
Modelling strategies for new product development 
from seaweed: a metabolomics approach with 
Laminaria hyperborea. 
 
 
 
 

Loїc G. Carvalho BSc, MSc  
 
 
 
 

 

 

A thesis submitted for the degree of  

Doctor of Philosophy 

 

Heriot Watt University 

 September 2020  
 
 
 
 
 
 
 

 
 
The copyright in this thesis is owned by the author.  Any quotation from the thesis or use of any 
of the information contained in it must acknowledge this thesis as the source of the quotation or 
information. 



 

ii 
 

Abstract 
 
This PhD project explored the potential for new product development in L. hyperborea 

through a better understanding of the metabolic differences in the tissues and co-

products available from the bespoke industrial processing method developed by Marine 

Biopolymers Ltd to extract high quality alginates. 

Through application of previously developed methods and the development of new 

metabolomic approaches, the diversity of components present in the different co-

products and tissues was established.  This contributes to the paucity of knowledge 

available on this seaweed and provides methods that could be applicable to other 

species. 

For the first time, through MS-based metabolomic analysis, this project delivered 

knowledge on the complex metabolic profiles of L. hyperborea and how they differ in 

its different tissues and associated co-products and over different harvest seasons.  

These profiles included components previously known to be present in L. hyperborea 

but also a number of novel components.  In addition, a better understanding of the 

carbohydrate and fatty acid composition of this industrially important seaweed was 

achieved.  In particular, the substantial variation in fucoidan and laminarin composition 

noted between different tissues, co-products and extraction methods has not been 

reported before.  

In conclusion, this thesis provides novel information that contributes to our 

understanding of the biology of L. hyperborea but also contributes towards the 

development of new strategies for valorisation of the co-products and tissues available 

from the industrial processing of this seaweed for alginate production, which may lead 

to more value for the company and less wasted biomass.  
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Chapter 1 – Introduction 

2 
 

1.1. Marine Biopolymers Ltd. – A modern Scottish alginate industry with a 

zero-waste policy 

 

Awareness of the sensitivity of marine life and that small changes might cascade into 

greater consequences is why any marine related activity requires monitoring for their 

compliance with regulations and law to assure a prosperous future for sustainable 

continuation of these activities.  The impact of using Laminaria hyperborea as a raw 

material is now better understood from decades of studies showing how it is now 

possible to attenuate and compensate any impact with planned harvest strategies, 

monitoring, strong marine management policies and working liaison between 

government, local authorities, companies and independent research units.  The seaweed 

industry has generally been considered to be eco-sustainable and constantly evolves 

better practices to maintain that status.  Today, production of seaweed products, from 

harvest to final product, is a complex process which includes great investment.  

Therefore, although companies already assume considerable value from seaweed 

biomass through extraction of their primary target product, the remaining biomass is 

still available to explore in terms of its full potential value.  Like others, the seaweed 

industry needs to retain most of the value of their raw material, make best use of this 

biomass to protect their resources in the environment and ensure all their activity is eco-

sustainable.  Making best use of all potential waste streams to provide valuable co-

products could increase profits and employment as well as minimising waste, reducing 

effluent and land fill and effectively lowering the carbon footprint of the business. 

Marine Biopolymers Ltd (MBL) is a Scottish SME founded in 2009, based in Ayr, 

South West of Scotland, which applies a biorefinery model to produce multiple value-

added products from seaweed biomass, with L. hyperborea as the main feedstock 

species. 

A mainstay of their activity has been the extraction of high-grade alginates and they are 

the only company doing this in the UK.  MBL has patented a novel method for the 

production of alginates and other seaweed products which has arisen from a number of 

research projects and in-house R&D, which assures advantages in speed of production, 

size, quality, consistency and economics of the whole alginate production process [1-3].  

The company strategy was to develop new techniques that, not only focus on ensuring 

that everything MBL does represents a low carbon footprint, but also a less expensive 

method of extracting high-grade alginates [1].  In terms of good practice in harvesting 
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sustainability, they have developed plans in close co-operation and consultation with 

heritage and other environmental bodies, as well as with experts at Queen’s University 

Belfast, which mean that no harvesting area will be re-visited within a 5 year period and 

appropriate methods are used to allow L. hyperborea to recover well, and that sensitive 

fauna regions are avoided completely [1]. 

