seaweeds (such as S. latissima). A similar finding was also 

reported in the study by Schiener et al. (2017) that compared the protein content of 
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P. palmata, S. latissima and Ascophyllum nodosum and showed that P. palmata 

contained significantly more protein than the two brown seaweed species. This is 

expected given the known chemical diversity within seaweeds, especially those 

between different phyla (Holdt and Kraan, 2011).  

These results did not show any discernible relationship between Se uptake and the 

total soluble protein content of seaweed. This suggests that Se uptake may not 

necessarily change the quantity of soluble protein (short term) but may influence the 

type and distribution of proteins. Given the short Se exposure time used here, one 

may not expect significant shifts in bulk content. However, this finding disagrees 

somewhat with other studies, i.e., Kumar et al. (2010) showed that total protein 

content was reduced in Ulva lactuca as a result of an increase in Cd exposure over 

a four day period. It should be noted, however, that Cd is likely not essential for 

seaweed. Similarly, changes in protein level were found in Ulva lactuca exposed to 

increased P and/or N in the culture medium – with higher protein occurring when 

both were enhanced rather than just N and P individually (Kumari et al., 2014). 

Exposure time in this case was 7 days, and N and P are more likely to be key growth-

limiting nutrients, as compared to the trace elements Se (Hurd et al., 2014).  Also, 

biochemical changes in response to a change in trace element levels may not be 

rapid (Hurd et al., 2014), and it is therefore possible that Se exposure for 3 days 

may not have caused a significant change in total protein synthesis; however, longer 

term Se exposure may change the soluble protein content of seaweed.  

Impact of Se uptake in P. palmata and S. latissima on HPSEC-ICPMS soluble 
protein profiles (with a focus on Se) 

While the application of high-performance size exclusion chromatography (HPSEC) 

to determine molecular weight (MW) distributions of biological extracts is not novel, 

so far, this technique has not been fully widely used for studying seaweeds. Where 

it has been used, this has been for a variety of purposes. For instance, the MW 

distribution of soluble polysaccharides in Saccharina latissima and Mastocarpus 

stellatus has been compared and showed significant differences between these two 

species (Gómez-Ordóñez et al., 2012). In another study, a protein extract from 

Ascophyllum nodosum provided information regarding the form of proteins present 

and their nutritional potential (Kadam et al., 2017). While the characterisation of 



Chapter 6 

 
200 

extracts from red seaweeds (using SEC) also confirmed the presence of R-

phycoerythrin (a value-added pigment) in a range of seaweeds (Saluri et al., 2020). 

Further, HPSEC-ICPMS has been used to determine the presence of iodine in 

polyphenol and protein extracts from Kombu and wakame in various MW ranges 

(Shah et al., 2005). These studies outline the relevance of using SEC and the 

importance of the information (i.e., MW distribution data) gained from such a 

technique. However, the MW distribution of soluble protein extracts in seaweeds 

exposed to Se, has not yet been reported. 

The HPSEC-ICPMS characterisation here showed that the seaweeds studied 

contained a range of proteins with different MWs. This is as expected, and 

corresponds to the findings of Kadam et al. (2017) who characterised protein 

extracts from Ascophyllum nodosum. Extracts were shown to contain various MW 

fractions, with peaks at ~106 kDa, ~40 kDa and ~2.5 kDa. This suggests that 

seaweed protein is commonly made up of both low and high MW proteins. 

Additionally, the results here show that extracts of Se-exposed P. palmata and S. 

latissima contained Se-rich compounds in both the high and low MW regions, at 

least some of which are likely to be proteins. The levels of these compounds were 

also clearly enhanced by Se exposure. This indicates that some of the Se was taken 

up during treatment and may have been bio-transformed into organic Se. This 

finding is in line with other work that has also suggested that when seaweeds are 

exposed to Se, up to 50 % Se taken up is converted to organic Se (Yan et al., 2004; 

Schiavon et al., 2012). In a study by Shah et al. (2005) which considered iodine 

speciation in seaweeds, seaweed extracts also contained iodine compounds with a 

wide range of molecular weights. It is likely that as seaweed takes up minerals or 

elements (such as Se) from their surrounding environment (i.e., seawater), and that 

these will be incorporated into ‘new’ organic compounds and/or become bound to 

existing organic compounds such as proteins, polysaccharides and phenolics (Hurd 

et al., 2014). Other studies show that Se is capable (in its various inorganic forms) 

of substituting for phosphate, silicate and sulphate in cellular processes and could 

potentially replace sulphur in sulphur-containing compounds like cysteine to form 

selenocysteine and methionine to form selenomethionine (Rayman et al., 2008; 

Schiavon et al., 2017; Avery and Hoffmann, 2018).  
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The results presented also showed variation due to Se treatment (i.e., control vs 

selenite vs selenate). This corresponds to the findings of Abdollahi et al. (2019) who 

characterised protein extracts from S. latissima subjected to various post-harvest 

processing techniques. The resultant SEC profiles varied significantly, with freeze-

dried S. latissima having higher intensity peaks in comparison to those resulting 

from other treatments (oven-drying, sun-drying and freezing). A possible 

explanation for the differences between treatments found here could relate to 

protein degradation (or synthesis) as a result of a Se uptake. Other studies have 

also shown that metabolism modification occurs in seaweed as a response to 

changes in their habitat (Ye et al., 2013; Chen et al., 2016; Lee and Choi, 2018; 

Gaubert et al., 2019) – potentially affecting the metabolome, lipidome and proteome. 

Also, the differences noted here for selenite vs selenate treatment, maybe due to 

the fact that selenite is more easily translocated/accumulated (as compared to 

selenate) – as selenite is highly soluble at neutral pH and the metabolism of selenate 

often requires its pre-conversion to selenite before further metabolism (Hoefig et al., 

2011).  

Unsurprisingly, the two seaweed species studied here showed different HPSEC-

ICPMS profiles. This corresponds to Gómez-Ordóñez et al. (2012) which compared 

the MW distributions of soluble polysaccharide extracts of Saccharina latissima with 

that of Mastocarpus stellatus showing that the two species differed significantly, 

especially in terms of the intensity of the separated MW fractions. This likely stems 

from fundamental differences in the physiology and chemical diversity of seaweeds 

(Stengel et al., 2011; Hurd et al., 2014). For instance, brown seaweeds (such as S. 

latissima), generally contain complex polysaccharides like alginate, while red 

seaweeds (such as P. palmata), contain a more diverse set of compounds including 

carrageenan and phycobiliproteins (Holdt and Kraan, 2011). 

Impact of Se uptake on P. palmata and S. latissima HPSEC-ICPMS soluble 
protein profiles – with a focus on other elements 

Here, ICP profiles for elements other than Se, showed that protein extracts of 

seaweed contained variable levels of several elements, some of which are essential 

in human diets. Elements were likely present as both inorganic and organic 

compounds. Of all the elements monitored, Ca showed the lowest ICP response 
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(Figure 6.A.1; Appendix); which may be because the buffer extract was not suitable 

to dissolve Ca and/or Ca-containing compounds. Calcium can easily bind to 

complex polysaccharides (like alginate) in seaweeds and bringing such complex 

polysaccharide into solution (or breaking bonds with such compounds) may require 

a more aggressive reagent (Trica et al., 2019).  

From the other ICP profiles, some limited variance was observed in MW patterns 

due to Se treatment. For instance, for S, some of the MW fractions showed higher 

S intensity in Se treated samples than in the control. The opposite was true for Fe. 

The impact of Se uptake on elemental profiles also agrees with Schiavon et al. 

(2012), where Se accumulation in Ulva sp. resulted in a slight increase in the 

sulphate content. Such shifts could be due to synergistic or antagonistic interactions 

between ions and molecules in the complex seawater medium, that contains a range 

of different components capable of fostering and hindering the accumulation of 

elements in seaweed (Hurd et al., 2014). Additionally, Se may have the capacity to 

effectively ‘detoxify’ other potentially toxic metals such as As, Cd and Hg in 

biological systems, due to the tendency for selenide bonds to form quickly through 

a displacement reaction, which may have contributed to the findings here (Ikemoto 

et al., 2004).  

Lastly, these results showed that the MW distribution of these elements differed 

somewhat by species. This is in line with Shah et al. (2005) where for iodine, MW 

distributions in wakame (Undaria pinnatifida) and kombu (Laminaria digitata) 

showed that iodine was present in both high and low MW regions in wakame, but 

only in low MW regions for kombu. This expected species variation is again a result 

of differences in the physiology of individual seaweeds as well as their ecological 

habitat (i.e., mid, upper or lower littoral zone). This latter factor; often determines a 

range of environmental parameters such as temperature, nutrients, salinity and 

lights; and consequently, may influence the chemical constituents in seaweed 

(Stengel et al., 2011; Hurd et al., 2014). This results in differences in the type of 

biomolecules present and the type of interactions that may occur between those 

biomolecules and any elements taken up by individual seaweed species. 
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6.4 Conclusion  

In this chapter, changes to the lipidome and soluble protein profiles of P. palmata 

and S. latissima as a result of exposure to Se were investigated. To the best of our 

knowledge, this is the first study to examine changes in seaweed chemical profiles 

in response to Se exposure. Our results, using untargeted lipidomic profiling and 

SEC protein characterisation showed that changes in the lipidome and protein 

profiles occurred upon exposure to Se – and that this change varied with the 

seaweed species used and the speciation of Se. It is recognised that seaweeds can 

alter their chemical profile as a result of environmental stressors and this study 

demonstrated that there is some linkage between Se exposure and metabolite (in 

this case lipid and protein) changes in seaweeds. Additionally, our results show that 

Se was accumulated in Se treated seaweeds and that Se uptake did not show any 

marked effect on the bulk quantity of the total soluble protein. However, HPSEC-

ICPMS showed that changes in the intensity and profile of MW fractions occurred 

due to Se exposure. Additionally, the accumulated Se in seaweed is not only 

incorporated into the low MW compounds (more aligned with smaller 

molecules/inorganic phases) but also mid and high molecular weight compounds 

(more aligned with proteins and other complex organic fractions). Also, seaweed 

protein extracts contained considerable levels of other essential elements (like 

manganese, iron, magnesium, copper, sulphur, phosphorus, calcium and zinc), that 

may also be present in high and low MW regions, and Se uptake may have 

influenced the intensity of some of these components.   

We have shown that it is possible to enrich seaweed with Se to produce a food 

product that has the potential to boost Se intake in the human diet. Additionally, by 

enriching seaweed with Se, the biosynthesis of valuable chemicals could potentially 

be manipulated for added benefit and could be a potential route to develop 

functional foods (or a food ingredient) rich in Se containing proteins. This work 

provides only very initial insights into the chemical profile changes in seaweed as a 

response to changes in the level of a trace element (in this case, Se ions) and could 

potentially (with more work) lead to the production of products with enhanced 

functional food properties. Further work is now needed to determine the exact level 

of Se in each MW range – as well as to fully characterise individual proteins and 
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lipids. However, the results presented could serve as a starting point in terms of 

developing functional foods from seaweed enriched with Se and Se-rich organic 

compounds with potential health benefits. 
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Chapter 7: Concluding chapter 

7.1 Study overview   

The primary aim of this study was to explore seaweed as a possible solution (at 

least in part) to global food insecurity by demonstrating how seaweed can be further 

utilised as a value-added product for the food and drink sector. Having extensively 

reviewed the literature (Chapter 1), this thesis focused on addressing several 

knowledge gaps. First, the impact of drying (an essential processing technique) 

(Chapter 3) and variations by species, sampling time and site (Chapter 4) on the 

chemical constituents (with nutritional and antioxidant potential) in seaweeds, were 

determined. The possibility of manipulating the chemical profiles of seaweed – 

specifically to develop a product that could help improve the levels of Se intakes in 

the human diet and increase bioactivity, was then explored. This was undertaken by 

exposing seaweed, post-harvest to excess inorganic Se. The (a) bioaccumulation 

and biotransformation of Se (Chapter 5), (b) changes in lipids and soluble protein 

(Chapter 6) profiles of two seaweed species were determined – in order to promote 

a potential route for functional food development. In considering these various 

aspects in this thesis, improvements in seaweed harvesting, processing and 

exploitation (as a functional food) may be possible in the future.  

7.1.1 Chemical constituents of edible seaweeds  

A number of studies have reported the presence of nutritionally beneficial chemicals 

in seaweeds from specific regions, and these have been particularly advantageous 

in increasing the use and/or consideration of seaweeds in diets in those regions. 

This results from an increase in awareness of the nutritional and bioactivity benefits 

associated with seaweed consumption (Hayes, 2015). However, not enough focus 

has been directed towards fully understanding variations in so-called ‘nutritional and 

bioactive chemical constituents’, especially variations due to processing 

procedures, differences in species, harvesting location and season/time.  

In Chapter 3, the effect of different drying treatments on the lipid, fatty acid, protein 

and amino acid content (along with antioxidant properties) of some edible brown 

seaweeds (F. serratus, F. spiralis, H. siliquosa, L. digitata and P. canaliculata) were 
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determined. Drying is an expensive and time-consuming process, but vital for 

reducing moisture, increasing shelf-life and in some cases easing the extraction of 

valuable chemicals from seaweeds. However, drying can influence the chemical 

constituents present in seaweed and their bioactivity. The drying treatments tested 

in this work included freeze-drying, oven-drying (at 40 or 60 °C) and, for the first 

time, ‘microwave drying’ – a rapid drying treatment (at 385, 540 or 700 W). Results 

showed that drying treatments affected the chemical constituents of the final 

products with the depletion of some particularly evident when high temperatures 

were used. Additionally, our findings showed that low temperature drying along with 

short drying times were more suitable as most of the chemical constituents 

determined were better retained. However, the influence of drying treatment 

appears to be somewhat species specific and varies with the chemical constituent 

in question. For instance, microwave drying did not show a marked impact on lipid 

content in seaweed, while the total flavonoid content reduced. On the other hand, 

oven drying at low temperature did not impact the total phenolic content of both F. 

serratus and F. spiralis but was reduced for H. siliquosa. Overall, the results suggest 

that it is important to carefully optimise drying treatments for individual seaweed 

species and the chemical constituents and bioactivity of interest. 

In Chapter 4, the variations (based on species, sampling month and site) in lipid, 

fatty acids, elemental composition and antioxidant properties of wild-harvested 

intertidal seaweeds collected from different sites in Caithness (North Scotland) were 

assessed. The aim was to determine the nutritional potential of seaweeds found in 

the region and establish suitable sampling protocols that favour a product with 

consistently high levels of beneficial chemical constituents and bioactivity. This 

chapter was motivated by the opportunity to screen various batches of seaweeds 

harvested, processed and stored by New Wave Foods Ltd., a start-up company who 

have recently developed conventional food products containing seaweeds. The 

seaweeds evaluated were A. esculenta, H. elongata, L. digitata, P. palmata, P. 

canaliculata, F. spiralis, F. serratus and F. vesiculosus which were sampled at seven 

different locations around Caithness, between March 2016 and July 2017. The 

results obtained showed that seaweeds sampled around Caithness contained levels 

of chemical constituents and bioactivity comparable to levels reported for seaweeds 

in other regions (with established applications in the food and drink sector) 
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suggesting that they are suitable for functional food development. Additionally, the 

chemical constituents and antioxidant properties of the products varied between 

seaweed species and, to some degree, due to differences in the sampling month 

and site (especially in the case of F. serratus). For example, a greater antioxidant 

potential was found for Fucaceae compared to P. palmata, indicating that if the aim 

is to develop a final product with strong antioxidant activity, this could be more easily 

met by focusing efforts on Fucaceae rather than P. palmata. On the other hand, if 

saturated fatty acids were the compounds of interest, then P. palmata would be a 

good choice as a food or for incorporation into a food product. The information 

generated here provides an insight into the harvesting strategy required to 

effectively exploit local seaweed species for their chemical constituents. 

7.1.2 Selenium enrichment of seaweed  

Selenium remains one of the limiting essential nutrients in the human diet, and 

evidence suggests that this is (in part) due to naturally low soil Se levels in certain 

parts of the world as a result of climate change (Jones et al., 2017), which then 

results in limited Se levels in terrestrial plants. Further, as nutritionally diverse as 

seaweeds are, seaweeds also generally contain very low levels of Se. However, 

seaweeds have the capacity to quickly accumulate minerals (like Se) from seawater, 

if these are made available, and potentially transform this Se into organic- 

bioavailable forms. To date, this accumulation capacity has only really been 

exploited (to date) for bioremediation, biomonitoring, bioindication, etc.  (Hurd et al., 

2014), and not for the production of value added food products. Here, the mineral 

accumulation potential of seaweed is explored for nutritional benefit. We 

hypothesised that, due to the very trace levels of Se in seaweed, along with their 

mineral accumulation capacity, that they could be enriched with inorganic Se and 

that this approach could be used to produce a product that easily allows the required 

recommended nutrient intake (RNI) for Se to be achieved (if the seaweed is then 

incorporated into conventional foods). Selenium was the focus of this study, as it is 

one of the essential elements limited in the human diets, but it is also highly relevant 

for antioxidant enzyme activity and thus could play a role in preventing cancer and 

other serious ailments (Finley, 2006).  
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In Chapter 5, two wild-harvested seaweeds (Saccharina latissima and Palmaria 

palmata) were incubated with filtered natural seawater containing known 

concentrations of Se (0−200 mg/L) as either selenate (Se VI) or selenite (Se IV) 

(while controlling temperature, humidity, light:dark cycle, water aeration and 

motion), for either 1, 3 or 5 days. The Se content of the seaweed thalli and a cationic 

fraction of the enzyme hydrolysate extract of the seaweed were evaluated to 

determine if bioaccumulation and biotransformation occurred. Results showed that 

significant amounts of Se were accumulated in these seaweeds, which was shown 

to be dependent on the Se concentration in the seawater, Se form (either selenite 

or selenite), duration of exposure and the seaweed species used. More Se was 

taken up by S. latissima than P. palmata (on a dry weight basis). Se accumulation 

resulted in a seaweed product that was higher in Se than many conventional foods, 

and if it were incorporated into a food product (such as a beverage, salad, dairy, 

confectionery or bakery product), human consumption would allow individuals to 

attain their necessary dietary intake of Se. 

The presence of organic Se, in the seaweed, was explored by hydrolysing the Se-

enriched seaweeds with a protease XIV enzyme (capable of hydrolysing the amino 

acids present, because Se is presumed to be incorporated into amino acids) and 

the hydrolysate was then separated using a strong cation exchanger, which 

separates cations (such as amino acids that can produce an amine ion (cation) in a 

neutral or acidic medium) in an extract. The total Se content of the SPE eluates was 

then determined using ICP-OES. Results showed that some of the Se accumulated 

were likely biotransformed into an organic form of Se. However, as the method used 

selects for cationic species in the protease extract, we could not rule out the 

presence of other organoselenium compounds. 

Overall, we showed that seaweed could be easily enriched with Se, and that 

enrichment depends on the Se form, concentration, exposure duration and seaweed 

species. Also, exposing seaweed to Se could be a way to develop seaweed 

products that can help individuals attain their RNI for Se.  
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7.1.3 Impact of Se enrichment on seaweed  

The exposure of seaweed to increased concentrations of minerals (i.e., Se) will likely 

modify their metabolism and as a result their chemical profile, because their 

biochemistry responds (to acclimatise, adapt and/or survive) to these changes (Rai 

and Gaur, 2001; Stengel et al., 2011; Obata and Fernie, 2012; Schmid et al., 2017b; 

Borowitzka, 2018). Such response mechanisms, especially metabolic modifications, 

could enhance the accumulation or biosynthesis of certain metabolites with known 

health benefits – and thus, could provide a route for developing functional foods with 

significant health benefits (Rai and Gaur, 2001; Obata and Fernie, 2012). The main 

hypothesis here was that Se exposure and accumulation by seaweeds may change 

its chemical profile. 

To further understand the impact of Se exposure and uptake on seaweed, Chapter 
6 focused on determining the effect of Se accumulation on lipidome and protein 

profiles, which to the best of our knowledge, is the first study of this sort on 

seaweeds.  

The lipid content in S. latissima and P. palmata exposed to varying concentrations 

of Se (as either selenate or selenite) were extracted using the Bligh and Dyer 

method and the lipidome profiled using reverse-phase chromatography HPLC 

coupled with a high resolution (Exactive hybrid quadrupole-orbitrap) mass 

spectrometry. Signals corresponding to a total of 9092 unique lipidomes (in both 

negative and positive ionisation modes) belonging to 22 different lipid classes, with 

some remaining unclassified (based on LIPID MAPS), were present in the 

seaweeds. For both seaweed species, the total intensity of the lipidome in seaweed 

samples exposed to Se was different from that of the controls. Dissimilarity in the 

total intensities of the lipid classes also occurred when using different forms of Se 

(selenite or selenate). Principal component analysis (PCA), restricted to lipidome 

masses with the highest intensity, showed that the lipid profiles differed as a result 

of Se speciation (either selenate or selenite) and concentration in the medium. 

Further exploration (of the lipidome) showed that some of the lipids affected were 

polar lipids, that have been shown to have certain health benefits (Maciel et al., 

2016; Rey et al., 2019). It was clear that Se accumulation resulted in changes in 

lipid profiles of the seaweeds studied, and if seaweed enriched with Se is 
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incorporated into the human diet, this may provide enhanced health benefits 

associated with the intake of certain polar lipids.  

Additionally, in Chapter 6, the effect of Se accumulation on protein profiles in 

seaweed was studied. Se-enriched seaweed (ground in liquid nitrogen) was 

extracted with TRIS-HCl buffer. The total protein in the extract was determined using 

the Bradford assay and protein profiles were examined using size exclusion liquid 

chromatography (HPSEC) − that separates compounds based on their molecular 

weight/size, coupled with inductively coupled plasma mass spectrometry (ICPMS) 

− which simultaneously detected selenium (and magnesium, phosphorus, sulphur, 

calcium, manganese, iron, copper and zinc) containing compounds in the eluate. It 

was again clear that Se was accumulated in seaweeds and that the seaweed 

contained soluble protein, but no marked changes in total bulk protein occurred as 

a result of Se uptake. There was a clear separation of Se-containing fractions using 

size exclusion chromatography, with both low and high molecular weight Se 

containing compounds being present; and, there were apparent differences 

between the Se-enriched and control samples. For both seaweed species, the 

ICPMS and UV profiles varied with the form of Se used (i.e., selenite vs selenate) 

for enrichment, with higher Se intensities visible (in the ICPMS chromatograms) for 

selenite enriched samples (compared to the selenate enriched samples), which also 

correlated with the total Se content accumulated. These results again indicated that, 

at least some of the Se accumulated in seaweeds had been biotransformed into 

organic Se. Organic Se compounds are associated with antioxidant activity, and if 

these are then incorporated into the human diet, they may result in enhanced 

antioxidant enzyme activity in the human body. Additionally, our results showed that 

other essential elements (such as phosphorus, sulphur, calcium, iron, magnesium, 

manganese, copper and zinc) were associated with high molecular weight 

compounds in seaweed, and some were potentially impacted by Se uptake, which 

may again influence the concentration of some of these compounds.   

Overall, we have shown that it is possible to enrich seaweed with Se to produce a 

product that has the potential to help achieve the required levels of Se in human 

diets. Also, we have shown that enriching seaweed with Se could be a way to 
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manipulate the metabolites present in seaweed, to produce products that could be 

useful in developing functional foods.  

7.1.4 Conclusion   

Finally, this study has been able to achieve its main aim, which was to show that 

seaweed could be a product to which value can be added if it is exploited by the 

food and drink sector. Here, the presence of nutritionally important chemicals in 

seaweeds has been demonstrated. Also, the effect of various drying procedures 

(including microwave drying) on nutritionally important chemical constituents in 

seaweed has been shown. Likewise, the natural variation of these chemicals 

between species (and to a lesser extent due to sampling time and location) were 

determined. Additionally, with the development of functional food in mind, the 

development of a product which may help attain the required dietary intake of Se for 

humans, as well as enhancing the key constituents and thus the therapeutic function 

of seaweed, was explored, and certainly seemed viable. 

 

7.2 Study limitations 

There were a number of factors which were limited in the work carried out here. 

These included access to samples and the wide range of analytical instrumentation 

required for this project. 

1. In Chapter 3, only three primary drying techniques were studied. There are other 

options for drying seaweed, including air and sun drying. Also, freeze-drying was 

used as the baseline for comparison with other procedures rather than using 

fresh samples; which was due to the lack of a suitable wet sample processing 

method, such as grinding samples in liquid nitrogen.  

 

2. More than 200 different seaweed species have been described from the general 

area (Caithness, North Scotland) used in this study (Mutton, 2012). This study 

was therefore limited to only a few of these seaweed species (<5 %), with the 

majority being brown seaweeds. Just one red seaweed and no green seaweeds 

were studied. This is a reflection of the relatively large amount of biomass 
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required to carry out the chemical analysis, which for the most part could not be 

easily harvested in the case of green and red seaweed species. Additionally, the 

study largely focused on seaweeds already identified as being suitable for 

human consumption, based on their EFSA listing and commercial viability, as 

determined by our study partner (New Wave Food Ltd). Most of the samples 

involved in the spatial and temporal studies here were acquired directly from 

New Wave Food Ltd. Stock/harvest material. Also, the sampling strategy 

employed (by New Wave) was by necessity, designed purely for commercial 

purposes and this approach made it challenging to fully answer questions 

regarding temporal and spatial variation in chemical constituents for all the 

seaweed species studied (with the exception of F. serratus). Thus, identifying 

‘ideal’ sampling protocols (in terms of getting the required number of replicates 

from each harvest site and sampling time) that would favour consistently high 

levels of chemical constituents (and thus strong antioxidant activity, for example) 

was not possible. 

 

3. As the main focus of the study was the use of seaweed for food (Chapter 3 and 
4), only nutritionally important chemical constituents such as lipids and fatty 

acids, amino acids and protein, elements and antioxidant components were 

characterised, while other chemical constituents such as secondary metabolites 

and polysaccharides were largely ignored. Also, of all the health claims linked 

with seaweeds, this study was largely limited to antioxidant properties, while 

other biological activities such as antifungal, antibacterial, antimicrobial and 

anticancer were not determined. Even though total antioxidant content and 

activities were determined, the specific metabolites responsible for such 

activities were not characterised. 

 

4. While the effects of Se form, concentration and exposure duration on Se 

accumulation in seaweed was determined (Chapter 5), the impact of other 

factors such as the presence of other minerals (in seawater), and changes in 

temperature, water aeration and motion, etc., were not considered. 
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5. Lastly, the lipidome profiling and protein size exclusion (Chapter 6) analysis 

were undertaken in external laboratories that were only able to offer very limited 

access to instrumentation. This limited access hindered data collection and 

some of the questions we intended to answer were not fully addressed. For 

instance, in the case of the lipidomic analysis, only a limited number of analytical 

and biological replicates could be analysed, and no standards were analysed, 

even though this is crucial to determine the precision and accuracy of 

experiments. For the protein profiles, using size exclusion chromatography and 

ICPMS, calibration using a range of proteins (of different specific masses) would 

have allowed a better estimation of the molecular weights of the separated 

peaks; whilst instead, calibrations from similar studies were used. 

 

7.3 Future work 

On the basis of the limitations outlined above, it is apparent that far more work could 

still/needs to be done in this area.  

1. Scotland has a coastline of >13,000 km in length, the majority of which have 

conditions suitable for seaweed growth. Future studies should consider 

screening more seaweed species, especially those not considered here. 

Additionally, the chemical diversity of British algae, and the temporal and spatial 

variations in their chemistry, have not been sufficiently characterised. A 

comprehensive survey that compares chemical constituents in seaweeds 

sampled around Scotland and the UK could be helpful in the identification of 

seaweeds to which value can be added and from which functional foods can be 

developed. Also, the evaluation of potential biological activity was limited to 

determining antioxidant potential in extracts. Other bioactivities, such as 

antiviral, antimicrobial, antitumor, antihypertension, etc., associated with extracts 

or consuming seaweed should also be determined  

 

2. While the work presented here focused on exploiting the potential of seaweed to 

bioaccumulate Se, there is still the need to explore this phenomenon using other 

essential elements (such as iron, copper, zinc, etc.) that are also sometimes 
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limited in certain human diets. Additionally, both the accumulation of Se and the 

effect of Se uptake on seaweed is known to be influenced by the presence of 

other elements. For instance, the presence of sulphur was found to influence Se 

accumulation and the antioxidant enzyme activity of the seaweed (Schiavon et 

al., 2015). Hence, the effect of the presence of other elements (in a culture 

medium) on Se accumulation in seaweed should be explored. 

 

 

3. Finally, while this study showed that monitoring complex chemical constituents 

(such as proteins and lipids) was promising in determining the impact of Se 

bioaccumulation in seaweeds – far more information could yet be gained by 

employing full metabolomic profiling techniques. The work undertaken here is 

acknowledged to be a ‘first step’ only – and far more work is now needed to 

understand (in much finer detail) the benefits of the approach suggested here 

(i.e., to enhance Se in seaweed and thus its functionality). Additionally, as the 

presence of Se was confirmed here in soluble protein fractions of seaweed 

(separated on SEC column), it would be beneficial to isolate and characterise 

these individual compounds using high-resolution mass spectrometry (and/or 

other techniques). Also, determining the biological function (e.g., antioxidant 

enzyme activity) of these separated fractions using in vivo and in vitro studies 

may be beneficial in supporting specific health claims going forward.
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Appendices  

Table 3.A.1: The p and F values and the degree of freedom (DF) from the one way 

ANOVA experiment to identify any existing variations within the drying treatments 

of each species in the TAC, RSA, TFC, TPC, lipid and protein contents of F. 

serratus, F. spiralis, H. siliquosa, L. digitata and P. canaliculata subjected to freeze-

drying (FD), oven-drying at 40 °C (OV40) and 60 °C (OV60), microwave drying at 

385 W (M385), 540 W (M540) and 700 W (M700). 

 Species F. serratus F. spiralis H. siliquosa L. digitata P. canaliculata 

TAC F-value 19.25 56.54 49.58 2.29 28.75 

 P-value <0.001 <0.001 <0.001 0.112 <0.001 

 DF 17 17 17 17 17 

RSA F-value 522.65 1272.72 76.81 1.92 960.80 

 P-value <0.001 <0.001 <0.001 0.164 <0.001 

 DF 17 17 17 17 17 

TFC F-value 19.8 13.89 5.22 2.6 55.44 

 P-value <0.001 <0.001 0.009 0.081 <0.001 

 DF 17 17 17 17 17 

TPC F-value 173.87 119.69 76.54 5.65 165.54 

 P-value <0.001 <0.001 <0.001 0.008 <0.001 

 DF 17 17 17 17 17 

Protein F-value 10.25 9.18 13.03 0.39 26 

 P-value 0.001 0.001 <0.001 0.843 <0.001 

 DF 17 17 17 17 17 

Lipid F-value 5.06 3.77 4.72 3.3 60.64 

 P-value 0.010 0.028 0.013 0.042 <0.001 

 DF 17 17 17 17 17 
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Table 3.A.2: The amino acid content (mg/g DW) of F. serratus, F. spiralis, H. 

siliquosa, L. digitata and P. canaliculata subjected to freeze-drying (FD), oven-

drying at 40 °C (OV40) and 60 °C (OV60) and microwave drying at 385 W (M385), 

540 W (M540) and 700 W (M700). All data points are means of triplicate analyses 

(independent analytical replicates), and ± shows the standard deviation. Bars with 

different letters are significantly different (p ≤ 0.05). The ANOVA P and F values to 

show similarities or differences.  

Fucus serratus mg/g DW 

Amino acid OV40 OV60 M385 M540 M700 FD p value F value 

Asp 0.66 ±0.10 0.65 ±0.11 0.75 ±0.04 0.72 ±0.05 0.62 ±0.15 0.66 ±0.18 0.776 0.49 

Glu 0.41ab ±0.00 0.19b ±0.05 0.43a ±0.02 0.49a ±0.09 0.29ab ±0.03 0.52a ±0.15 0.007 6.23 

Ser 0.06a ±0.01 0.02b ±0.01 0.02b ±0.00 0.01b ±0.00 0.01b ±0.00 0.01b ±0.00 0.001 13.87 

His 0.06a ±0.01 0.04b ±0.00 0.04b ±0.01 0.03b ±0.00 0.03 ±0.00 0.03b ±0.01 0.002 8.62 

Gly 0.50a ±0.28 0.11ab ±0.00 0.00b ±0.00 0.04b ±0.01 0.04b ±0.00 0.04b ±0.02 0.018 6.01 

Thr 0.15ab ±0.02 0.16a ±0.01 0.09c ±0.03 0.08c ±0.00 0.09bc ±0.00 0.06c ±0.02 0.001 13.02 

Arg 0.17ab ±0.01 0.19a ±0.01 0.09c ±0.00 0.09c ±0.01 0.09c ±0.01 0.16b ±0.01 <0.001 96.13 

Ala 0.16a ±0.01 0.14ab ±0.02 0.10b ±0.01 0.10b ±0.01 0.11b ±0.01 0.11b ±0.01 0.006 7.08 

Tyr 0.78a ±0.35 0.36b ±0.10 0.20b ±0.02 0.22b ±0.01 0.25b ±0.00 0.25b ±0.03 0.004 7.36 

Met 0.02b ±0.00 0.01b ±0.00 0.00b ±0.00 0.01b ±0.00 0.00b ±0.00 0.11a ±0.03 <0.001 30.16 

Val 0.39a ±0.14 0.16b ±0.01 0.14bc ±0.01 0.20b ±0.03 0.00c ±0.00 0.09bc ±0.02 <0.001 18.00 

Phe 0.07b ±0.02 0.13a ±0.01 0.10ab ±0.03 0.14a ±0.01 0.00c ±0.00 0.12ab ±0.02 <0.001 26.26 

Iso 0.40a ±0.11 0.20bc ±0.02 0.18c ±0.04 0.34ab ±0.06 0.26abc 
±0.02 

0.25abc 
±0.01 0.009 6.33 

Leu 0.34a ±0.12 0.20ab ±0.04 0.09bc ±0.01 0.16b ±0.00 0.00c ±0.00 0.09bc ±0.01 <0.001 15.96 

Lys 0.18a ±0.13 0.08ab ±0.01 0.07ab ±0.01 0.00b ±0.00 0.00b ±0.00 0.06b ±0.00 0.004 6.95 

TOTAL AA 2.94±1.28 2.48±0.2 2.29±0.1 2.57±0.11 1.4±0.5 2.3±0.64 0.149 2.01 

EAA 1.06a ±0.53 0.89ab ±0.12 0.64ab ±0.11 0.87ab ±0.01 0.23b ±0.2 0.57ab ±0.32 0.036 3.48 

NEAA 1.88±1.05 1.59±0.2 1.66±0.03 1.7±0.11 1.17±0.31 1.73±0.33 0.590 0.77 

EAA/NEAA 0.75±0.66 0.57±0.13 0.38±0.07 0.52±0.04 0.17±0.15 0.32±0.14 0.257 1.51 

Fucus spiralis mg/g DW 

Amino acid OV40 OV60 M385 M540 M700 FD p value F value 

Asp 0.91ab ±0.09 1.10a ±0.06 0.96ab ±0.07 0.97ab ±0.06 0.74b ±0.04 0.84b ±0.08 0.010 5.32 

Glu 0.51a ±0.01 0.41b ±0.02 0.40b ±0.04 0.44ab ±0.04 0.48ab ±0.00 0.42b ±0.02 0.009 5.56 

Ser 0.34a ±0.01 0.05b ±0.01 0.03c ±0.00 0.03c ±0.01 0.04c ±0.01 0.04bc ±0.01 <0.001 571.64 

His 0.02b ±0.00 0.06a ±0.02 0.03b ±0.01 0.03b ±0.00 0.02b ±0.00 0.09a ±0.00 0.001 25.45 

Gly 0.16b ±0.01 0.02b ±0.00 0.82a ±0.06 0.82a ±0.02 0.80a ±0.06 0.74a ±0.11 <0.001 85.28 

Thr 0.86a ±0.07 0.85b ±0.28 0.26c ±0.02 0.23c ±0.03 0.16c ±0.01 0.18c ±0.01 <0.001 157.48 

Arg 0.33a ±0.14 0.06b ±0.01 0.26a ±0.01 0.23a ±0.01 0.22a ±0.00 0.22a ±0.01 0.001 10.83 

Ala 0.08a ±0.05 0.04b ±0.00 0.19a ±0.01 0.17a ±0.00 0.17a ±0.01 0.16a ±0.01 <0.001 42.75 

Tyr 1.30a ±0.02 1.17a ±0.20 0.47b ±0.02 0.45b ±0.04 0.46b ±0.04 0.43b ±0.03 <0.001 51.56 

Met 0.14a ±0.02 0.16a ±0.02 0.10ab ±0.02 0.09ab ±0.02 0.06b ±0.00 0.09ab ±0.03 0.009 6.33 

Val 0.54a ±0.08 0.38b ±0.07 0.35b ±0.04 0.33b ±0.02 0.32b ±0.03 0.24b ±0.04 0.002 7.76 

Phe 0.32a ±0.04 0.10c ±0.01 0.24b ±0.01 0.22b ±0.01 0.19b ±0.04 0.06c ±0.02 <0.001 60.20 

Iso 1.00a ±0.15 0.75ab ±0.05 0.84ab ±0.08 0.84ab ±0.01 0.70b ±0.07 0.71b ±0.08 0.012 5.29 

Leu 0.47a ±0.15 0.46a ±0.03 0.10b ±0.02 0.10b ±0.03 0.08b ±0.01 0.07b ±0.02 0.005 21.53 

Lys 0.15a ±0.06 0.09ab ±0.02 0.06b ±0.01 0.05b ±0.00 0.03b ±0.00 0.03b ±0.01 0.005 8.08 

TOTAL AA 5.41±1.08 5.35±1.45 5.12±0.27 4.51±0.71 3.95±0.31 4.25±0.05 0.204 1.72 

EAA 2.98a ±0.77 2.47ab ±1.1 1.99ab ±0.14 1.43ab ±0.69 0.99b ±0.38 1.36ab ±0.05 0.019 4.20 

NEAA 2.43±0.46 2.87±0.36 3.13±0.15 3.07±0.02 2.95±0.16 2.9±0.05 0.066 2.82 

EAA/NEAA 1.24a±0.31 0.84ab ±0.3 0.64b ±0.03 0.46b ±0.22 0.34b ±0.14 0.47b ±0.02 0.002 7.48 

Halidrys siliquosa mg/g DW 

Amino acid OV40 OV60 M385 M540 M700 FD p value F value 

Asp 0.35 ±0.04 0.31 ±0.12 0.10 ±0.09 0.39 ±0.00 0.25 ±0.02 0.24 ±0.01 0.180 2.02 

Glu 0.13b ±0.04 0.24a ±0.06 0.06b ±0.00 0.13b ±0.02 0.07b ±0.01 0.05b ±0.00 0.002 11.08 
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Ser 0.02ab ±0.01 0.02ab ±0.01 0.01ab ±0.00 0.00b ±0.00 0.00b ±0.00 0.03a ±0.00 0.003 9.46 

His 0.03ab ±0.00 0.04a ±0.00 0.03b ±0.00 0.01c ±0.00 0.03ab ±0.01 0.03b ±0.00 <0.001 16.87 

Gly 0.40a ±0.02 0.01bc ±0.01 0.00c ±0.00 0.07bc ±0.04 0.10b ±0.02 0.02bc ±0.00 <0.001 93.25 

Thr 0.11ab ±0.01 0.04b ±0.04 0.07b ±0.00 0.16a ±0.02 0.14a ±0.00 0.06b ±0.01 0.002 16.87 

Arg 0.19a ±0.00 0.09bc ±0.00 0.15ab ±0.03 0.13bc ±0.02 0.12bc ±0.00 0.08c ±0.02 0.003 13.47 

Ala 0.13 ±0.03 0.09 ±0.01 0.13 ±0.04 0.10 ±0.02 0.12 ±0.00 0.12 ±0.01 0.381 1.25 

Tyr 0.39a ±0.11 0.27ab ±0.01 0.16b ±0.00 0.24ab ±0.06 0.23ab ±0.03 0.16ab ±0.02 0.04 4.20 

Met 0.08a ±0.00 0.07ab ±0.01 0.05bc ±0.01 0.00d ±0.00 0.05bc ±0.01 0.02cd ±0.01 <0.001 28.88 

Val 0.12abc 
±0.01 0.14ab ±0.04 0.07bc ±0.04 0.21a ±0.03 0.11abc 

±0.00 0.03c ±0.01 0.004 8.91 

Phe 0.15ab ±0.01 0.13abc 
±0.01 0.11bc ±0.01 0.16a ±0.02 0.14abc 

±0.00 0.09c ±0.03 0.008 7.26 

Iso 0.34 ±0.06 0.34 ±0.00 0.36 ±0.12 0.33 ±0.05 0.31 ±0.01 0.23 ±0.05 0.069 3.23 

Leu 0.18a ±0.03 0.17ab ±0.04 0.00b ±0.00 0.16ab ±0.06 0.23a ±0.02 0.11ab ±0.01 0.021 4.75 

Lys 0.01a ±0.00 0.00bc ±0.00 0.00bc ±0.00 0.00c ±0.00 0.00b ±0.00 0.00ab ±0.00 <0.001 18.17 

TOTAL AA 2.25a ±0.77 1.69ab ±0.33 0.85b ±0.26 1.51ab ±0.73 1.29ab ±1.06 0.86ab ±0.27 0.034 3.66 

EAA 0.81±0.24 0.86±0.03 0.33±0.23 0.79±0.34 0.65±0.57 0.37±0.11 0.016 4.66 

NEAA 1.44a  ±0.55 0.83ab ±0.35 0.51ab ±0.03 0.72ab ±0.4 0.63ab ±0.49 0.49b ±0.19 0.051 3.18 

EAA/NEAA 0.58±0.1 1.17±0.5 0.64±0.4 1.17±0.2 0.72±0.62 0.82±0.3 0.148 2.06 

Laminaria digitata mg/g DW 

Amino acid OV40 OV60 M385 M540 M700 FD p value F value 

Asp 1.20ab ±0.09 1.47ab ±0.14 1.45a ±0.14 1.03ab ±0.05 1.21ab ±0.15 1.07b ±0.16 0.018 5.00 

Glu 0.65 ±0.17 0.56 ±0.15 0.45 ±0.03 0.41 ±0.01 0.72 ±0.26 0.44 ±0.06 0.275 1.60 

Ser 0.03 ±0.00 0.04 ±0.00 0.03 ±0.00 0.02 ±0.00 0.04 ±0.02 0.03 ±0.01 0.535 0.88 

His 0.12a ±0.02 0.09a ±0.01 0.09a ±0.02 0.10a ±0.01 0.04b ±0.00 0.04b ±0.00 <0.001 16.73 

Gly 1.01a ±0.27 0.39b ±0.11 0.25b ±0.05 0.22b ±0.03 0.24b ±0.10 0.12b ±0.02 <0.001 18.08 

Thr 0.16 ±0.01 0.09 ±0.03 0.11 ±0.01 0.11 ±0.02 0.13 ±0.10 0.13 ±0.01 0.499 0.95 

Arg 0.09 ±0.01 0.06 ±0.06 0.13 ±0.02 0.13 ±0.02 0.20 ±0.11 0.09 ±0.02 0.134 2.28 

Ala 0.03c ±0.00 0.19b ±0.02 0.21b ±0.04 0.18b ±0.01 0.15b ±0.04 0.31a ±0.02 <0.001 24.68 

Tyr 1.27a ±0.36 0.56b ±0.00 0.15b ±0.04 0.16b ±0.01 0.12b ±0.05 0.18b ±0.02 <0.001 19.75 

Met 0.02b ±0.01 0.01b ±0.01 0.01b ±0.00 0.17a ±0.01 0.25a ±0.07 0.01b ±0.00 <0.001 31.87 

Val 0.29a ±0.08 0.22ab ±0.06 0.27a ±0.02 0.16ab ±0.04 0.20ab ±0.01 0.09b ±0.03 0.012 5.77 

Phe 0.07ab ±0.03 0.05ab ±0.02 0.11a ±0.03 0.11a ±0.03 0.11a ±0.02 0.01b ±0.00 0.014 6.55 

Iso 0.24 ±0.04 0.15 ±0.02 0.29 ±0.00 0.10 ±0.01 0.16 ±0.07 0.09 ±0.00 0.118 2.25 

Leu 0.40a ±0.01 0.16bc ±0.05 0.07c ±0.04 0.29ab ±0.04 0.17bc ±0.07 0.20bc ±0.04 0.001 14.97 

Lys 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.00 ±0.00 0.145 2.07 

TOTAL AA 5.33±1.32 2.77±1.65 2.92±0.61 2.65±0.76 2.39±1.45 2.63±0.06 0.062 2.89 

EAA 0.93±0.48 0.46±0.34 0.52±0.33 0.89±0.24 0.67±0.44 0.48±0.1 0.410 1.10 

NEAA 4.40a ±0.85 2.31ab ±1.31 2.40ab ±0.46 1.76b ±0.83 1.71b ±1.34 2.15ab ±0.12 0.037 3.45 

EAA/NEAA 0.2±0.08 0.17±0.08 0.22±0.12 0.66±0.53 1.12±1.56 0.23±0.06 0.477 0.96 

Pelvetia canaliculata mg/g DW 

Amino acid OV40 OV60 M385 M540 M700 FD p value F value 

Asp 1.17 ±0.05 1.12 ±0.05 1.26 ±0.16 1.34 ±0.17 1.12 ±0.29 1.15 ±0.08 0.470 0.98 

Glu 0.55ab ±0.12 0.44ab ±0.11 0.31b ±0.02 0.45ab ±0.20 0.49a ±0.18 0.55ab ±0.01 0.036 4.58 

Ser 0.06ab ±0.02 0.04bc ±0.01 0.03c ±0.00 0.02c ±0.00 0.02c ±0.01 0.07a ±0.00 <0.001 17.43 

His 0.03b ±0.00 0.12a ±0.01 0.11a ±0.00 0.10a ±0.02 0.10a ±0.01 0.10a ±0.04 <0.001 13.40 

Gly 0.31 ±0.18 0.27 ±0.03 0.26 ±0.00 0.25 ±0.01 0.22 ±0.02 0.26 ±0.02 0.771 0.50 

Thr 0.87a ±0.16 0.46b ±0.04 0.39b ±0.00 0.35b ±0.01 0.35b ±0.03 0.17c ±0.02 <0.001 40.87 

Arg 0.32a ±0.01 0.12b ±0.00 0.11b ±0.00 0.11b ±0.00 0.17b ±0.05 0.30a ±0.00 <0.001 42.41 

Ala 0.29a ±0.01 0.29b ±0.01 0.26b ±0.01 0.25b ±0.01 0.28b ±0.01 0.29a ±0.01 0.001 8.70 

Tyr 1.50a ±0.21 0.69b ±0.04 0.60b ±0.01 0.57b ±0.02 0.60b ±0.03 0.64b ±0.02 <0.001 49.60 

Met 0.16a ±0.04 0.11b ±0.01 0.09b ±0.00 0.08b ±0.00 0.08b ±0.01 0.09b ±0.01 <0.001 12.40 

Val 0.63a ±0.02 0.57b ±0.01 0.48cd ±0.02 0.47d ±0.03 0.54b ±0.01 0.53bc ±0.02 <0.001 28.35 

Phe 0.43a ±0.01 0.40ab ±0.01 0.31d ±0.01 0.30d ±0.01 0.35c ±0.02 0.37cd ±0.02 <0.001 40.12 

Iso 1.33bcd 
±0.05 1.56a ±0.04 1.25cd ±0.05 1.16d ±0.08 1.47ab ±0.10 1.38abc 

±0.10 <0.001 11.28 

Leu 0.60a ±0.09 0.13b ±0.01 0.09b ±0.00 0.08b ±0.00 0.11b ±0.01 0.16b ±0.01 <0.001 82.54 

Lys 0.15a ±0.01 0.09b ±0.01 0.07c ±0.00 0.07c ±0.00 0.07c ±0.01 0.07c ±0.00 <0.001 79.12 

TOTAL AA 7.86a ±0.72 6.24b ±0.2 5.51b ±0.05 5.55b ±0.65 5.90b ±0.65 5.80b ±0.24 0.001 9.55 

EAA 3.84a ±0.44 3.32ab ±0.02 2.68a ±0.07 2.50c ±0.13 2.98bc ±0.13 2.79bc ±0.15 <0.001 16.98 

NEAA 2.92±0.19 2.83±0.03 3.04±0.56 2.92±0.75 3.01±0.38 2.92±0.19 0.059 2.93 

EAA/NEAA 1.14±0.07 0.95±0.03 0.84±0.15 1.08±0.36 0.94±0.16 1.14±0.07 0.424 1.07 
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Table 3.A.3: The fatty acid content (%TFA) of F. serratus, F. spiralis, H. siliquosa, 

L. digitata and P. canaliculata subjected to freeze-drying (FD), oven-drying at 40 °C 

(OV40) and 60 °C (OV60) and microwave drying at 385 W (M385), 540 W (M540) 

and 700 W (M700). All data points are means of triplicate analyses (independent 

analytical replicates), and ± shows the standard deviation. Bars with different letters 

are significantly different (p ≤ 0.05). The ANOVA P and F values to show similarities 

or differences. 

Fucus serratus (%TFA) 

FAME OV40 OV60 M385 M540 M700 FD p value F value 

C14:0 9.39bc ± 0.2 9.48abc ± 0.42 9.08c ± 0.13 9.94ab ± 0.04 10.05a ± 0.14 9.31c ± 0.17 0.001 8.97 

C16:0 16.85a ± 0.21 16.24abc ± 0.15 16.6ab ± 0.14 15.72c ± 0.07 15.94bc ± 0.21 16.67a ± 0.51 0.001 8.81 

C17:0 0.17 ± 0.01 0.17 ± 0.01 0.16 ± 0.01 0.17 ± 0.01 0.18 ± 0 0.16 ± 0.01 0.274 1.46 

C18:0 0.76a ± 0.08 0.70ab ± 0.1 0.58bc ± 0.02 0.52c ± 0.04 0.49c ± 0.06 0.55bc ± 0.04 0.001 8.57 

C19:0 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:0 0.22a ± 0.01 0.18b ± 0.01 0.15c ± 0.01 0.16bc ± 0.01 0.21a ± 0.01 0.14c ± 0.01 <0.001 39.16 

C30:0 0.06 ± 0.01 0.11 ± 0.05 0.07 ± 0 0.09 ± 0.03 0.14 ± 0.02 0.12 ± 0.04 0.041 3.32 

SFA 27.42a ± 0.21 26.88ab ± 0.32 26.62b ± 0.11 26.61b ± 0.08 27.00ab ± 0.4 26.96ab ± 0.43 0.046 3.20 

C14:1 0.07cd ± 0 0.08bc ± 0.01 0.06d ± 0 0.10ab ± 0.00 0.10a ± 0.00 0.08bc ± 0.01 <0.001 19.41 

C16:1 1.79 ± 0.03 1.82 ± 0.1 1.82 ± 0.04 1.85 ± 0.03 1.81 ± 0.02 1.87 ± 0.03 0.466 0.99 

C17:1 0.32d ± 0.01 0.36c ± 0.01 0.36c ± 0.01 0.42a ± 0.01 0.42ab ± 0.01 0.38bc ± 0.02 <0.001 25.63 

C18:1 32.16 ± 1.26 33.27 ± 0.66 29.42 ± 0.02 31.49 ± 0.38 33.93 ± 0.33 28.72 ± 0.52 0.167 1.91 

C19:1 0.06c ± 0.01 0.06bc ± 0.01 0.05c ± 0.01 0.08ab ± 0.01 0.08a ± 0.00 0.05c ± 0.01 <0.001 13.03 

C20:1 0.57a ± 0.01 0.50a ± 0.02 0.44ab ± 0.04 0.32b ± 0.15 0.40ab ± 0.04 0.43ab ± 0.01 0.010 5.04 

MUFA 34.96 ± 1.24 36.11 ± 0.68 32.35 ± 0.39 34.24 ± 0.27 36.74 ± 0.28 31.54 ± 0.48 0.161 1.94 

C18:2 n3 7.65bc ± 0.06 7.38de ± 0.03 7.55cd ± 0.04 7.94a ± 0.08 7.78ab ± 0.07 7.28e ± 0.10 <0.001 40.45 

C18:2 n6 n.d. n.d. n.d. n.d. n.d. n.d.   

C18:3 n3 0.13c ± 0.00 0.12c ± 0.03 0.13bc ± 0.01 0.21a ± 0.02 0.16bc ± 0.00 0.17ab ± 0.00 <0.001 16.47 

C18:3 n6 0.34a ± 0.01 0.31ab ± 0.01 0.34a ± 0.01 0.28c ± 0.02 0.29bc ± 0.00 0.34a ± 0.00 <0.001 19.73 

C18:4 n3 7.78b ± 0.4 7.72bc ± 0.44 8.81a ± 0.28 7.82b ± 0.15 7.00c ± 0.03 9.16a ± 0.16 <0.001 23.62 

C20:2 n6 0.40d ± 0.02 0.41cd ± 0.02 0.47bcd ± 0.04 0.64a ± 0.04 0.48bc ± 0.02 0.49b ± 0.01 <0.001 26.58 

C20:3 n3 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:3 n6 0.94 ± 0.18 0.92 ± 0.13 0.81 ± 0.18 0.84 ± 0.18 0.76 ± 0.01 0.72 ± 0.16 0.494 0.93 

C20:3 n9 0.01ab ± 0.00 0.00b ± 0.00 0.03ab ± 0 0.02ab ± 0 0.04a ± 0 0.04a ± 0.01 0.016 4.44 

C20:4 n6 11.28bc ± 0.17 10.77c ± 0.11 12.22a ± 0.29 11.61ab ± 0.26 11.07bc ± 0.05 11.96a ± 0.37 <0.001 16.52 

C20:5 n3 8.90cd ± 0.45 9.15cd ± 0.36 10.12b ± 0.29 9.51bc ± 0.24 8.50d ± 0.12 11.08a ± 0.27 <0.001 27.79 

C22:6 n3 0.20c ± 0.01 0.22bc ± 0.00 0.24abc ± 0.02 0.28a ± 0.02 0.20c ± 0.00 0.26ab ± 0.04 0.002 7.26 

PUFA 37.62cd ± 1.14 37.01d ± 0.99 40.73ab ± 1.01 39.15bc ± 0.22 36.26d ± 0.17 41.50a ± 0.21 <0.001 23.34 

n3 24.65cd ± 0.89 24.59cd ± 0.76 26.86ab ± 0.53 25.76bc ± 0.33 23.63d ± 0.1 27.95a ± 0.34 <0.001 24.74 

n6 12.96bcd ± 0.32 12.42d ± 0.27 13.85a ± 0.49 13.37abc ± 0.19 12.60cd ± 0.07 13.51ab ± 0.3 0.001 9.99 

n9 0.01ab ± 0.00 0.00b ± 0.00 0.03ab ± 0 0.02ab ± 0 0.04a ± 0 0.04a ± 0.01 0.016  

n6/n3 0.53a ± 0.01 0.51ab ± 0.01 0.52a ± 0.01 0.52a ± 0.01 0.53a ± 0 0.48b ± 0.02 0.003 7.00 

Fucus spiralis (%TFA) 

FAME OV40 OV60 M385 M540 M700 FD p value F value 

C14:0 11.44 ± 0.23 12.25 ± 0.14 11.64 ± 0.06 11.6 ± 0.24 12.14 ± 0.76 12.06 ± 0.08 0.069 2.77 

C16:0 9.92c ± 0.23 11.27a ± 0.21 10.81ab ± 0.03 10.73ab ± 0.23 11.27a ± 0.57 10.44bc ± 0.17 0.001 9.57 

C17:0 0.1 ± 0.01 0.1  ± 0.01 0.11 ± 0 0.1 ± 0.01 0.1 ± 0.01 0.1 ± 0.00 0.784 0.48 

C18:0 0.63ab ± 0.1 0.72a ± 0.05 0.58ab ± 0.01 0.51b ± 0.02 0.53b ± 0.08 0.52b ± 0.03 0.007 5.59 

C19:0 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:0 0.34  ± 0.01 0.3  ± 0.01 0.36  ± 0.01 0.31  ± 0.02 0.37  ± 0.15 0.26  ± 0.02 0.331 1.29 

C30:0 0.09 .± 0.03 0.11  ± 0.01 0.09  ± 0.01 0.09  ± 0.03 0.08  ± 0.01 0.07  ± 0.02 0.246 1.6 

SFA 22.48b ± 0.3 24.72a ± 0.21 23.59ab ± 0.03 23.35ab ± 0.47 24.49a ± 1.58 23.45ab ± 1.11 0.021 4.13 

C14:1 0.16 ± 0.00 0.14 ± 0.00 0.14 ± 0.00 0.14 ± 0.00 0.15 ± 0.02 0.15 ± 0.00 0.054 3.02 

C16:1 1.22 ± 0.04 1.27 ± 0.01 1.27 ± 0.03 1.26 ± 0.08 1.35 ± 0.07 1.24 ± 0.01 0.111 2.29 

C17:1 0.2b ± 0.02 0.19b ± 0.00 0.25a ± 0.00 0.25a ± 0.01 0.26a ± 0.00 0.25a ± 0.01 <0.001 24.70 
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C18:1 44.57a ± 1.93 39.9abc ± 1.12 44.47a ± 0.07 42.14ab ± 0.8 39.26bc ± 3.45 35.76c ± 1.41 <0.001 10.67 

C19:1 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:1 0.66 ± 0.02 0.75 ± 0.03 0.65 ± 0.04 0.66 ± 0.03 0.8 ± 0.24 0.63 ± 0.03 0.294 1.39 

MUFA 46.8a ± 1.9 42.26abc ± 1.08 46.77a ± 0.07 44.45ab ± 0.69 41.82bc ± 3.13 38.02c ± 1.45 <0.001 11.90 

C18:2 n3 7.69b ± 0.23 8.36a ± 0.1 7.69b ± 0.02 7.88ab ± 0.05 8.21ab ± 0.48 8.41a ± 0.09 0.004 6.53 

C18:2 n6 n.d. n.d. n.d. n.d. n.d. n.d.   

C18:3 n3 0.31 ± 0.03 0.32 ± 0.03 0.31 ± 0.02 0.34 ± 0.01 0.38 ± 0.12 0.36 ± 0.01 0.546 0.84 

C18:3 n6 0.38bc ± 0.01 0.39bc ± 0.01 0.36c ± 0.01 0.39bc ± 0.01 0.42b ± 0.03 0.47a ± 0.02 <0.001 21.25 

C18:4 n3 4.07a ± 0.5 5.12bc ± 0.32 4.28cd ± 0.02 5.09bc ± 0.14 5.44b ± 0.21 6.98a ± 0.53 <0.001 27.75 

C20:2 n6 0.79 ± 0.07 0.84 ± 0.04 0.73 ± 0.05 0.76 ± 0.03 0.86 ± 0.24 0.87 ± 0.05 0.585 0.78 

C20:3 n3 0.37ab ± 0.01 0.35b ± 0.07 0.34b ± 0.01 0.34b ± 0 0.35b ± 0.01 0.43a ± 0.01 0.013 4.69 

C20:3 n6 0.86a ± 0.01 0.77b ± 0.01 0.81ab ± 0 0.84ab ± 0.03 0.86a ± 0.07 0.80ab ± 0.02 0.035 3.49 

C20:3 n9 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:4 n6 11.2b ± 0.36 11.12b ± 0.19 10.22c ± 0.06 10.92b ± 0.02 11.12b ± 0.14 12.78a ± 0.25 <0.001 50.32 

C20:5 n3 4.88cd ± 0.39 5.56bc ± 0.25 4.73d ± 0.03 5.45bcd ± 0.13 5.86b ± 0.29 7.22a ± 0.45 <0.001 27.83 

C22:6 n3 0.18ab ± 0.02 0.20a ± 0 0.16b ± 0 0.19ab ± 0.01 0.20a ± 0.02 0.21a ± 0.02 0.006 5.79 

PUFA 30.72bc ± 1.6 33.02b ± 0.87 29.64c ± 0.09 32.19bc ± 0.23 33.69b ± 1.55 38.53a ± 1.32 <0.001 23.03 

n3 17.49c ± 1.16 19.90b ± 0.72 17.51c ± 0.04 19.29bc ± 0.3 20.44b ± 1.09 23.61a ± 1.05 <0.001 21.83 

n6 12.85b ± 0.43 12.73b ± 0.15 11.76c ± 0.06 12.52bc ± 0.08 12.83b ± 0.43 14.45a ± 0.28 <0.001 28.36 

n9 n.d. n.d. n.d. n.d. n.d. n.d.   

n6/n3 0.74a ± 0.02 0.64bc ± 0.02 0.67b ± 0.00 0.65bc ± 0.01 0.63c ± 0.01 0.61c ± 0.02 <0.001 23.97 

Halidrys siliquosa  (%TFA) 

FAME OV40 OV60 M385 M540 M700 FD p value F value 

C14:0 7.43a ± 0.24 6.72b ± 0.05 5.21d ± 0.03 5.43cd ± 0.13 5.59c ± 0.1 7.21a ± 0.03 <0.001 190.00 

C16:0 22.31a ± 0.59 19.48b ± 0.37 19.06b ± 0.4 19.20b ± 0.27 19.22b ± 0.16 21.81a ± 0.06 <0.001 51.50 

C17:0 0.27a ± 0.02 0.24a ± 0.01 0.22b ± 0.01 0.22b ± 0.00 0.23b ± 0.00 0.27a ± 0.01 <0.001 13.26 

C18:0 1.72a ± 0.22 1.45ab ± 0.04 1.10c ± 0.06 1.31bc ± 0.09 1.28bc ± 0.13 1.69a ± 0.05 <0.001 12.99 

C19:0 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:0 0.49 ± 0.01 0.42 ± 0.01 0.39 ± 0.04 0.45 ± 0.12 0.46 ± 0.08 0.45 ± 0.04 0.481 0.96 

C30:0 0.31 ± 0.20 0.27 ± 0.06 0.30 ± 0.11 0.34 ± 0.08 0.33 ± 0.07 0.36 ± 0.09 0.944 0.23 

SFA 32.53a ± 0.42 28.59b ± 0.32 26.27c ± 0.37 26.95c ± 0.45 27.11c ± 0.13 31.78a ± 0.06 <0.001 197.99 

C14:1 n.d. n.d. n.d. n.d. n.d. n.d.   

C16:1 1.23ab ± 0.07 1.10b ± 0.01 1.29a ± 0.06 1.22ab ± 0.09 1.19ab ± 0.1 1.20ab ± 0.01 0.078 2.64 

C17:1 n.d. n.d. n.d. n.d. n.d. n.d.   

C18:1 25.22 ± 2.03 23.25 ± 0.32 23.99 ± 0.14 23.67 ± 0.08 24.1 ± 0.2 23.82 ± 0.15 0.178 1.85 

C19:1 0.05 ± 0.01 0.03 ± 0.01 0.04 ± 0 0.03 ± 0.01 0.03 ± 0.01 0.06 ± 0.01 0.254 1.53 

C20:1 n.d. n.d. n.d. n.d. n.d. n.d.   

MUFA 26.5 ± 2.11 24.37 ± 0.34 25.32 ± 0.21 24.93 ± 0.18 25.33 ± 0.31 25.07 ± 0.17 0.172 1.88 

C18:2 n3 9.58a ± 0.73 9.30a ± 0.27 7.25b ± 0.13 7.58b ± 0.12 7.43b ± 0.12 9.61a ± 0.05 <0.001 36.37 

C18:2 n6 0.05 ± 0.01 0.06 ± 0.01 0.04 ± 0 0.03 ± 0.03 0.04 ± 0 0.06 ± 0.01 0.259 1.51 

C18:3 n3 0.31 ± 0.07 0.3 ± 0.01 0.27 ± 0.04 0.32 ± 0.08 0.35 ± 0.07 0.42 ± 0.05 0.079 2.63 

C18:3 n6 0.56c ± 0.07 0.65ab ± 0.02 0.58bc ± 0.00 0.59bc ± 0.01 0.57abc ± 0.02 0.68a ± 0.02 0.003 7.15 

C18:4 n3 5.74d ± 0.55 8.62b ± 0.18 11.09a ± 0.11 11.02a ± 0.05 10.75a ± 0.02 7.18c ± 0.11 <0.001 254.44 

C20:2 n6 0.4 ± 0.02 0.4 ± 0.01 0.36 ± 0.01 0.38 ± 0.03 0.39 ± 0.09 0.45 ± 0.01 0.218 1.66 

C20:3 n3 0.62b ± 0.02 0.67ab ± 0.1 0.63ab ± 0.09 0.63ab ± 0.09 0.52b ± 0.03 0.80a ± 0.01 0.007 5.54 

C20:3 n6 0.26 ± 0.06 0.22 ± 0.11 0.33 ± 0.12 0.29 ± 0.15 0.16 ± 0.02 0.21 ± 0.12 0.478 0.96 

C20:3 n9 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:4 n6 18.11c ± 0.26 19.57a ± 0.24 18.80b ± 0.23 18.56bc ± 0.05 18.61bc ± 0.16 17.06d ± 0.03 <0.001 59.53 

C20:5 n3 5.38c ± 0.53 7.25b ± 0.13 9.07a ± 0.32 8.71a ± 0.19 8.74a ± 0.5 6.66b ± 0.09 0<0.001 55.10 

C22:6 n3 n.d. n.d. n.d. n.d. n.d. n.d.   

PUFA 40.98b ± 2.11 47.04a ± 0.64 48.41a ± 0.57 48.13a ± 0.36 47.56a ± 0.16 43.15b ± 0.13 <0.001 31.52 

n3 21.62d ± 1.80 26.14bc ± 0.35 28.31a ± 0.39 28.26ab ± 0.26 27.80ab ± 0.34 24.68c ± 0.19 <0.001 33.25 

n6 19.36c ± 0.32 20.90a ± 0.3 20.10b ± 0.23 19.86bc ± 0.13 19.77bc ± 0.25 18.47d ± 0.14 <0.001 34.06 

n9 n.d. n.d. n.d. n.d. n.d. n.d.   

n6/n3 0.90a ± 0.06 0.80b ± 0 0.71c ± 0.01 0.70c ± 0 0.71c ± 0.02 0.75bc ± 0.01 <0.001 23.27 

Laminaria digitata (%TFA) 

FAME OV40 OV60 M385 M540 M700 FD P value F value 

C14:0 6.74a ± 0.74 4.67b ± 0.16 3.72b ± 0.13 3.78b ± 0.06 4.45b ± 0.05 6.89a ± 0.59 <0.001 38.45 

C16:0 21.67a ± 0.88 18.15b ± 0.16 16.9bc ± 0.23 15.99c ± 0.2 16.66c ± 0.02 21.71a ± 0.62 <0.001 92.9 

C17:0 0.14a ± 0.01 0.17b ± 0.02 0.14bc ± 0.01 0.13c ± 0.01 0.11c ± 0.00 0.15a ± 0.01 <0.001 10.47 
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C18:0 1.39a ± 0.07 1.18ab ± 0.08 1.34ab ± 0.2 1.14ab ± 0.06 1.07b ± 0.06 1.22ab ± 0.14 0.036 3.47 

C19:0 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:0 0.32a ± 0.01 0.28bc ± 0.02 0.24cd ± 0.02 0.18e ± 0.01 0.20de ± 0.01 0.30ab ± 0.02 <0.001 40.67 

C30:0 n.d. n.d. n.d. n.d. n.d. n.d.   

SFA 30.27a ± 1.62 24.45b ± 0.08 22.35bc ± 0.52 21.22c ± 0.3 22.49bc ± 0.03 30.27a ± 1.25 <0.001 65.77 

C14:1 n.d. n.d. n.d. n.d. n.d. n.d.   

C16:1 5.20a ± 0.14 4.99a ± 0.09 3.54c ± 0.09 3.23d ± 0.03 2.99d ± 0.05 4.57b ± 0.1 <0.001 331.02 

C17:1 n.d. n.d. n.d. n.d. n.d. n.d.   

C18:1 26.69a ± 0.43 24.23c ± 0.14 22.95de ± 0.26 23.59cd ± 0.17 22.90e ± 0.13 26.00b ± 0.2 <0.001 130.27 

C19:1 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:1 0.28ab ± 0.02 0.19b ± 0.02 0.07c ± 0.01 0.04c ± 0.01 0.01c ± 0.00 0.37a ± 0.1 <0.001 32.99 

MUFA 32.17a ± 0.4 29.41c ± 0.08 26.56d ± 0.18 26.86d ± 0.16 25.90e ± 0.07 30.94b ± 0.25 <0.001 410.62 

C18:2 n3 6.49c ± 0.08 7.28a ± 0.02 5.16e ± 0.08 6.05d ± 0.01 5.91d ± 0.04 6.82b ± 0.13 <0.001 299.16 

C18:2 n6 0.08 ± 0 0.08 ± 0.02 0.06 ± 0.01 0.04 ± 0.04 0.09 ± 0.01 0.09 ± 0.01 0.140 2.07 

C18:3 n3 0.11ab ± 0.01 0.07b ± 0.02 0.06b ± 0 0.08b ± 0.02 0.06b ± 0.01 0.22a ± 0.1 0.002 7.25 

C18:3 n6 0.68d ± 0.01 0.84b ± 0.01 0.63e ± 0.02 0.68d ± 0.02 0.90a ± 0.01 0.79c ± 0.02 <0.001 168.33 

C18:4 n3 5.21f ± 0.23 8.91d ± 0.18 15.32a ± 0.19 14.19b ± 0.03 12.8c ± 0.03 7.91e ± 0.6 <0.001 584.19 

C20:2 n6 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:3 n3 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:3 n6 0.32 ± 0.15 0.14 ± 0.02 0.09 ± 0.04 0.18 ± 0.01 0.31 ± 0.06 0.32 ± 0.17 0.041 3.32 

C20:3 n9 0.12abc ± 0.01 0.15a ± 0 0.14ab ± 0 0.10c ± 0.02 0.13abc ± 0.01 0.12bc ± 0.01 0.002 7.72 

C20:4 n6 12.88a ± 0.53 12.57a ± 0.13 9.23d ± 0.2 11.37b ± 0.18 13.08a ± 0.09 10.06c ± 0.12 <0.001 116.44 

C20:5 n3 11.55d ± 0.74 15.91c ± 0.04 20.05a ± 0.11 18.89ab ± 0.05 18.06b ± 0.23 12.20d ± 0.86 <0.001 167.35 

C22:6 n3 0.14c ± 0.02 0.19c ± 0.01 0.35a ± 0.05 0.36a ± 0.01 0.28b ± 0.01 0.26b ± 0.02 <0.001 36.54 

PUFA 37.59c ± 1.79 46.14b ± 0.46 51.09a ± 0.7 51.92a ± 0.38 51.61a ± 0.5 38.79c ± 2.04 <0.001 142.96 

n3 23.51e ± 1.08 32.36c ± 0.27 40.93a ± 0.44 39.55a ± 0.11 37.10b ± 0.32 27.42d ± 1.72 <0.001 305.91 

n6 13.95a ± 0.7 13.64a ± 0.18 10.01d ± 0.26 12.27b ± 0.25 14.39a ± 0.17 11.25c ± 0.32 <0.001 80 

n9 0.12abc ± 0.01 0.15a ± 0.00 0.14ab ± 0.00 0.10c ± 0.02 0.13abc ± 0.01 0.12bc ± 0.01 0.002 7.72 

n6/n3 0.59a ± 0.00 0.42b ± 0.01 0.24e ± 0 0.31d ± 0.01 0.39c ± 0.01 0.41b ± 0.01 <0.001 821.75 

Pelvetia canaliculata (%TFA) 

FAME OV40 OV60 M385 M540 M700 FD p value F value 

C14:0 8.98bc ± 0.16 9.16b ± 0.07 9.52a ± 0.06 9.53a ± 0.05 8.77c ± 0.09 8.12d ± 0.17 <0.001 68.95 

C16:0 9.08c ± 0.23 9.43b ± 0.15 9.74ab ± 0.09 9.84a ± 0.02 9.08c ± 0.04 8.67d ± 0.11 <0.001 37.67 

C17:0 0.20b ± 0.00 0.20a ± 0.00 0.20ab ± 0.00 0.20ab ± 0.00 0.20ab ± 0.00 0.19b ± 0.00 0.008 5.35 

C18:0 1.31b ± 0.05 1.41ab ± 0.06 1.31b ± 0.03 1.32ab ± 0.02 1.37ab ± 0.04 1.45a ± 0.08 0.021 4.07 

C19:0 0.02 ± 0 0.04 ± 0.02 0.03 ± 0.01 0.03 ± 0 0.03 ± 0 0.02 ± 0 0.146 2.03 

C20:0 0.34a ± 0.07 0.31a ± 0.03 0.30a ± 0.01 0.03b ± 0 0.02b ± 0.01 n.d. <0.001 85.08 

C30:0 0.21 ± 0.05 0.19 ± 0.03 0.2 ± 0.02 0.23 ± 0.02 0.24 ± 0.08 0.3 ± 0.14 0.405 1.11 

SFA 20.07c ± 0.21 20.74b ± 0.18 21.31a ± 0.14 21.17a ± 0.04 19.71c ± 0.1 18.75d ± 0.03 <0.001 161.08 

C14:1 0.09a ± 0 0.09b ± 0 0.08c ± 0 0.08c ± 0 0.08c ± 0 0.08c ± 0 <0.001 27.71 

C16:1 0.95b ± 0.01 1.01a ± 0.02 0.93bc ± 0.01 0.89c ± 0.01 0.90bc ± 0.02 0.92bc ± 0.04 <0.001 13.18 

C17:1 0.25ab ± 0.05 0.23ab ± 0.04 0.26ab ± 0.03 0.22ab ± 0.04 0.28a ± 0 0.18b ± 0 0.045 3.23 

C18:1 33.75b ± 0.55 33.89b ± 0.3 32.73c ± 0.11 33.31bc ± 0.04 34.17ab ± 0.15 34.77a ± 0.41 <0.001 14.98 

C19:1 0.06a ± 0 0.06a ± 0 0.06a ± 0 0.06a ± 0 0.07a ± 0 0.05b ± 0 0.001 8.16 

C20:1 n.d. n.d. n.d. n.d. n.d. n.d.   

MUFA 35.10bc ± 0.58 35.28abc ± 0.24 34.06d ± 0.09 34.56cd ± 0.04 35.50ab ± 0.15 36.00a ± 0.42 <0.001 14.08 

C18:2 n3 13.07b ± 0.23 13.39a ± 0.06 12.70c ± 0.03 12.50c ± 0.03 13.00b ± 0.07 12.60c ± 0.07 <0.001 30.21 

C18:2 n6 0.02b ± 0.01 0.04a ± 0.00 0.05a ± 0.01 0.06a ± 0.01 0.04a ± 0.01 0.02b ± 0 0.001 8.66 

C18:3 n3 0.38a ± 0.08 0.36ab ± 0.02 0.31abc ± 0.01 0.28bc ± 0.00 0.27c ± 0.01 0.24c ± 0.06 0.001 8.62 

C18:3 n6 1.28a ± 0.03 1.21b ± 0.01 1.24ab ± 0.01 1.20b ± 0.00 1.27a ± 0.00 1.24ab ± 0.03 0.001 10.11 

C18:4 n3 4.66c ± 0.08 4.39d ± 0.07 5.47a ± 0.07 5.47a ± 0.05 5.06b ± 0.03 5.37a ± 0.14 <0.001 92.52 

C20:2 n6 1.42ab ± 0.02 1.46a ± 0.03 1.33bc ± 0.01 1.32c ± 0.00 1.29c ± 0.01 1.27c ± 0.08 <0.001 12.95 

C20:3 n3 0.45 ± 0.14 0.49 ± 0.03 0.47 ± 0.01 0.47 ± 0.01 0.4 ± 0.1 0.45 ± 0.04 0.797 0.46 

C20:3 n6 n.d. 2.22 ± 0.04 2.1 ± 0.03 2.11 ± 0.01 2.22 ± 0.03 2.38 ± 0.06 <0.001 3.6 

C20:3 n9 n.d. n.d. n.d. n.d. n.d. n.d.   

C20:4 n6 15.64a ± 0.32 14.55b ± 0.18 14.42b ± 0.08 14.51b ± 0.04 14.90b ± 0.02 14.84b ± 0.25 <0.001 17.82 

C20:5 n3 6.17b ± 0.12 5.68c ± 0.1 6.38ab ± 0.06 6.18b ± 0.03 6.16b ± 0.08 6.59a ± 0.11 <0.001 33.00 

C22:6 n3 0.2b ± 0.02 0.18b ± 0.01 0.17b ± 0 0.16b ± 0 0.16b ± 0.01 0.26a ± 0.02 <0.001 26.84 

PUFA 44.06 ± 1.09 43.98 ± 0.42 44.63 ± 0.2 44.26 ± 0.02 44.79 ± 0.12 45.25 ± 0.45 0.077 2.65 

n3 24.93bc ± 0.26 24.50c ± 0.23 25.50c ± 0.12 25.07ab ± 0.03 25.06ab ± 0.11 25.51a ± 0.3 <0.001 11.13 

n6 19.13 ± 1.19 19.48 ± 0.21 19.13 ± 0.1 19.2 ± 0.01 19.74 ± 0.01 19.74 ± 0.16 0.451 1.01 
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n9 n.d. n.d. n.d. n.d. n.d. n.d.   

n6/n3 0.77 ± 0.05 0.8 ± 0 0.75 ± 0 0.77 ± 0 0.79 ± 0 0.77 ± 0 0.211 1.69 

 

Table 4.A.1: Average (± standard deviation) of interspecies variation of fatty acids 

(in %TFA) in lipid extracts of seaweed species. 

 AE 
(n=18) 

FP 
(n=9) 

FT 
(n=38) 

FV 
(n=28) 

HE 
(n=8) 

LD 
(n=17) 

PC 
(n=11) 

PP 
(n=12) 

C12 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
C14 4.8 ± 1 10.1 ± 1.6 9.5 ± 0.8 12.3 ± 0.8 5 ± 0.4 5.5 ± 0.3 8.7 ± 0.8 6.8 ± 1.2 
C16 17.6 ± 1.8 12.9 ± 1.6 16.7 ± 1.8 14.4 ± 1.5 26.1 ± 1.5 22 ± 2.9 10.1 ± 0.9 28.8 ± 13.8 
C17 0.1 ± 0 0.1 ± 0 0.2 ± 0.1 0 ± 0.1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
C18 4.2 ± 1.1 1.9 ± 0.5 1.3 ± 0.2 1.7 ± 0.3 2.1 ± 0.6 3.8 ± 0.8 2.8 ± 0.5 6.5 ± 2.3 
C19 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
C20 0.3 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0.2 ± 0 0.3 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 
C21 0 ± 0 0 ± 0 0.3 ± 1.5 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0.1 
C24 0 ± 0 0.1 ± 0.1 0.7 ± 2.8 0.8 ± 3 0.1 ± 0 1 ± 4 1 ± 3.1 0.1 ± 0.2 
SFA 27 ± 2.9 25.5 ± 1.2 29 ± 3.2 29.6 ± 2.5 33.5 ± 1.9 32.7 ± 3.5 23 ± 2.7 42.6 ± 13.8 

C14:1 0 ± 0 0.1 ± 0 0.1 ± 0 0.1 ± 0 0 ± 0 0 ± 0 0.1 ± 0 0 ± 0 
C16:1 2.1 ± 1.2 2.2 ± 1.1 2.6 ± 1.6 1.5 ± 0.1 1.5 ± 0.4 4.1 ± 0.9 1.7 ± 0.2 4.2 ± 3 
C18:1 22.2 ± 1.6 35.5 ± 4.3 34 ± 4.1 35.4 ± 4.2 24 ± 1.7 24.2 ± 1.7 41.7 ± 8.1 21.6 ± 15 
C19:1 0 ± 0 0.1 ± 0 0.1 ± 0 0.1 ± 0 0 ± 0 0 ± 0 0.1 ± 0 0 ± 0 

C20:1 n9 0.4 ± 0.2 0.7 ± 0.1 0.7 ± 0.2 1 ± 0.2 0.1 ± 0 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 
MUFA 24.8 ± 1.8 38.4 ± 3.6 37.5 ± 4.7 38 ± 4.3 25.5 ± 1.8 28.4 ± 2.3 43.8 ± 8.2 25.9 ± 15.7 

C16:2 n9 0.2 ± 0.2 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0 0.2 ± 0.1 0.2 ± 0.2 0.1 ± 0 0.6 ± 0.7 
C18:2 n6 5.1 ± 0.6 9.1 ± 1.2 10.2 ± 1 10 ± 1.1 7.2 ± 2.6 5.2 ± 0.7 9.7 ± 4.2 2.3 ± 0.7 
C18:3 n3 0 ± 0 0.2 ± 0.1 0.1 ± 0 0.3 ± 0.1 0.2 ± 0 0.1 ± 0 0.1 ± 0.1 0 ± 0 
C18:3 n6 0 ± 0 0.5 ± 0.3 0.4 ± 0.1 0.3 ± 0 0.3 ± 0.1 0.4 ± 0 1.4 ± 1.2 0.7 ± 0.2 
C18:4 n3 18.9 ± 4 5.9 ± 2.8 5.4 ± 1.8 4 ± 1.6 9 ± 4 10.7 ± 3 3.2 ± 4 4.5 ± 1.8 
C20:2n6 0.1 ± 0.1 0.7 ± 0.2 0.3 ± 0.1 0.7 ± 0.2 0.2 ± 0 0.1 ± 0 1.3 ± 0.2 0 ± 0 
C20:3 n3 0.2 ± 0.1 1 ± 0.3 0.7 ± 0.1 0.1 ± 0.2 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
C20:3 n6 0 ± 0.1 0.3 ± 0.1 0.1 ± 0.1 0.3 ± 0.1 0 ± 0 0 ± 0.1 0.5 ± 0.1 0 ± 0 
C20:3 n9 1 ± 0.2 0.2 ± 0.4 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
C20:4 n3 0 ± 0 0.1 ± 0 0 ± 0 0.1 ± 0 0.1 ± 0.1 0 ± 0 0.1 ± 0.1 0.1 ± 0.1 
C20:4 n6 11.6 ± 1.2 10.4 ± 1 9.4 ± 0.9 10 ± 1.5 13.3 ± 1.3 7.7 ± 0.5 11.7 ± 1.3 2.1 ± 0.5 
C20:5 n3 10.4 ± 0.9 7.2 ± 1.6 6.6 ± 1.4 6.2 ± 1.9 10 ± 1 14.1 ± 1.8 4.8 ± 0.8 21 ± 6.7 
C22:6 n3 0.7 ± 0.2 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.2 ± 0.1 0 ± 0 

PUFA 48.2 ± 3.4 36 ± 3.9 33.4 ± 4 32.3 ± 4.4 41 ± 3.1 38.9 ± 4.1 33.1 ± 8 31.4 ± 6.3 
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Table 4.A.2: Certified reference material (CRM) recovery details (%), with limits of 

detection (LOD) and quantification (LOQ). Two certified reference materials (CRMs) 

were used to ensure data quality whilst ascertaining the elemental content of 

seaweeds using ICP-OES. 

 Bush Branches and Leaves NCSDC 73348  Lichen BCR ─482    

Element 

line 

Cert value 

(µg/g) 

Measured value 

(µg/g) 

Recovery 

(%) 

RSD 

(%) 
 

Cert value 

(µg/g) 

Measured value 

(µg/g) 

Recovery 

(%) 

RSD 

(%) 
 

LOD 

(µg/g) 

LOQ 

(µg/g) 
Ca 

317.933 
22200 20815 93.8 10.5  - - - -  225.7 752.2 

Cd 

226.502 
0.14 0.13 93.0 19.6  0.56 0.47 83.6 14.9  0.19 0.62 

Co 

228.615 
0.39 0.34 86.9 24.8  - - - -  0.21 0.71 

Cu 

324.754 
5.2 5.9 114.2 11.7  - - - -  1.17 3.89 

Fe 

259.940 
1020 999 98.0 17.7  - - - -  1.59 5.28 

K 

769.897 
8500 7637 89.8 17.9  - - - -  645.8 2152.7 

Mg 

279.553 
2870 2620 91.3 9.6  - - - -  12.6 41.9 

Mn 
257.610 

58 68 117.7 8.5  - - - -  0.18 0.61 

Na 
330.237 

11000 9515 86.5 14.8  - - - -  438.3 1460.9 

Ni 
231.604 

1.7 1.6 96.2 30.6  2.47 2.82 114.2 31.5  0.96 3.20 

Se 
203.985 

0.18 BDL - -  - - - -  13.3 44.2 

Zn 
213.857 

20.6 25.1 121.9 4.0  100.6 113.1 112.4 7.7  0.91 3.04 
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Table 4.A.3: Statistical data (ANOVA F and p value) for chemical constituent 

variation based on month of sampling of F. serratus. 

Chemical constituent F-value p-value 
Ca  0.83 0.616 
Cd  1.79 0.108 
Co  1.4 0.233 
Cu  1.41 0.229 
Fe  1.00 0.473 
K  3.99 0.002 

Mg  0.75 0.681 
Mn  0.61 0.802 
Mo  0.86 0.563 
Na  1.44 0.214 
Ni  3.74 0.003 
Se 0.63 0.784 
Zn  10.6 >0.001 

SFA 0.97 0.495 
MUFA  3.96 0.002 
PUFA  3.52 0.004 
n6/n3 4.20 0.001 
TPC  1.19 0.343 
TFC  1.08 0.412 
TAC  0.93 0.529 
RSA 0.94 0.517 
Lipid  2.02 0.068 
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Table 5.A.1: Summary of statistical data showing F-values, p-values and degrees 

of freedom (DF) for Se accumulation. 

Species factor F-value p- value DF total DF 

P. palmata 

selenite 1056.62 <0.001 11 23 

selenate 414.79 <0.001 11 23 

within species 1469.03 <0.001 23 47 

S. latissima 

selenite 555.65 <0.001 11 23 
selenate 2775.87 <0.001 11 23 

within species 711.25 <0.001 23 47 
 Species variation 892.27 <0.001 47 95 
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Table 6.A.1: The input mass, matched mass, mass difference (in delta), matched mass name, molecular formula, lipid class, and ion adduct 

and intensity (log-transformed), for both negative and positive ionisation mode, of S. latissima and P. palmata extracts following exposure to Se. 

The displayed lipids were putatively identified on LIPID MAPS (LipidFinder). PP.0 (P. palmata control), PP.SeIV.50 (P. palmata exposed to 50 

mg/L selenite), PP.SeIV.100 (P. palmata exposed to 100 mg/L selenite), PP.SeVI.50 (P. palmata exposed to 50 mg/L selenate), PP.SeVI.100 

(P. palmata exposed to 100 mg/L selenate), SL.0 (S. latissima control), SL.SeIV.50 (S. latissima exposed to 50 mg/L selenite), SL.SeIV.100 (S. 

latissima exposed to 100 mg/L selenite), SL.SeVI.50 (S. latissima exposed to 50 mg/L selenate) and SL.SeVI.100 (S. latissima exposed to 100 

mg/L selenate). 

       transformed log intensity 

Input 
Mass 

Matched 
Mass Delta Name Formula Adduct Class PP.SeIV.0 PP.SeIV.50 PP.SeIV.100 PP.SeVI.0 PP.SeVI.50 PP.SeVI.100 SL.SeIV.0 SL.SeIV.50 SL.SeIV.100 SL.SeVI.0 SL.SeVI.50 SL.SeVI.100 

939.7253 939.7277 0.0024 SHexCer(d44:0) C50H103N2O11S [M+NH4]+ Acidic glycosphingolipids 5.32 4.80 6.13 5.79 6.27 6.08 5.42 5.36 5.55 5.98 5.97 5.81 

552.5348 552.535 0.0002 Cer(d35:1) C35H70NO3 [M+H]+ Ceramides 4.02 4.34 4.61 4.36 4.59 4.49 5.80 5.96 5.82 6.37 6.27 6.21 

554.5503 554.5507 0.0004 Cer(d35:0) C35H72NO3 [M+H]+ Ceramides 4.13 5.02 3.99 3.96 3.46 3.59 6.96 6.87 6.90 6.94 6.92 6.85 

564.5346 564.535 0.0004 Cer(d36:2) C36H70NO3 [M+H]+ Ceramides 5.99 6.07 6.72 6.47 6.79 6.73 7.55 7.51 7.46 7.77 7.77 7.67 

566.5503 566.5507 0.0004 Cer(d36:1) C36H72NO3 [M+H]+ Ceramides 5.94 6.03 6.48 6.24 6.61 6.47 7.53 7.53 7.60 7.72 7.69 7.68 

568.5658 568.5663 0.0006 Cer(d36:0) C36H74NO3 [M+H]+ Ceramides 5.56 5.55 6.00 5.77 6.12 6.00 6.77 6.93 6.97 7.11 7.01 7.05 

582.5814 582.582 0.0006 Cer(d37:0) C37H76NO3 [M+H]+ Ceramides 4.59 4.88 5.05 5.05 4.50 4.42 6.63 6.49 6.49 6.55 6.49 6.50 

650.6442 650.6446 0.0004 Cer(d42:1) C42H84NO3 [M+H]+ Ceramides 6.29 5.90 6.24 6.07 6.42 6.28 3.05 0.00 0.00 3.65 3.01 3.23 

523.4718 523.4721 0.0003 DG(P-30:1) C33H63O4 [M+H]+ Diradylglycerols 6.33 6.30 6.49 6.38 6.23 6.37 4.95 4.58 4.85 3.65 3.20 3.54 

531.4075 531.4044 0.0031 DG(30:5) C33H55O5 [M+H]+ Diradylglycerols 6.54 6.52 6.38 6.53 6.40 6.44 6.08 6.06 6.18 6.65 6.53 6.49 

575.503 575.5034 0.0004 DG(O-34:4) C37H67O4 [M+H]+ Diradylglycerols 5.40 5.09 6.32 5.91 6.33 6.32 5.21 5.20 5.03 7.02 7.02 6.78 
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577.5186 577.519 0.0004 DG(P-34:2) C37H69O4 [M+H]+ Diradylglycerols 5.93 6.00 6.85 6.53 6.77 6.78 5.77 5.71 5.59 7.60 7.57 7.32 

609.451 609.4513 0.0004 DG(36:8) C39H61O5 [M+H]+ Diradylglycerols 4.15 3.05 5.78 5.27 5.69 5.71 4.26 3.56 4.08 6.22 6.25 5.74 

610.5401 610.5405 0.0003 DG(34:2) C37H72NO5 [M+NH4]+ Diradylglycerols 5.76 5.44 6.55 6.11 6.51 6.54 5.43 5.42 5.32 7.35 7.37 7.06 

632.5243 632.5248 0.0005 DG(36:5) C39H70NO5 [M+NH4]+ Diradylglycerols 5.70 5.31 7.24 6.78 7.40 7.28 5.01 4.76 4.65 6.64 6.57 6.37 

633.5813 633.5816 0.0003 DG(P-38:2) C41H77O4 [M+H]+ Diradylglycerols 6.12 5.96 6.31 6.14 6.12 6.18 0.00 2.91 0.00 0.00 0.00 0.00 

658.54 658.5405 0.0005 DG(38:6) C41H72NO5 [M+NH4]+ Diradylglycerols 5.39 4.90 6.65 6.20 6.79 6.67 5.18 5.17 5.11 6.77 6.76 6.54 

660.5559 660.5561 0.0003 DG(38:5) C41H74NO5 [M+NH4]+ Diradylglycerols 4.91 4.35 6.21 5.67 6.43 6.13 4.90 4.96 4.85 6.38 6.30 5.99 

678.6026 678.6031 0.0004 DG(39:3) C42H80NO5 [M+NH4]+ Diradylglycerols 6.67 6.31 6.96 6.72 7.15 6.92 2.74 0.00 0.00 3.34 3.02 2.95 

680.6181 680.6187 0.0006 DG(39:2) C42H82NO5 [M+NH4]+ Diradylglycerols 6.70 6.36 6.70 6.56 6.42 6.39 0.00 0.00 0.00 0.00 0.00 3.72 

686.573 686.5718 0.0012 DG(40:6) C43H76NO5 [M+NH4]+ Diradylglycerols 5.78 5.72 5.73 5.89 5.82 6.41 5.65 5.74 5.79 5.83 5.98 6.95 

742.6353 742.6344 0.0009 DG(44:6) C47H84NO5 [M+NH4]+ Diradylglycerols 6.00 5.91 5.94 5.95 5.95 6.62 5.87 5.94 5.92 5.84 5.93 7.15 

767.6522 767.6548 0.0026 DG(47:6) C50H87O5 [M+H]+ Diradylglycerols 5.12 4.63 5.73 5.37 6.07 5.68 6.20 5.78 6.04 6.60 6.55 5.96 

795.7259 795.7225 0.0034 DG(P-50:5) C53H95O4 [M+H]+ Diradylglycerols 5.93 5.89 6.23 5.88 6.10 6.04 6.18 6.19 6.20 6.38 6.18 6.08 

797.7415 797.7381 0.0034 DG(P-50:4) C53H97O4 [M+H]+ Diradylglycerols 5.91 6.01 5.98 5.96 5.96 6.00 5.88 5.87 5.95 6.00 6.01 5.70 

821.7413 821.7381 0.0032 DG(P-52:6) C55H97O4 [M+H]+ Diradylglycerols 5.97 5.97 6.69 6.38 6.51 6.35 6.30 6.28 6.29 6.67 6.33 6.28 

823.7571 823.7538 0.0033 DG(O-52:6) C55H99O4 [M+H]+ Diradylglycerols 6.39 6.23 6.89 6.61 6.70 6.59 6.51 6.47 6.47 6.99 6.56 6.55 

849.7725 849.7694 0.0031 DG(P-54:6) C57H101O4 [M+H]+ Diradylglycerols 6.37 6.29 7.04 6.71 6.83 6.66 6.39 6.35 6.42 7.02 6.57 6.55 

851.7881 851.7851 0.0031 DG(P-54:5) C57H103O4 [M+H]+ Diradylglycerols 6.47 6.42 6.97 6.74 6.77 6.66 6.44 6.42 6.46 7.20 6.65 6.61 

853.804 853.8007 0.0033 DG(P-54:4) C57H105O4 [M+H]+ Diradylglycerols 5.86 5.91 5.87 5.93 5.98 5.97 5.88 5.94 6.03 5.97 5.90 5.84 

392.2875 392.2829 0.0046 NAT(18:0) C20H42NO4S [M+H]+ Fatty amides 5.81 5.63 6.17 6.09 5.69 5.76 5.93 5.90 6.38 5.90 5.78 5.89 

393.3515 393.3475 0.0039 NAE(22:4) C24H45N2O2 [M+NH4]+ Fatty amides 4.38 4.92 4.57 4.52 4.15 4.18 6.65 6.61 6.63 6.21 6.29 6.17 

559.4496 559.4503 0.0007 NAT(29:2) C31H63N2O4S [M+NH4]+ Fatty amides 6.08 6.09 6.11 6.11 6.01 5.99 6.01 5.95 6.04 6.05 5.98 4.09 
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560.47 560.4707 0.0007 NAT(30:0) C32H66NO4S [M+H]+ Fatty amides 6.10 6.20 6.30 6.36 6.31 6.34 5.70 5.89 5.99 6.01 6.02 4.28 

275.2005 275.1965 0.004 CAR(6:1) C13H27N2O4 [M+NH4]+ Fatty esters 4.36 4.50 4.55 4.45 4.26 4.39 6.49 6.09 6.27 6.41 6.39 6.05 

275.2005 275.2006 0.0001 WE(18:4) C18H27O2 [M+H]+ Fatty esters 4.18 4.71 4.13 4.04 3.80 3.90 6.34 6.39 6.35 6.47 6.40 6.19 

277.2162 277.2122 0.004 CAR(6:0) C13H29N2O4 [M+NH4]+ Fatty esters 4.84 5.21 4.89 4.81 4.63 4.65 6.85 6.62 6.69 6.42 6.35 6.22 

279.2317 279.2319 0.0001 WE(18:3) C18H31O2 [M+H]+ Fatty esters 5.45 5.60 5.26 5.31 5.14 5.15 6.83 6.79 6.79 6.17 6.10 6.02 

303.2317 303.2278 0.0038 CAR(8:1) C15H31N2O4 [M+NH4]+ Fatty esters 4.47 5.06 4.48 4.53 4.32 4.41 6.83 6.52 6.65 6.40 6.31 6.14 

427.3569 427.353 0.0038 CAR(17:2) C24H47N2O4 [M+NH4]+ Fatty esters 4.78 4.86 5.32 5.18 5.21 5.23 6.22 6.21 6.09 6.48 6.42 6.49 

429.3725 429.3687 0.0038 CAR(17:1) C24H49N2O4 [M+NH4]+ Fatty esters 6.69 6.35 6.91 6.70 7.00 6.89 6.98 6.81 6.87 6.79 6.87 6.85 

641.4194 641.4177 0.0017 PA(32:4) C35H62O8P [M+H]+ Glycerophosphates 5.54 5.55 7.10 6.68 7.39 7.25 7.26 7.07 7.37 7.55 7.63 7.20 

648.4616 648.4599 0.0017 PA(31:2) C34H67NO8P [M+NH4]+ Glycerophosphates 5.92 5.87 5.96 5.96 5.93 5.83 5.74 5.90 5.87 5.87 5.90 5.79 

659.4289 659.4282 0.0006 PA(32:3(OH)) C35H64O9P [M+H]+ Glycerophosphates 5.04 5.00 6.69 6.15 7.01 6.86 6.89 6.67 7.00 7.19 7.28 6.82 

687.495 687.4959 0.0009 PA(35:2) C38H72O8P [M+H]+ Glycerophosphates 4.69 4.25 5.68 5.44 5.97 5.87 5.60 5.51 5.37 7.13 7.05 6.85 

544.3392 544.3398 0.0006 LPC(20:4) C28H51NO7P [M+H]+ Glycerophosphocholines 3.87 4.59 4.79 4.35 4.99 4.93 6.37 6.38 5.95 6.71 6.67 6.25 

704.5218 704.5225 0.0007 PC(30:1) C38H75NO8P [M+H]+ Glycerophosphocholines 4.08 4.80 4.41 4.06 4.03 4.00 6.91 6.61 6.88 6.71 6.71 6.62 

730.5374 730.5381 0.0007 PC(32:2) C40H77NO8P [M+H]+ Glycerophosphocholines 4.55 5.16 5.10 4.87 4.77 5.16 7.32 6.96 7.19 7.11 6.91 7.04 

756.5528 756.5538 0.001 PC(34:3) C42H79NO8P [M+H]+ Glycerophosphocholines 4.64 4.77 5.23 4.94 5.04 5.23 6.58 6.04 6.52 6.65 6.32 6.43 

760.5843 760.5851 0.0008 PC(34:1) C42H83NO8P [M+H]+ Glycerophosphocholines 6.21 6.60 6.64 6.66 5.93 6.04 7.12 6.73 6.86 6.90 6.68 6.78 

780.5528 780.5538 0.001 PC(36:5) C44H79NO8P [M+H]+ Glycerophosphocholines 5.28 5.08 6.80 6.29 7.00 7.11 6.38 5.96 6.31 6.73 6.35 6.43 

782.5683 782.5694 0.0011 PC(36:4) C44H81NO8P [M+H]+ Glycerophosphocholines 5.17 5.21 5.93 5.66 5.79 5.98 7.22 6.81 7.11 7.29 6.97 7.10 

786.5996 786.6007 0.0011 PC(36:2) C44H85NO8P [M+H]+ Glycerophosphocholines 6.11 6.19 6.25 6.26 6.05 6.13 6.45 5.99 6.03 6.38 6.08 6.34 

808.5839 808.5851 0.0011 PC(38:5) C46H83NO8P [M+H]+ Glycerophosphocholines 4.65 4.55 5.28 4.96 5.93 5.55 6.52 6.02 6.18 6.51 6.17 6.38 

870.5597 870.5643 0.0047 PC(42:10(OH)) C50H81NO9P [M+H]+ Glycerophosphocholines 5.37 4.75 5.72 5.54 5.88 6.02 6.24 6.00 6.06 6.27 6.28 6.17 
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678.506 678.5068 0.0008 PE(31:0) C36H73NO8P [M+H]+ Glycerophosphoethanolamines 4.77 4.94 4.87 4.78 4.75 4.76 6.60 6.37 6.61 6.05 6.01 6.02 

754.537 754.5381 0.0012 PE(37:4) C42H77NO8P [M+H]+ Glycerophosphoethanolamines 5.08 5.18 5.73 5.34 5.66 5.75 7.35 6.98 7.28 7.44 7.20 7.25 

758.5686 758.5694 0.0008 PE(37:2) C42H81NO8P [M+H]+ Glycerophosphoethanolamines 5.65 5.65 5.67 5.78 5.73 5.81 7.21 6.80 7.04 7.02 6.71 6.94 

694.4774 694.4817 0.0043 LPE(34:5) C39H69NO7P [M-H]- Glycerophosphoethanolamines 5.86 5.73 5.98 5.83 5.99 5.83 4.60 4.11 4.47 4.42 4.37 4.38 

707.4905 707.4858 0.0047 PG(31:1) C37H72O10P [M+H]+ Glycerophosphoglycerols 5.91 5.91 5.82 5.79 5.82 5.67 5.85 5.90 5.82 5.70 5.76 5.74 

781.5564 781.5589 0.0025 PG(35:0(OH)) C41H82O11P [M+H]+ Glycerophosphoglycerols 4.97 4.73 6.45 5.80 6.68 6.79 5.99 5.68 5.97 6.36 5.98 6.10 

813.5669 813.564 0.0029 PG(39:4) C45H82O10P [M+H]+ Glycerophosphoglycerols 5.50 4.87 6.45 5.94 6.60 6.51 6.06 5.90 5.64 6.66 6.63 6.72 

875.5833 875.5797 0.0036 PG(44:8) C50H84O10P [M+H]+ Glycerophosphoglycerols 5.60 5.06 6.16 5.83 6.13 6.12 6.20 5.97 6.02 6.38 6.38 6.23 

693.4741 693.4712 0.0029 PG(30:0) C36H70O10P [M-H]- Glycerophosphoglycerols 6.26 6.23 6.36 6.29 6.22 6.27 4.98 4.67 4.91 4.81 4.69 4.86 

803.5843 803.5808 0.0035 PG(38:1) C44H84O10P [M-H]- Glycerophosphoglycerols 6.11 6.02 6.24 6.13 6.06 6.11 2.84 3.14 0.00 0.00 0.00 0.00 

803.5843 803.5808 0.0035 PG(P-38:1(OH)) C44H84O10P [M-H]- Glycerophosphoglycerols 6.11 6.02 6.24 6.13 6.06 6.11 2.84 3.14 0.00 0.00 0.00 0.00 

821.5387 821.5338 0.0049 PG(40:6) C46H78O10P [M-H]- Glycerophosphoglycerols 3.75 4.21 6.21 5.11 6.15 6.15 6.33 5.87 6.22 6.48 6.41 6.33 

892.5334 892.5311 0.0023 LPIP(32:1) C41H84NO15P2 [M+NH4]+ Glycerophosphoinositol 
monophosphates 4.43 5.27 6.43 6.18 6.70 6.60 3.17 2.92 4.38 5.79 6.67 4.83 

1003.568 1003.568 0.0004 PIP(O-42:6) C51H89O15P2 [M-H]- Glycerophosphoinositol 
monophosphates 0.00 0.00 5.84 0.00 6.02 6.01 0.00 0.00 0.00 6.53 6.51 6.18 

593.2749 593.2721 0.0027 LPI(18:4) C27H46O12P [M+H]+ Glycerophosphoinositols 6.60 5.89 7.76 7.38 8.05 7.88 6.21 5.99 6.02 6.96 6.76 6.94 

793.4852 793.4862 0.001 PI(31:2) C40H74O13P [M+H]+ Glycerophosphoinositols 4.25 3.54 6.03 5.50 6.04 6.13 4.42 2.96 4.14 6.43 6.48 5.93 

843.5413 843.5382 0.0031 PI(P-36:4) C45H80O12P [M+H]+ Glycerophosphoinositols 5.22 4.75 6.27 5.79 6.42 6.31 5.92 5.72 5.43 6.08 6.02 6.11 

869.5563 869.5538 0.0025 PI(P-38:5) C47H82O12P [M+H]+ Glycerophosphoinositols 5.63 5.05 6.15 5.79 6.26 6.27 6.50 6.27 6.32 6.54 6.56 6.48 

871.5711 871.5695 0.0016 PI(P-38:4) C47H84O12P [M+H]+ Glycerophosphoinositols 7.96 7.41 8.55 8.21 8.56 8.56 8.62 8.38 8.52 8.74 8.76 8.64 

873.551 873.5488 0.0022 PI(37:4) C46H82O13P [M+H]+ Glycerophosphoinositols 6.30 5.61 6.52 6.15 6.42 6.50 6.67 6.50 6.58 6.78 6.85 6.75 

887.5666 887.5644 0.0022 PI(38:4) C47H84O13P [M+H]+ Glycerophosphoinositols 7.55 7.47 7.97 7.75 8.01 8.17 8.49 8.39 8.57 8.15 7.94 7.82 

889.546 889.5437 0.0023 PI(37:4(OH)) C46H82O14P [M+H]+ Glycerophosphoinositols 5.96 5.76 6.10 5.83 6.03 6.00 6.87 6.72 6.65 6.09 6.07 6.11 
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890.5759 890.5753 0.0006 PI(37:4) C46H85NO13P [M+NH4]+ Glycerophosphoinositols 6.00 5.81 6.53 6.25 6.55 6.70 7.02 6.89 7.09 6.65 6.51 6.35 

903.561 903.5593 0.0017 PI(38:4(OH)) C47H84O14P [M+H]+ Glycerophosphoinositols 6.57 6.18 7.54 7.14 7.72 7.59 7.23 7.17 7.06 7.24 7.18 7.15 

835.5376 835.5342 0.0034 PI(34:1) C43H80O13P [M-H]- Glycerophosphoinositols 3.84 4.56 4.57 4.52 4.02 4.13 6.60 6.19 6.49 6.05 5.75 5.91 

664.4566 664.4548 0.0018 LPS(28:1) C34H67NO9P [M+H]+ Glycerophosphoserines 6.71 6.70 6.74 6.69 6.71 6.71 6.70 6.67 6.69 6.75 6.76 6.71 

770.5321 770.533 0.001 PS(O-36:4) C42H77NO9P [M+H]+ Glycerophosphoserines 3.43 4.05 2.95 2.87 0.00 3.31 6.36 5.96 6.17 6.29 6.32 6.12 

840.5767 840.5749 0.0018 PS(40:4) C46H83NO10P [M+H]+ Glycerophosphoserines 3.98 4.16 4.89 4.48 4.96 4.94 6.24 5.78 6.14 6.33 6.30 6.17 

906.5806 906.5855 0.0048 PS(44:7(OH)) C50H85NO11P [M+H]+ Glycerophosphoserines 5.77 5.33 6.00 5.75 6.04 6.02 6.51 6.39 6.49 6.58 6.74 6.56 

907.5838 907.5807 0.0031 PS(43:8(OH)) C49H84N2O11P [M+NH4]+ Glycerophosphoserines 5.23 4.79 5.51 5.20 5.51 5.51 5.85 5.72 5.79 5.93 6.14 5.95 

642.4228 642.4212 0.0016 MGDG(25:4) C34H60NO10 [M+NH4]+ Glycosyldiradylglycerols 5.21 5.21 6.75 6.33 7.05 6.91 6.92 6.73 7.03 7.21 7.29 6.86 

662.4879 662.4838 0.0042 MGDG(26:1) C35H68NO10 [M+NH4]+ Glycosyldiradylglycerols 3.96 4.33 6.09 5.47 6.20 6.18 4.98 4.87 4.67 5.89 5.69 5.90 

746.577 746.5777 0.0007 MGDG(32:1) C41H80NO10 [M+NH4]+ Glycosyldiradylglycerols 4.33 4.41 5.27 4.86 5.27 5.28 6.39 6.05 6.32 6.99 6.80 6.77 

756.492 756.4926 0.0006 SQDG(28:0) C37H74NO12S [M+NH4]+ Glycosyldiradylglycerols 5.86 5.82 6.20 5.91 5.93 5.93 5.14 4.80 5.09 5.03 5.17 4.98 

784.5232 784.5239 0.0008 SQDG(30:0) C39H78NO12S [M+NH4]+ Glycosyldiradylglycerols 6.42 6.31 6.56 6.41 6.42 6.44 6.20 5.84 6.16 6.01 6.10 5.89 

788.5301 788.5307 0.0006 MGDG(36:8) C45H74NO10 [M+NH4]+ Glycosyldiradylglycerols 4.86 4.27 6.55 6.02 6.58 6.65 4.99 4.01 4.72 6.94 7.01 6.56 

790.5456 790.5464 0.0007 MGDG(36:7) C45H76NO10 [M+NH4]+ Glycosyldiradylglycerols 4.90 4.89 5.84 5.51 6.02 6.13 5.04 4.50 4.93 6.72 6.75 6.35 

801.5513 801.5511 0.0002 MGDG(38:7) C47H77O10 [M+H]+ Glycosyldiradylglycerols 6.38 6.41 6.39 6.38 6.38 6.36 6.35 6.34 6.34 6.38 6.39 6.26 

810.5386 810.5396 0.001 SQDG(32:1) C41H80NO12S [M+NH4]+ Glycosyldiradylglycerols 5.76 5.51 5.70 5.68 5.71 5.74 6.33 5.93 6.27 6.44 6.49 6.44 

814.5455 814.5464 0.0008 MGDG(38:9) C47H76NO10 [M+NH4]+ Glycosyldiradylglycerols 3.95 3.59 6.03 5.57 6.17 6.32 4.79 4.17 4.54 6.98 7.01 6.57 

834.5386 834.5396 0.001 SQDG(34:3) C43H80NO12S [M+NH4]+ Glycosyldiradylglycerols 4.40 4.34 5.66 5.20 5.71 5.72 6.54 5.93 6.37 6.83 6.96 6.74 

836.554 836.5552 0.0013 SQDG(34:2) C43H82NO12S [M+NH4]+ Glycosyldiradylglycerols 4.26 4.32 5.41 5.00 5.44 5.46 6.19 5.88 6.07 6.38 6.40 6.34 

838.5699 838.5709 0.001 SQDG(34:1) C43H84NO12S [M+NH4]+ Glycosyldiradylglycerols 4.97 5.22 5.72 5.45 5.79 5.86 7.21 6.87 7.14 7.33 7.28 7.18 

843.5249 843.5287 0.0038 SQDG(36:4) C45H79O12S [M+H]+ Glycosyldiradylglycerols 4.09 4.46 5.09 4.71 5.09 5.12 6.35 5.98 6.26 6.46 6.41 6.29 
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873.5773 873.5756 0.0017 SQDG(38:3) C47H85O12S [M+H]+ Glycosyldiradylglycerols 7.24 6.65 7.84 7.50 7.86 7.86 7.92 7.68 7.82 8.04 8.05 7.93 

874.5544 874.5522 0.0021 DGDG(30:4) C45H80NO15 [M+NH4]+ Glycosyldiradylglycerols 6.00 5.39 6.19 5.82 6.12 6.16 6.42 6.20 6.34 6.53 6.59 6.47 

888.5696 888.5679 0.0017 DGDG(31:4) C46H82NO15 [M+NH4]+ Glycosyldiradylglycerols 7.34 7.25 7.96 7.55 7.81 7.96 8.29 8.19 8.36 7.94 7.74 7.61 

921.5721 921.5756 0.0036 SQDG(42:7) C51H85O12S [M+H]+ Glycosyldiradylglycerols 5.75 5.68 5.87 5.81 5.66 5.58 6.99 6.92 6.92 5.63 6.02 6.00 

976.5979 976.5992 0.0013 DGDG(38:9) C53H86NO15 [M+NH4]+ Glycosyldiradylglycerols 4.80 4.19 6.48 5.83 6.58 6.51 5.61 4.98 5.42 6.90 6.92 6.47 

737.4549 737.4515 0.0034 SQDG(28:0) C37H69O12S [M-H]- Glycosyldiradylglycerols 6.00 5.98 6.11 6.01 5.94 5.98 5.32 5.04 5.30 5.17 5.26 5.16 

765.4859 765.4828 0.0031 SQDG(30:0) C39H73O12S [M-H]- Glycosyldiradylglycerols 6.55 6.44 6.62 6.52 6.48 6.50 5.88 5.70 5.84 5.71 5.89 5.80 

791.5017 791.4985 0.0033 SQDG(32:1) C41H75O12S [M-H]- Glycosyldiradylglycerols 5.90 5.72 5.96 5.78 5.84 5.84 6.44 6.12 6.43 6.53 6.58 6.57 

815.502 815.4985 0.0035 SQDG(34:3) C43H75O12S [M-H]- Glycosyldiradylglycerols 4.62 4.53 5.77 5.38 5.82 5.69 6.07 5.54 5.81 6.43 6.50 6.37 

817.5174 817.5141 0.0032 SQDG(34:2) C43H77O12S [M-H]- Glycosyldiradylglycerols 4.50 4.58 5.63 5.20 5.65 5.66 6.36 6.01 6.16 6.51 6.50 6.46 

819.5333 819.5298 0.0036 SQDG(34:1) C43H79O12S [M-H]- Glycosyldiradylglycerols 5.17 5.43 5.93 5.64 5.88 5.93 7.28 6.92 7.20 7.36 7.32 7.25 

841.5138 841.5141 0.0003 SQDG(36:4) C45H77O12S [M-H]- Glycosyldiradylglycerols 3.83 0.00 6.05 5.25 5.75 5.88 4.41 3.78 4.17 6.44 6.41 6.10 

515.4124 515.4095 0.0029 MG(30:6) C33H55O4 [M+H]+ Monoradylglycerols 7.48 7.48 7.57 7.54 7.48 7.45 7.46 7.48 7.44 7.54 7.53 5.60 

571.4716 571.4721 0.0005 MG(34:6) C37H63O4 [M+H]+ Monoradylglycerols 4.40 4.20 6.03 5.61 6.05 6.09 4.68 4.53 4.50 6.72 6.69 6.39 

747.6069 747.6093 0.0024 HexCer(t35:1) C41H83N2O9 [M+NH4]+ Neutral glycosphingolipids 4.96 4.58 6.33 5.92 6.49 6.40 5.57 5.18 5.42 6.30 6.41 5.97 

785.5266 785.5287 0.0021 PI-Cer(t32:1) C38H78N2O12P [M+NH4]+ Phosphosphingolipids 5.98 5.86 6.14 5.96 5.96 5.99 5.71 5.44 5.75 5.63 5.72 5.55 

831.5715 831.5706 0.001 PI-
Cer(t34:0(OH)) C40H84N2O13P [M+NH4]+ Phosphosphingolipids 4.39 4.60 5.33 4.94 5.15 5.35 6.68 6.38 6.66 6.75 6.40 6.64 

839.5731 839.5756 0.0025 PI-Cer(t36:2) C42H84N2O12P [M+NH4]+ Phosphosphingolipids 4.61 4.89 5.54 5.12 5.58 5.57 6.89 6.53 6.81 7.00 6.95 6.87 

889.5727 889.576 0.0033 MIPC(m30:0) C42H86N2O15P [M+NH4]+ Phosphosphingolipids 6.81 6.60 7.45 7.03 7.30 7.27 7.80 7.69 7.71 7.42 7.24 7.11 

893.539 893.5346 0.0044 MIPC(t28:0) C40H82N2O17P [M+NH4]+ Phosphosphingolipids 4.48 5.23 6.57 6.27 6.98 6.83 4.32 3.86 4.48 5.91 6.83 4.92 

905.5671 905.5709 0.0038 MIPC(d30:0) C42H86N2O16P [M+NH4]+ Phosphosphingolipids 5.79 5.37 6.78 6.35 6.98 6.84 6.42 6.38 6.26 6.41 6.37 6.35 

766.4893 766.4876 0.0017 PI-Cer(t32:1) C38H73NO12P [M-H]- Phosphosphingolipids 6.19 6.12 6.22 6.14 6.05 6.13 5.55 5.31 5.52 5.44 5.51 5.40 
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820.5361 820.5345 0.0016 PI-Cer(t36:2) C42H79NO12P [M-H]- Phosphosphingolipids 4.87 5.11 5.62 5.31 5.63 5.65 6.96 6.61 6.89 7.06 7.00 6.94 

256.2636 256.2635 0.0001 Sph(m16:1) C16H34NO [M+H]+ Sphingoid bases 6.10 5.66 6.19 6.03 6.48 5.99 5.74 5.77 6.24 5.69 5.69 5.81 

284.2948 284.2948 0.0001 Sph(m18:1) C18H38NO [M+H]+ Sphingoid bases 6.24 5.79 6.12 6.08 6.37 5.88 5.85 5.81 6.33 5.64 5.42 5.77 

768.707 768.7076 0.0006 TG(44:0) C47H94NO6 [M+NH4]+ Triradylglycerols 5.78 5.86 5.98 5.93 5.90 5.88 5.93 5.84 5.76 6.01 5.76 5.82 

792.7067 792.7076 0.0009 TG(46:2) C49H94NO6 [M+NH4]+ Triradylglycerols 5.79 5.72 6.29 5.95 6.12 5.95 6.11 6.20 6.20 6.35 6.11 6.05 

794.7225 794.7232 0.0007 TG(46:1) C49H96NO6 [M+NH4]+ Triradylglycerols 6.30 6.19 6.54 6.36 6.45 6.36 6.54 6.54 6.54 6.70 6.48 6.45 

796.7381 796.7389 0.0007 TG(46:0) C49H98NO6 [M+NH4]+ Triradylglycerols 6.31 6.30 6.36 6.33 6.33 6.30 6.33 6.31 6.31 6.36 6.36 6.20 

808.738 808.7389 0.0008 TG(47:1) C50H98NO6 [M+NH4]+ Triradylglycerols 6.20 6.09 6.27 6.11 6.25 6.23 6.19 6.20 6.23 6.22 6.17 6.12 

810.7537 810.7545 0.0008 TG(47:0) C50H100NO6 [M+NH4]+ Triradylglycerols 6.21 6.24 6.26 6.22 6.22 6.18 6.22 6.20 6.28 6.26 6.20 6.12 

820.738 820.7389 0.0009 TG(48:2) C51H98NO6 [M+NH4]+ Triradylglycerols 6.35 6.29 6.95 6.68 6.77 6.64 6.59 6.57 6.65 6.95 6.63 6.57 

822.7537 822.7545 0.0008 TG(48:1) C51H100NO6 [M+NH4]+ Triradylglycerols 6.67 6.62 7.14 6.88 6.97 6.85 6.76 6.77 6.75 7.24 6.84 6.83 

824.7693 824.7702 0.0008 TG(48:0) C51H102NO6 [M+NH4]+ Triradylglycerols 6.46 6.49 6.51 6.48 6.47 6.45 6.49 6.45 6.48 6.55 6.46 6.41 

834.7536 834.7545 0.0009 TG(49:2) C52H100NO6 [M+NH4]+ Triradylglycerols 6.11 6.14 6.25 6.16 6.14 6.18 6.13 6.01 6.18 6.08 6.12 6.07 

836.7691 836.7702 0.0011 TG(49:1) C52H102NO6 [M+NH4]+ Triradylglycerols 6.24 6.31 6.38 6.31 6.34 6.29 6.30 6.27 6.30 6.35 6.30 6.17 

838.7849 838.7858 0.0009 TG(49:0) C52H104NO6 [M+NH4]+ Triradylglycerols 6.07 6.09 5.90 5.90 6.05 5.97 6.00 5.99 6.10 6.08 6.03 5.97 

844.7377 844.7389 0.0011 TG(50:4) C53H98NO6 [M+NH4]+ Triradylglycerols 5.75 5.49 6.59 6.21 6.50 6.35 6.03 5.95 6.08 6.48 6.12 6.15 

846.7536 846.7545 0.0009 TG(50:3) C53H100NO6 [M+NH4]+ Triradylglycerols 6.22 6.13 6.94 6.61 6.79 6.63 6.38 6.31 6.37 6.82 6.49 6.46 

848.7691 848.7702 0.0011 TG(50:2) C53H102NO6 [M+NH4]+ Triradylglycerols 6.64 6.58 7.28 6.97 7.07 6.91 6.69 6.66 6.66 7.27 6.84 6.81 

850.7848 850.7858 0.001 TG(50:1) C53H104NO6 [M+NH4]+ Triradylglycerols 6.73 6.68 7.21 6.99 7.02 6.91 6.72 6.70 6.73 7.43 6.91 6.86 

862.785 862.7858 0.0009 TG(51:2) C54H104NO6 [M+NH4]+ Triradylglycerols 5.97 5.98 6.21 5.94 6.15 6.11 5.98 5.96 5.98 6.01 6.01 5.93 

872.7692 872.7702 0.001 TG(52:4) C55H102NO6 [M+NH4]+ Triradylglycerols 6.33 6.20 7.14 6.78 7.00 6.82 6.33 6.21 6.30 6.87 6.50 6.44 

874.7846 874.7858 0.0012 TG(52:3) C55H104NO6 [M+NH4]+ Triradylglycerols 6.63 6.51 7.38 7.03 7.16 6.98 6.59 6.51 6.55 7.06 6.71 6.65 
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876.8002 876.8015 0.0012 TG(52:2) C55H106NO6 [M+NH4]+ Triradylglycerols 6.89 6.79 7.55 7.25 7.35 7.22 6.78 6.77 6.79 7.40 6.95 6.88 

878.8163 878.8171 0.0008 TG(52:1) C55H108NO6 [M+NH4]+ Triradylglycerols 6.43 6.40 6.94 6.68 6.77 6.66 6.33 6.34 6.33 6.90 6.50 6.41 

880.8316 880.8328 0.0011 TG(52:0) C55H110NO6 [M+NH4]+ Triradylglycerols 5.91 5.83 5.85 5.91 5.94 5.99 5.79 5.88 6.07 5.95 5.96 5.76 

890.7222 890.7232 0.0011 TG(54:9) C57H96NO6 [M+NH4]+ Triradylglycerols 5.62 5.14 6.62 6.18 6.66 6.43 5.46 5.42 5.70 6.43 6.06 5.78 

900.8001 900.8015 0.0014 TG(54:4) C57H106NO6 [M+NH4]+ Triradylglycerols 6.64 6.58 7.20 6.90 7.09 6.94 6.55 6.52 6.52 6.93 6.71 6.60 

902.8157 902.8171 0.0014 TG(54:3) C57H108NO6 [M+NH4]+ Triradylglycerols 6.94 6.89 7.26 7.08 7.18 7.07 6.90 6.88 6.90 7.12 6.93 6.87 

904.8317 904.8328 0.001 TG(54:2) C57H110NO6 [M+NH4]+ Triradylglycerols 6.37 6.33 6.81 6.57 6.68 6.53 6.27 6.31 6.26 6.57 6.38 6.28 

906.8471 906.8484 0.0013 TG(54:1) C57H112NO6 [M+NH4]+ Triradylglycerols 6.09 5.89 6.32 6.14 6.27 6.13 6.01 6.12 6.06 6.28 6.13 5.99 

914.7219 914.7232 0.0013 TG(56:11) C59H96NO6 [M+NH4]+ Triradylglycerols 5.56 5.04 6.44 5.87 6.50 6.30 5.49 5.38 5.60 6.20 5.89 5.87 

916.7378 916.7389 0.001 TG(56:10) C59H98NO6 [M+NH4]+ Triradylglycerols 6.87 5.80 7.22 6.94 7.47 7.23 5.05 4.86 4.99 5.86 5.49 5.39 

936.7063 936.7076 0.0013 TG(58:14) C61H94NO6 [M+NH4]+ Triradylglycerols 5.52 4.65 6.15 5.74 6.23 6.06 5.21 5.07 5.38 6.16 5.97 5.69 

938.7219 938.7232 0.0013 TG(58:13) C61H96NO6 [M+NH4]+ Triradylglycerols 5.54 4.95 6.46 5.87 6.49 6.32 5.62 5.56 5.75 6.29 6.12 5.99 

940.7376 940.7389 0.0012 TG(58:12) C61H98NO6 [M+NH4]+ Triradylglycerols 5.76 5.10 6.50 6.09 6.56 6.36 5.73 5.71 5.86 6.21 6.16 6.05 

942.7531 942.7545 0.0014 TG(58:11) C61H100NO6 [M+NH4]+ Triradylglycerols 6.21 5.54 6.88 6.59 7.00 6.80 5.87 5.86 5.88 6.34 6.24 6.21 

962.7219 962.7232 0.0013 TG(60:15) C63H96NO6 [M+NH4]+ Triradylglycerols 7.06 5.78 7.07 6.91 7.32 7.06 3.66 3.59 3.83 5.20 5.00 4.87 

966.7532 966.7545 0.0013 TG(60:13) C63H100NO6 [M+NH4]+ Triradylglycerols 5.09 4.55 6.10 5.60 6.17 5.97 5.65 5.47 5.74 6.25 6.33 6.13 

968.7684 968.7702 0.0017 TG(60:12) C63H102NO6 [M+NH4]+ Triradylglycerols 4.84 4.50 5.75 5.38 5.93 5.81 6.07 5.95 6.18 6.63 6.66 6.60 
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Figure 6.A.1: Magnesium (Mg), manganese (Mn), calcium (Ca), and zinc (Zn) HPSEC-ICPMS profiles of P. palmata and S. latissima; following 

exposure to 100 mg/L Se (as either selenite or selenate) for 3 days, with control.
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Abstract
Seaweeds are potentially a valuable resource for the food, drink and pharmaceutical sectors. The effective utilization of seaweed
usually requires post-harvest dehydration in order to prevent decomposition, increase shelf life and aid the extraction of certain
chemical constituents. Drying is an expensive, time-consuming and energy-intensive process. Here, the presence of a range of
nutritionally important compounds was studied in five brown seaweeds (Fucus spiralis, Laminaria digitata, Fucus serratus,
Halidrys siliquosa, Pelvetia canaliculata) after oven-drying at 40 and 60 °C, freeze-drying and microwave-drying at 385, 540
and 700 W. Antioxidant potential (total flavonoid content, total phenolic content, total antioxidant capacity and radical scaveng-
ing activity), soluble protein, lipid, amino acid and fatty acid profiles were determined in each case. Overall, results showed that
low-temperature drying, such as freeze-drying and oven-drying at 40 °C, produced products with higher concentrations of
nutritionally important chemicals, as well as stronger antioxidant activities. Results suggest that concentrations of nutritionally
important chemicals and antioxidant activity are influenced by both the drying treatment and seaweed species used. Where rapid
drying techniques are found to be beneficial to levels of specific chemicals, microwave-drying could be a useful alternative to
oven-drying, as it helps overcome issues associated with prolonged duration drying (contamination and oxidation). No single
drying procedure could be identified as consistently superior for all species or all compounds of interest—indicating that the
appropriate drying technique should be selected and optimized for each seaweed species whilst also taking into account potential
end-use of the final product.

Keywords Marine algae . Drying techniques . Antioxidant potential . Nutritional chemicals . Seaweed processing

Introduction

Improved insight into links between food choice and human
health and wellbeing has led to increased research regarding
functional foods (Holdt and Kraan 2011). Functional foods are
considered capable of improving human wellbeing and may
play a role in preventing chronic conditions like diabetes,
hypertension, cardiovascular disease and cancer, as well as
providing additional nutritional benefits (Dipplock et al.
1999; Menrad 2003). Studies have indicated that some

seaweeds may be considered functional foods, due to the pres-
ence of compounds with proven health benefits (Cornish and
Garbary 2010; Suleria et al. 2015). Seaweeds are widely used
to produce a range of chemical additives, i.e., for pigmentation
(astaxanthin) or to impart hydrocolloid properties (carrageen-
an, agar and alginate), and are consumed whole as a food,
particularly in certain Asian countries (Holdt and Kraan
2011). However, they are not yet a substantial part of many
diets in other parts of the world. More recently, studies have
examined the incorporation of seaweed as a whole or ingredi-
ent within conventional food products and beverages
(Roohinejad et al. 2017).

However, fresh seaweed commonly has a high moisture
content (of up to 85%, depending on species). Thus, the use
of seaweed as an ingredient in the food industry often requires
it to be dehydrated before use (Gupta et al. 2011). Drying
helps prevent decomposition, increases shelf life and aids
the extraction of certain chemical constituents (Ito and Hori
1989). Historically, various drying techniques have been used
for foods, including sun-drying, freeze-drying, oven-drying,
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vacuum-drying and, more recently, microwave-drying, which
offers the advantage of shorter drying times when compared to
other techniques (Zhang et al. 2010). Drying acts to inhibit
microbiological activity and slows or stops chemical reactions
that cause food to deteriorate (i.e., oxidation or reduction),
thus prolonging shelf life (Gupta and Abu-Ghannam 2011;
Gupta et al. 2011).Whilst there are different drying techniques
available, various factors such as cost, energy consumption,
effectiveness and impact on food quality all need to be con-
sidered when selecting the most appropriate method (Chen
et al. 2016; Stramarkou et al. 2017).

Whilst the main purpose of drying is to preserve the seaweed
and extend shelf life, dehydration can also result in negative
changes in terms of quality, colour, aroma and the nutritional
and phytochemical content of the seaweed (Chan et al. 1997).
The quality of seaweed can be reduced if beneficial compounds
in the seaweed are lost as a result of drying. For example, phe-
nolic compounds (capable of acting as antioxidants) are often
depleted when using certain drying methods, which may then
result in reduced antioxidant activity (Ling et al. 2015; Cruces
et al. 2016). Other valuable biomolecules such as amino acids,
proteins, lipids, fatty acids and other bioactive compounds in
seaweeds can also be affected by drying procedures (Chan
et al. 1997; Wong and Cheung 2001; Le Lann et al. 2008;
Gupta et al. 2011; Ling et al. 2015; Cruces et al. 2016; Neoh
et al. 2016; Hamid et al. 2018; Sappati and Nayak 2018; Silva
et al. 2019). These studies have demonstrated the value of
selecting appropriate drying treatments in order to preserve im-
portant bioactive compounds within seaweeds that are destined
for use as functional foods.

Of the drying techniques that have been described for sea-
weed, sun-drying and oven-drying (relatively low-cost op-
tions) are the most commonly used (Kadam et al. 2015).
However, when sun-drying, seaweed is laid out in the open
air in direct sunlight where there is ample opportunity for
airborne contamination (i.e., with particulates, microbes,
etc.) which may then affect the quality and hygiene of the final
product. Alternatively, oven-drying often requires relatively
high temperatures for prolonged periods, whichmay negative-
ly influence the content of heat-labile bioactive compounds
and nutrients (Kadam et al. 2015). Previous studies have in-
dicated that freeze-drying may avoid the loss of valuable
chemical components in seaweed due to drying, when com-
pared to other conventional methods (Chan et al. 1997; Wong
and Cheung 2001), since this avoids the use of elevated tem-
peratures. This is exemplified by Hamid et al. (2018) who
compared metabolite profiles in three edible seaweeds
(Cladosiphon okamuranus, Saccharina japonica and
Osmundea pinnatifida) subjected to varying drying treatments
and showed that freeze-dried batches showed higher concen-
trations of certain metabolites when compared to oven-dried
batches. Additionally, a study byMoreira et al. (2017) showed
that freeze-dried samples of Ascophyllum nodosum had higher

antioxidant activity and contained more phenolic compounds
than samples subjected to other drying procedures. However,
freeze-drying is an expensive technique to deploy at a large
scale, and as a result, it is not widely used in the commercial
processing of seaweed. Finally, microwave-drying is an alter-
native option which may offer rapid drying over short time
periods—but again, whilst this has been used in other food
sectors (Zhang et al. 2010; Hamrouni-Sellami et al. 2013;
Zielinska and Michalska 2016), it is yet to be exploited in
the seaweed industry.

Whilst the effects of drying (i.e., oven-drying and freeze-
drying) on certain nutritionally important components in some
seaweed species have been explored to some degree, the use
of time-efficient microwave-drying has received little atten-
tion. Likewise, its effect on the final composition of the sea-
weed product—in relation to different seaweed species—
remains virtually unexplored. Here, we considered the effects
of freeze-drying, oven-drying (at 40 and 60 °C) and
microwave-drying (at 375, 540 and 700 W) on chemical con-
stituents in five common species of brown seaweed, with a
particular focus on antioxidant activity and the changes/
differences in nutritionally important chemical species in the
potential final seaweed product.

Materials and methods

Sampling

Seaweeds (Fucus serratus, Fucus spiralis,Halidrys siliquosa,
Laminaria digitata and Pelvetia canaliculata) were collected
from the intertidal zone at Thurso, UK (58.5936° N, 3.5221°
W) in January 2017 at low tide. A randomised collection
pattern was used, without considering the age and size of the
algae. Seaweed samples were rinsed with seawater in the field
after collection and were then brought to the laboratory in
sealed specimen bags. In the laboratory, samples were thor-
oughly cleaned with Milli-Q water to ensure they were free
from epiphytes, foreign biota, sand and other surface
contaminants.

Drying experiments

Three different drying methods were used: (a) conventional
oven-drying, (b) freeze-drying and (c) microwave-assisted
drying. Samples of each seaweed species (fresh) were divided
into six equal portions (100-g wet weight each) and then dried
using six different procedures, as shown in Table 1.

For freeze-drying, the seaweed was frozen at atmospheric
pressure prior to being placed in a chamber that combines a
chilled condenser and a vacuum pump to aid sublimation of
water (Mujumdar, 2014). The freeze dryer used was an
Edwards Modulyo 4K benchtop unit. For oven-drying,
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samples were placed into a Thermo Heraeus Scientific T6120
oven and two drying temperatures were used (40 and 60 °C;
each for 48 h). For microwave-drying, a conventional domes-
tic microwave was used (Argos MM717CNF) and three com-
binations of time and power were tested (see Table 1). The
oven- and freeze-drying conditions used were based on those
described previously by Ling et al. (2015) and on optimisation
experiments that determined the times needed to obtain
dehydrated material. Drying was considered complete when
sufficient drying time resulted in constant dry weight (data not
shown). After drying, samples were milled using a kitchen
blender to a consistent fine powder. Samples were then stored
at 4 °C in glass bottles until analysis.

Analysis of antioxidant potential

Seaweed extraction

This method was adapted from that of Mutton (2012). Briefly,
250 mg of milled sample was weighed into a 15-mL polypro-
pylene centrifuge tube and 5 mL of methanol (analytical grade)
was added. The mixture was vortexed (Clifton Cyclone vortex;
Nickel-Electro) for 20 s (three times) before sonicating (Grant
ultrasonic bath) for 30 min at 55 °C. After sonication, tubes were
shaken for 4 h on an orbital shaker (Stuart SSL1) at 300 rpm.
Extracts were then centrifuged (Thermo Scientific IEC CL30R
centrifuge) at 2500 rpm for 10 min at 24 °C, and the resulting
supernatant was decanted into a separate vial. Five millilitres of
methanol was then added to the solid residue, and the vortexing
and centrifugation procedures repeated. The supernatant was
then pooled with that of the first extraction before evaporating
to dryness under nitrogen (LV nitrogen manifold; Caliper Life
Sciences). The extracts were stored at − 20 °C prior to analysis.
Before analysis, extracts were re-dissolved in 5 mL of methanol.
All extractions were conducted in triplicate.

Radical scavenging potential by DPPH assay

This method was adapted from that of Mutton (2012). Briefly,
100 μL of the formerly mentioned methanol extract was

added to an Eppendorf tube followed by 1 mL of 0.1 mM
2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH) in methanol.
Samples were then vortexed before standing at ambient tem-
perature in the dark for 30 min. One hundred microlitres of
pure methanol was used as a negative control. After standing,
the absorbance of each sample was measured on a UV/Vis
spectrophotometer (Camspec M501) at a wavelength of
515 nm. Readings were taken in triplicate (analytical
replicates).

Total antioxidant capacity (TAC) by phosphomolybdate
reduction assay

This method was based on a slight modification of that de-
scribed by Prieto et al. (1999). Briefly, 150 μL of seaweed
methanol extract (and ascorbic acid standards ranging from
0.1 to 2.5 mg mL−1 for calibration) was added to Eppendorf
tubes followed by 1.5 mL of a solution containing: 0.6 M
sulphuric acid, 28 mM sodium phosphate (dibasic) and
4 mM ammonium molybdate (1:1:1 v/v/v). Tubes were incu-
bated for 90 min at 95 °C and then allowed to cool to room
temperature. Absorbance was then measured at 695 nm.

Total phenolic content by Folin–Ciocalteu assay

The method of Hamrouni-Sellami et al. (2013) was adapted.
Briefly, 100 μL of seaweed methanol extract (or gallic acid
standard for calibration) was added to a test tube followed by
1mL of 10% Folin–Ciocalteu reagent (Sigma-Aldrich, UK) in
Milli-Q water and 0.8 mL of 7.5% sodium carbonate. Tubes
were thoroughly mixed by vortexing and allowed to stand for
1 h at room temperature. Calibration was carried out using
gallic acid standards with concentrations ranging from 0.1 to
2 mg mL−1. Standards and blanks were prepared using the
same method as for the samples. Absorbance was measured
at 765 nm.

Total flavonoid content

This method was adapted from Hamrouni-Sellami et al.
(2013). Briefly, 100 μL of seaweed methanol extract or stan-
dard ((+)-catechin hydrate) was added to an Eppendorf tube
followed by 500 μL of Milli-Q water and 37.5 μL of 5%
sodium nitrite. After 6 min, 75 μL of 10% aluminium chloride
was added to the tube followed by 250 μL of 1 M sodium
hydroxide. Samples and standards were then made up to
1.5 mL with Milli-Q water. Calibrations were carried out
using (+)-catechin hydrate standards (concentration range,
0.05–2 mg mL−1). Standards and blanks were prepared using
the same method as for the samples. Absorbance was mea-
sured at 510 nm.

Table 1 Drying conditions used, showing the duration of drying and
temperature (in the case of oven-drying and freeze-drying) and power
setting (in the case of microwave-drying)

Drying apparatus Condition for drying Drying treatment

Freeze dryer − 60 °C for 5 days FD

Microwave 385 W for 15 min M385

Microwave 540 W for 11 min M540

Microwave 700 W for 8 min M700

Oven 40 °C for 48 h OV40

Oven 60 °C for 48 h OV60
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Protein analysis

This method was modified from that of Gressler et al. (2010).
Briefly, 50 mg of seaweed was weighed into an Eppendorf
tube, and 990 μL of phosphate buffer (at pH 8) was added,
followed by 10 μL of 0.5 M ethylene diamine tetra-acetate
(EDTA) and 2 μL of 2-mercaptoethanol. The mixture was
vortexed for 30 s, sonicated for 1 h at room temperature before
shaking on an orbital shaker at 300 rpm for 15 h, and
centrifuging at 7000 rpm for 5 min at 4 °C. After centrifuga-
tion, the supernatant was collected. Solutions of bovine serum
albumin (BSA) (ranging from 50 to 2000 μg mL−1) were
prepared for use as standards. Twenty microlitres of each sea-
weed extract and BSA standard were added to Eppendorf
tubes followed by 1 mL of Bradford’s reagent (Sigma-
Aldrich). Mixtures were vortexed for 30 s and incubated at
room temperature for 15 mi before measuring absorbance at
595 nm.

Amino acids analysis

Seaweed hydrolysis

This method was modified from Dai et al. (2014). Briefly,
200 mg of dry seaweed was weighed into a 15-mL screw
top glass vial, and 5 mL of 6 M HCl added. The vial was
flushed with nitrogen to remove air before placing in a pre-
heated oven at 110 °C for 24 h. The hydrolysate was allowed
to cool to room temperature before centrifuging and filtering
through a 0.22-μm syringe filter (Millipore). To 50 μL of
hydrolysate, 25 μL of 2.5 mM α-aminobutyric acid in
20 mM HCl (internal standard) was added and made up to
100 μL with Milli-Q water.

Pre-column derivatisation of hydrolysate

Pre-column derivatisation was based on a slight modification
of Jones et al. (1981) and Dai et al. (2014), using a mixture of
O-phthalaldehyde solution (OPA) and 2-mercaptoethanol.
The mixture was prepared by dissolving 27 mg of O-
phthalaldehyde in 500 μL of methanol before adding 50 μL
of 2-mercaptoethanol and 5 mL of borate buffer (pH 12.6).
One hundred microlitres of this mixture was added to 100 μL
of diluted hydrolysate (1:1 v/v), or a mixed amino acid stan-
dard (10 μM) or Milli-Q water (blank). Mixtures were
vortexed and analysed by HPLC. Samples were prepared in
triplicate.

Determination of amino acids

Amino acids were determined using high-performance liquid
chromatography (Dionex 3000 Ultimate) with fluorescence
detection (RF 2000; Dionex). The analytical method was

adapted from Dai et al. (2014). The analytical column used
was a Synergi Max-RP with TMS end capping (reverse phase
column(C12), 250-mm length, 4.6 mm ID, 4-μm particle
size), with a flow rate of 1 mL min−1. The mobile phase
consisted of 25 mM sodium acetate buffer (pH 7.2), methanol
and tetrahydrofuran (90.5:9.0:0.5, v/v/v) (solvent A) and
100% methanol (solvent B). The column was eluted using
the following gradient: solvent A:B ratio at 0 min was 86:14
was held for 5 min before increasing to 75:25 over 7 min and
holding for 6 min, followed by increasing to 50:50 over 7 min
and holding for 5 min before increasing to 0:100 over 6 min
and holding for 4 min before returning to 86:14 over 45 min.
For fluorescence, an excitation wavelength of 340 nm was
used along with an emission wavelength of 420 nm.
Individual amino acids were identified by matching retention
times to those of derivatised individual amino acid standards
from prepared from solutions 10 μM of each amino acid in
20 mM HCl (additionally, these were compared with a com-
mercially acquired mixed amino acid standard from Thermo
Scientific; product no.20088). Quantification of amino acids
was carried out following normalization of the peak area with
that of an internal standard (α-aminobutyric acid). Proline and
cysteine were not detected; aspartame and aspartic acid were
detected as a single peak (aspartic acid) as were glutamine and
glutamic acid (which were identified as glutamic acid).

Lipid and fatty acids analysis

Lipid extraction

The method used was a modification of that reported by
Schmid et al. (2014). Briefly, 200 mg of dried seaweed was
added to a 15-mL glass centrifuge tube and 6 mL of
methanol:chloroform (2:1 v/v) added. This was vortexed and
then sonicated for 30 min at room temperature. The mixture
was shaken for 16 h on an orbital shaker at 300 rpm at room
temperature in the dark. After this, 2 mL of chloroform and
3.6 mL of Milli-Q water were added before vortexing and
centrifuging at 1000×g for 3 min at 4 °C. The organic phase
was transferred to a separate tube, and the aqueous phase re-
extracted with 4 mL of chloroform (repeating the vortexing
and centrifuging steps). Extracts were pooled and evaporated
to dryness under nitrogen at 40 °C and then freeze-dried for
15 h to ensure complete drying. The lipid content was deter-
mined gravimetrically by subtracting the initial weight of the
empty tube from the weight after evaporating the extract to
dryness. Dried lipids were stored at − 20 °C before
transmethylation.

Fatty acid transmethylation and quantification

The analysis of fatty acids that comprise lipids requires
transmethylation of the lipids to attain methyl esters of the
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fatty acids (which are more volatile than the fatty acids). The
method used here was a slight modification of that described
by Kumari et al. (2010). Briefly, 30 μL of 5 mg mL−1

pentadecanoic acid (dissolved in methanol) was added to the
tube containing the dry lipid extract. The mixture was
vortexed, and 1 mL of 1% NaOH in methanol was added.
The mixture was placed in a pre-heated water bath (with con-
stant stirring) for 15 min at 55 °C; after which, 2 mL of 5%
methanolic-HCl was added, and heating continued for another
15 min at 55 °C. After heating, 1 mL of Milli-Q water was
added followed by 1 mL of hexane. Solutions were vortexed
for 10 s three times and allowed to stand for 30 s. The organic
hexane layer was collected and the aqueous phase was re-
extracted twice with 1 mL of hexane (repeating the vortex
procedure). Extracts were pooled, evaporated to dryness under
nitrogen and then re-dissolved in 1 mL of hexane. The extract
was then analysed for fatty acids using gas chromatography
with mass spectrometry (GC-MS; Shimadzu QP2010); the
GC-MS method is described in Table A.1 in the supplemen-
tary material. Fatty acids were identified by retention times
and comparison of their fragmentation patterns with a com-
mercial fatty acid methyl ester mix (37 component FAMEmix
from Supelco, USA) and the NIST14 library. The fatty acids
were quantified by relating the peak area of the internal stan-
dard (pentadecanoic acid) to those of the fatty acids (peak
normalisation).

Statistical analysis

One-wayANOVA and Tukey’s honestly significant difference
(Tukey’s HSD) tests were carried out to determine if differ-
ences existed in measured parameters due to different drying
treatments for each seaweed species, using Minitab 18 soft-
ware. The significance level was set at P < 0.05.

Results

Mass loss from drying during the experiments is shown in
Table 2. Mass losses were similar for all species and in all
treatments, ranging from 76 to 87%. By species, the highest
amount of moisture was lost in L. digitata (with losses ranging
from 85 to 87%) compared with the other species.

Antioxidant potential

Radical scavenging activity (DPPH inhibition)

Radical scavenging activity (RSA) is reported here in terms of
percentage inhibition of DPPH, which is the amount of DPPH
radicals quenched compared to a control (methanol). Figure 1
shows that with the exception of L. digitata and H. siliquosa,
RSA varied markedly with drying treatments used. The RSA

of L. digitata extracts was similarly consistently low (8.90–
14.72%) for all drying treatments. For H. siliquosa, consis-
tently high RSAwas observed (86.03–92.59%) for all drying
treatments. For the other three species (F. spiralis, F. serratus
and P. canaliculata), RSA was highest for low-temperature
oven-drying (OV40) and freeze-drying treatments and was
reduced when higher oven temperatures and microwave treat-
ments were used (more so at high microwave power).

Total antioxidant capacity (TAC)

Figure 2 shows the effect of drying treatments on TAC. Again,
H. siliquosa shows markedly high TAC values compared to
the other four species—regardless of the drying treatment
used, with the highest value observed for freeze-dried samples
and the lowest for OV40 and OV60. Consistently low TAC
was observed for microwave-dried F. spiralis and all treat-
ments for L. digitata. Freeze-dried and OV40 oven-dried sam-
ples of F. spiralis and F. serratus tended to have higher TAC
than the other treatments, as was the case for P. canaliculata.

Total phenolic content

Figure 3 shows the effects of drying treatments on total
phenolic content (TPC) in methanol extracts of samples.
Higher TPC levels were observed for F. spiralis ,
F. serratus and P. canaliculata when oven-dried at 40 °C
(OV40) and freeze-dried (compared to high-temperature
oven-drying (OV60) and the microwave treatments). The
TPC content of L. digitata varied only slightly by treatment
and was consistently low. H. siliquosa again showed
higher TPC than the rest of the species, with considerably
higher levels for microwave-dried and freeze-dried batches
(compared to OV40 and OV60).

Total flavonoid content

Figure 4 shows the effects of the drying treatments on the total
flavonoid content (TFC) in the methanol extracts of the sea-
weeds. H. siliquosa had the highest TFC levels of the five
species—with levels highest in low- and high-energy micro-
wave-drying (although M385 was not statistically significant,
as shown in Table A.2 in the supplementary material). In all
species, no consistent TFC patterns (with drying method)
could be observed. For H. siliquosa and P. canaliculata,
higher TFC was observed for certain microwave-dried
batches, while for the two Fucus species, TFC levels were
higher in the freeze-dried batch and/or the OV40 batch. In
L. digitata, low values that varied only slightly between treat-
ments were seen.
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Soluble protein and amino acid content

Soluble protein

The effects of drying on soluble protein are displayed in
Fig. 5. All seaweed species showed the highest protein content
in freeze-dried batches with the exception of L. digitata,
wherein levels were consistently low (< 1%). The protein con-
tent of F. spiralis and P. canaliculata was also higher after
low-temperature oven-drying (OV40) when compared to
high-temperature oven-drying (OV60) and microwave
treatments.

Amino acid content

For each sample, amino acids were identified and quantified
(Table A.3 in the supplementarymaterial) before determining total
amino acid (TAA), essential amino acid (EAA) and non-essential
amino acid (NEAA) content. The EAA content is the sum of
threonine, valine, methionine, lysine, isoleucine, leucine and phe-
nylalanine and the NEAA is the sum of aspartame, glutamine,
serine, glycine, histidine, arginine, alanine and tyrosine.
Additionally, the ratio of the NEAA to EAA was determined.
The results are shown in Fig. 6. For four of the five seaweed
species, H. siliquosa being the exception, the highest level of

Fig. 1 Radical scavenging activity (% inhibition) of methanol extracts of
F. serratus, F. spiralis, H. siliquosa, L. digitata and P. canaliculata
subjected to freeze-drying (FD—black shading), oven-drying (no shad-
ing) at 40 °C (OV40) and 60 °C (OV60) and microwave-drying (grey

shading) at 385 W (M385), 540 W (M540) and 700 W (M700). All data
points are means of triplicate analyses (independent analytical replicates)
and error bars indicate standard deviation. Bars with different letters are
significantly different (P ≤ 0.05; Tukey)

Table 2 Mass loss (in %) in
F. serratus, F. spiralis,
H. siliquosa, L. digitata and
P. canaliculata after freeze-drying
(FD), oven-drying at 40 °C
(OV40) and 60 °C (OV60) and
microwave-drying at 385 W
(M385), 540 W (M540) and
700 W (M700)

Moisture content (%)

Drying treatments F. serratus F. spiralis H. siliquosa L. digitata P. canaliculata

FD 80.00 79.00 78.00 86.32 76.24

M385 77.14 80.95 81.37 85.15 80.20

M540 79.05 80.20 79.61 86.00 80.00

M700 78.22 76.47 78.00 87.38 77.27

OV40 82.18 81.37 79.50 85.00 80.03

OV60 82.35 80.20 78.50 86.61 80.46
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Fig. 3 Total phenolic contents (mg GAE (100 g DW)−1) in methanol
extracts of F. serratus, F. spiralis, H. siliquosa, L. digitata and
P. canaliculata subjected to freeze-drying (FD—black shading), oven-
drying (no shading) at 40 °C (OV40) and 60 °C (OV60) and
microwave-drying (grey shading) at 385 W (M385), 540 W (M540)

and 700 W (M700). All data points are means of triplicate analyses
(independent analytical replicates) and error bars indicate standard devi-
ation. Bars with different letters are significantly different (P ≤ 0.05;
Tukey)

Fig. 2 Total antioxidant capacity (mg AAE (100 g DW)−1) in methanol
extracts of F. serratus, F. spiralis, H. siliquosa, L. digitata and
P. canaliculata subjected to freeze-drying (FD—black shading), oven-
drying (no shading) at 40 °C (OV40) and 60 °C (OV60) and
microwave-drying (grey shading) at 40 °C (OV40) and 60 °C (OV60)

and microwave-drying (grey bars) at 385 W (M385), 540 W (M540) and
700 W (M700). All data points are means of triplicate analyses (indepen-
dent analytical replicates) and error bars indicate standard deviation. Bars
with different letters are significantly different (P ≤ 0.05; Tukey)
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Fig. 4 Total flavonoid contents (mg CE (100 g DW)−1) in methanol
extracts of F. serratus, F. spiralis, H. siliquosa, L. digitata and
P. canaliculata subjected to freeze-drying (FD—black shading), oven-
drying (no shading) at 40 °C (OV40) and 60 °C (OV60) and
microwave-drying (grey shading) at 385 W (M385), 540 W (M540)

and 700 W (M700). All data points are means of triplicate analyses
(independent analytical replicates) and error bars indicate standard devi-
ation. Bars with different letters are significantly different (P ≤ 0.05;
Tukey)

Fig. 5 Soluble protein contents (in g (100 g DW)−1) in F. serratus,
F. spiralis, H. siliquosa, L. digitata and P. canaliculata subjected to
freeze-drying (FD—black shading), oven-drying (no shading) at 40 °C
(OV40) and 60 °C (OV60) and microwave-drying (grey shading) at

385 W (M385), 540 W (M540) and 700 W (M700). All data points are
means of triplicate analyses (independent analytical replicates) and error
bars indicate standard deviation. Bars with different letters are significant-
ly different (P ≤ 0.05; Tukey)
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TAA and EAA resulted from low-temperature oven-drying
(OV40). A similar pattern is observed for the NEAA, except in
the case of F. spiralis that showed higher values for the

microwave-dried batches. EAA/NEAA ratio is used to determine
the quality of the amino acid content (Stévant et al. 2018) with a
higher ratio suggesting a relatively high EAA content, and

Fig. 6 Amino acid contents in F. serratus, F. spiralis, H. siliquosa,
L. digitata and P. canaliculata subjected to freeze-drying (FD – black
shading), oven-drying (no shading) at 40 °C (OV40) and 60 °C (OV60)
and microwave-drying (grey shading) at 385 W (M385), 540 W (M540)
and 700 W (M700). (a) Total essential amino acid (EAA) (in mg (g
DW)−1); (b) total non-essential amino acid (NEAA) (in mg (g DW)−1);

(c) total amino acid (TAA) (in mg (gDW)−1). All data points are means of
triplicate analyses (independent analytical replicates) and error bars indi-
cate standard deviation. Bars with different letters are significantly differ-
ent (P ≤ 0.05; Tukey). Statistical data are displayed in Table A.3 in the
supplementary material
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therefore better protein quality. Consistent trends in this data are
not evident, for example for the two Fucus species the highest
ratios was found in the OV40 treated samples, while M540 and
M700 provided high ratios forH. siliquosa and L. digitata (along-
side OV60 for H. siliquosa). For P. canaliculata, there was little
change in the ratio across the different drying treatments.

Lipid and fatty acid content

Lipid concentration

Lipid content data in relation to drying treatments is displayed
in Fig. 7. All species tended to show the highest lipid content
in microwave-dried batches, except for L. digitata where
OV40 gave marginally higher results. In H. siliquosa and
P. canaliculata, the lowest lipid content was observed in
freeze-dried batches. In contrast, the lowest lipid levels in
the two Fucus species were found in oven-dried batches.

Fatty acid profiles

For each sample, fatty acids were identified and quanti-
fied (Table A.4 in the supplementary material) before
determining the quantities of saturated fatty acids

(SFAs), monounsaturated fatty acids (MUFAs), polyun-
saturated fatty acids (PUFAs) and the index ratio of n6
to n3. The effect of drying treatments on fatty acids is
displayed in Fig. 8.

The C16, C18:1 and C20:4n6 fatty acids were the pre-
dominant fatty acids in the SFA, MUFA and PUFA classes
respectively for all seaweeds (see Table A4). In L. digitata
and H. siliquosa, notably higher SFA levels occurred in FD
and OV40 samples. Limited SFA differences were seen in
the other three species. In terms of MUFA, F. spiralis and
L. digitata showed the highest MUFA content following
low-temperature oven-drying (OV40) and/or FD or M385
treatment. For the PUFA levels, L. digitata and
H. siliquosa show higher PUFA contents after microwave
treatments, while F. spiralis and F. serratus showed the
h i gh e s t PUFA a f t e r FD . The PUFA l ev e l s i n
P. canaliculata showed no significant difference between
drying treatments. The ratio of the total omega-6 fatty acid
to total omega-3 (n6/n3) is often used to determine the
quality of the fatty acid profile, with values in the range
of 1 to 2 considered ideal for the prevention of obesity
(Simopoulos 2016). For three of the five species studied,
the highest ratio for n6/n3 occurred as a result of low-
temperature oven-drying (OV40).

Fig. 7 Lipid contents (g (100 g DW)−1) in F. serratus, F. spiralis,
H. siliquosa, L. digitata and P. canaliculata subjected to freeze-drying
(FD—black shading), oven-drying (no shading) at 40 °C (OV40) and
60 °C (OV60) and microwave-drying (grey shading) at 385 W (M385),

540W (M540) and 700W (M700). All data points are means of triplicate
analyses (independent analytical replicates) and error bars indicate stan-
dard deviation. Bars with different letters are significantly different (P ≤
0.05; Tukey)
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Fig. 8 Fatty acid contents in F. serratus, F. spiralis, H. siliquosa,
L. digitata and P. canaliculata subjected to freeze-drying (FD—black
shading), oven-drying (no shading) at 40 °C (OV40) and 60 °C (OV60)
and microwave-drying (grey shading) at 385 W (M385), 540 W (M540)
and 700 W (M700). (a) Total saturated fatty acid (SFA) (in %TFA); (b)
total monounsaturated fatty acid (MUFA) (in %TFA); (c) total

polyunsaturated fatty acid (PUFA) (in %TFA). All data points are means
of triplicate analyses (independent analytical replicates) and error bars
indicate standard deviation. Bars with different letters are significantly
different (P ≤ 0.05; Tukey). Statistical data are displayed in Table A.4 in
the supplementary material
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Discussion

Four of the five edible seaweed species studied here are listed
in the European Food Safety Authority (EFSA) EU novel
foods catalogue, the only exception being H. siliquosa, which
was included in this study based on previous work that iden-
tified the seaweed as an excellent source of phenolic com-
pounds and having strong antioxidant potential (Mutton
2012). In the broadest sense, previous studies have demon-
strated the presence of nutritionally important molecules in
seaweed, including proteins and amino acids, vitamins, poly-
saccharides, lipids and fatty acids, polyphenols, carotenoids
and other bioactive compounds and minerals (including io-
dine and other essential elements). Many of these may have
therapeutic benefits (acting as antioxidants, antivirals,
antihypertensives, anticoagulants, anti-inflammatories,
anticancer compounds and thyroid stimulants or having
antifungal properties) (Ganesan et al. 2008; Holdt and Kraan
2011; Mohamed et al. 2012). However, many of these poten-
tially beneficial chemical components are also heat-labile—
and may be lost or depleted when seaweed is processed—
hindering the effective value of certain compounds (Sappati
and Nayak 2018). As such, the importance of drying treatment
used during processing (on nutritionally important compo-
nents in seaweed) has been highlighted in several studies.
For instance, Chan et al. (1997) considered freeze-drying,
oven-drying and sun-drying and the effects on amino acids,
fatty acid, mineral and vitamin C in Sargassum hemiphyllum
(brown seaweed). They showed that sun-drying and freeze-
drying reduced the loss of certain important chemical compo-
nents in comparison with oven-drying. In another study
(Stévant et al. 2018) using Saccharina latissima, which con-
sidered freeze-drying and convective air-drying at 25, 40 and
70 °C, no effects due to drying were observed on the chemical
components studied, with the exception of iodine which was
lower in freeze-dried batches. Recently, the study of Silva
et al. (2019) compared chemical contents in oven-dried (25,
40 and 60 °C) Ulva rigida, Gracilaria sp. and Fucus
vesiculosus versus fresh seaweed, and showed that the extrac-
tion of polyphenols and their activities is influenced by the
drying treatment used.

In this study, drying treatment has been shown to influence
the retention of and/or cause depletion in nutritionally impor-
tant compounds in what would be final seaweed products.

The TPC, TFC and antioxidant activity (TAC and DPPH
inhibition) data presented here show that elevated temperature
treatments often resulted in products with depleted antioxidant
activity and content. This finding agrees with the study of
Wong and Chikeung Cheung (2001), wherein higher levels
of phenolics were found in freeze-dried batches of three
Sargassum species when compared with oven-dried batches.
Similar results were reported in the study of Stramarkou et al.
(2017) regarding the microalgae Chlorella vulgaris. Here,

differences in antioxidant activity for all species showed in-
consistent effects due to drying treatment. For example, for
F. serratus and F. spiralis, the freeze-dried batches had higher
TPC and TFC, and stronger antioxidant activity than the oven-
dried (at 60 °C) batches. A similar pattern occurred for
H. siliquosa with the exception of the TFC, which showed
no effect due to drying treatment. In contrast, L. digitata did
not show appreciable differences in measured antioxidant pa-
rameters as a result of different drying conditions. These var-
iations in antioxidant parameters exhibited by the processed
seaweeds suggest that drying treatment employed would have
a significant influence on either the content or extractability of
potential antioxidant compounds (Croces et al. 2016).
However, no single drying treatment can be identified as being
optimal for all species, possibly due to differences in their cell
walls and their physiology (Cox et al. 2012).

In terms of soluble protein levels, relatively low values for
all species studied were noted. This includes L. digitata,
which in previous studies has been shown to contain high
levels of protein, ranging from 4.9 to 8.2% DW (Schiener
et al. 2014). This could simply be due to differences in the
method of extraction used. Here, the method used was report-
ed by Gressler et al. (2010). Differences in results measured
by different methods are likely to result from differences in the
polysaccharide matrix or in polyphenols, which some proteins
bind to and which vary across seaweed species, influencing
the extraction of protein (Harnedy and FitzGerald 2013).
Regardless, in terms of drying treatment used here, higher
protein was found in freeze-dried batches (when compared
to oven- and microwave-dried batches), for all species except
L. digitata (for which limited variation due to drying treatment
was observed). These findings agree with Sappati and Nayak
(2018) and their protein results for S. latissima, but contradict
total protein data in Chan et al. (1997) and Wong and
Chikeung Cheung (2001) whose results did not show
markable effects on crude protein content. Nevertheless, the
results presented here support the assumption that the extract-
ability and accessibility of seaweed protein would be influ-
enced by the method used to dry seaweed (Wong and
Chikeung Cheung 2001). It would seem logical that freeze-
drying (rather than oven-drying) would be the best way to dry
seaweed to ease the extraction of protein in seaweed because
high-temperature drying treatments would likely result in the
denaturing of protein which could result in the protein being
less extractable.

Protein quality is as important as protein level in seaweed
(Stévant et al. 2018). The type and quantity of individual
amino acids present determine the quality of the protein
(Maehre et al. 2014). The amino acid content of seaweeds
studied here showed similarly low levels to those described
in Stévant et al. (2018). Total amino acids, essential amino
acids and non-essential amino acids tended to be higher in
low-temperature oven-dried batches compared to the other
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treatments, for many of the seaweed species studied. The ma-
jority of the amino acids present in these seaweeds were non-
essential amino acids; however, reasonable levels of essential
amino acids were also present. This is a similar finding to that
of Maehre et al. (2014), who showed higher non-essential
amino acids than essential amino acids in seaweeds. Again,
no consistent variation in amino acid composition with drying
treatment was observed. In addition, many differences were
minor, which is in agreement with the study of Stévant et al.
(2018) who also showed no markable differences between
oven-drying and freeze-drying for S. latissima. Chan et al.
(1997) also showed no effects on amino acid content when
considering sun-dried, oven-dried and freeze-dried Sargassum
hemipyllum.

Variations in total lipid content as a result of drying treat-
ment employed were observed. This agrees with the study of
Neoh et al. (2016) which showed higher lipid content in
freeze-dried rather than oven-dried Kappaphycus alvarezii,
whilst Chan et al. (1997), Wong and Cheung (2001) and
Sappati and Nayak (2018) all showed no marked variation
in lipid content due to drying treatment. It is worth noting that
in this study, microwave-drying (which took < 15 min) often
produced samples with higher lipid contents for certain spe-
cies. This could be because of the short duration needed for
microwave-drying. Short-duration drying procedures are as-
sumed to overcome issues related to long-term exposure to
light and/or high temperatures (which occur during oven-
drying and freeze-drying), which can result in the oxidation
of lipids. The advantage of microwave-drying in vegetable
and fruit processing has been previously highlighted, as,
again, this helps prevent quality degradation due to long-
term air exposure (Zhang et al. 2006). However, microwave-
drying can also have its drawbacks—i.e., related to uneven
drying and rapid temperature changes. These can be
counteracted (at least in part) by ensuring uniform movement
of the product in the microwave oven (i.e., by using a rotating
tray); by optimising/controlling power inputs; and by combin-
ing microwave-drying with other drying techniques (such as
vacuum ovens or freeze-drying; Zhang et al. (2010)).

The lipid content of seaweed is generally low (Mabeau and
Fleurence 1993). But, the quality of those lipids due to the
presence of essential fatty acids, such as omega 3 and omega
6 (which are not synthesized de novo in humans and are also
limited in terrestrial plants), makes seaweed a potential source
of essential fatty acids for humans (Monroig et al. 2013). The
results here showed that the choice of drying treatment im-
pacted the levels of fatty acids in the seaweeds studied.
However, again, no consistent pattern of variation with drying
treatment was observed. For example, H. siliquosa and
L. digitata showed higher SFA in the FD than OV60 and
F. serratus and F. spiralis did not show any effect due to
drying treatment. Also, the PUFA content in L. digitata was
higher in all the microwave-dried batches, but for

P. canaliculata, PUFA levels showed no marked effect due
to drying treatment. These findings agree with those of Hamid
et al. (2018) who also profiled metabolites present in three
brown seaweeds and identified changes in profiles due to dry-
ing treatment. Species-specific variation in lipids as a result of
different drying methods points to the uniqueness and diver-
sity of specific traits associated with marine algae—which
exhibit high species variation in cell and tissue structure
(wherein, the majority of the phytochemicals are stored;
Hurd et al. 2014).

More broadly, the efficient lysis of cells and cellular struc-
tures, which aids the release of phytochemicals during extrac-
tion, can depend on the drying procedure used (Cox et al.
2012). Effective drying requires sufficient energy to remove
water but should ideally not hinder the extractability or dimin-
ish the amount of nutritionally important chemical species
present in a final product. However, the effect of any drying
procedure on the quantity/extractability of nutritionally impor-
tant chemical species in a final dried product is, at least to
some extent, also species specific. This adds an extra layer
of complexity when determining the optimal techniques to
use, but is also not surprising as the phytochemical profile of
individual seaweed species is highly variable and unique.
Clearly, drying treatment has the potential to enhance the level
of certain chemicals—through the degradation of certain bio-
molecules into simpler compounds—or cause undesirable
degradation of beneficial compounds. Depending on the
chemical and biological properties of these various molecules,
both could either enhance or reduce the biological and/or
chemical activity of the final product (such as the antioxidant
capacity). Therefore, drying treatments to be employed in the
future for the increased exploitation of seaweed in large-scale
food production (or for biotechnological purposes) will re-
quire careful optimisation to ensure that compounds of interest
remain both available and undegraded in the final product.
Moreover, optimal drying techniques are likely to be different
for different species and will depend on the key chemical
components of interest in any product to be created.

Conclusion

From the results presented here, it is clear that the choice of
drying method can significantly influence the presence of nu-
tritionally important compounds and the antioxidant activity
of a final dried seaweed product. Additionally, effects are
mostly species specific. Hence, to attain efficient exploitation
of important chemical constituents present in seaweed, drying
conditions should always be optimised and studied in relation
to individual species—taking into consideration the com-
pounds of interest and the potential end-use (i.e., whether
the preservation of individual chemical components is more
critical than it is for others). The findings here also suggest that
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short-duration microwave-assisted drying could be a viable
option which may help overcome negative effects caused by
long-duration drying (such as contamination and/or undesir-
able oxidation of certain chemical components). Although
there is still a need for further research to explore the utility
of microwave-assisted drying, it may offer new opportunities,
especially if it could be used in combination with other tech-
niques, such as vacuum oven-drying or freeze-drying. Here,
both freeze-drying and low-temperature oven-drying proved
to be beneficial in terms of preserving certain chemical com-
ponents. As such, novel combinations involving microwave-
drying, freeze-drying and low-temperature oven-drying may
have the potential to limit drying duration and aid the preser-
vation of certain chemicals, thus improving the quality of final
seaweed products.
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