The company is in the process of scaling up their production facilities to assure 

production of a broad range of alginates (mainly gelling and thickening types) and also 

adapted technology to explore extraction of other compounds from the seaweed 

biomass.  These may include other polysaccharides, anti-oxidant phenolic compounds, 

proteins and even some higher value inorganic components [1].  MBL state that they 

will ensure that their operations are sound and environmentally friendly through 

sustainability in seaweed harvesting, the adoption of low carbon intensity technologies 

and new extraction procedures that avoid environmentally-damaging chemicals, such as 

formaldehyde [1]. 

Indeed, MBL’s production has adopted the Zero Waste policy of the Scottish 

government [4] which involves the industrial application of the circular economy theory 

for minimizing waste streams [5].  This means that every industrial activity (from 

harvest of the natural resource to the final product) should be managed to ensure the 

maximal use of the finite natural resource, diminishing the impact of disposal.  In this 

model, wastes are considered co-products which can be new feedstock material for 

other applications.  This approach requires considerable investment in scientific 

research alongside the main product production to follow and ensure maximum value of 

the original resource is retained and products and materials are used, re-used and 

transformed before they are disposed back to the environment with the least possible 

impact.  Downstream processing, therefore, is of the area of highest value for seaweed 

biomass as there is opportunity to further explore and develop a range of different 

products to complement existing products.  Therefore, MBL is looking into a broader 

spectrum of seaweed compounds and developing new products other than alginate (Fig. 

1.1), which only accounts for ~ 4 % content of fresh seaweed biomass (wet weight).  

The alginate production process (Fig. 1.1) provides co-product/ residue streams that 

until few years ago might have been considered as wastes.  These are now regarded as 

possible new raw materials with the potential to recover high-end value compounds. 
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Fig. 1.1: The MBL alginate extraction process from L. hyperborea.  From the whole seaweed along the 

production stream to high quality alginates (blue), four co-products are produced (green): Solid co-

product (MBL SCP); Liquid co-product (MBL LCP); Alginates process co-product; Final residue. 
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1.2. The project: maximum value enhancement of indigenous seaweed through 

multi-component extraction 

 

This PhD project was funded through the IBiolC programme (http://www.ibioic.com/) 

with support from Highlands and Islands Enterprise.  The main focus is to examine 

ways to extract valuable co-products from seaweeds used primarily for alginate 

production.  The project examines MBL’s standard processes for extraction of high-

grade alginates from Laminaria hyperborea and focuses on uses for materials that can 

be obtained from the seaweeds pre- and post-alginate extraction (co-products).  

Extending the principle of multi-component utility, the potential use of these co-

products is to be assessed for application in other fields such as agricultural, biomedical, 

pharmaceutical and food products, depending on the properties discovered. 

The starting point is to valorise materials from the existing procedures but any 

opportunity to extend value by altering the process (e.g. by changing the mechanical 

pre-treatment of seaweeds or order of processes) is also considered.  The prime 

consideration of the project is to add value to the company by identifying, 

characterising and valorising high-value co-products.  Additional indirect benefits that 

may also be achieved are waste and energy reduction as well as increased seaweed 

processing efficiency.  With the discovery of new potential products and processing of 

the seaweed biomass, changes might be trialled at new larger-scale processing facilities 

established by MBL.  As alginate production is an on-going all year-round process for 

MBL, using different seaweed feedstocks with often slightly modified procedures, 

examining seasonal variation in the high-value extractives from seaweed biomass is 

considered. 

The project programme is a collaboration between The James Hutton Institute (Dundee) 

and Heriot-Watt University (Edinburgh).  The research work is based at The James 

Hutton Institute (Dundee) where the metabolomics and phytochemical experience will 

be applied to seaweed material to develop methodologies to recover high value 

components (e.g. polysaccharides, carotenoids, fatty acids, other algal chemicals etc.).  

The project will benefit from the analytical resources available at the Hutton and their 

significant network of partners in academia and industry that may add value to the 

project. 

The discoveries and data produced by this project will extend our knowledge of the 

biochemistry of Laminaria hyperborea which will influence how it will be managed as 

http://www.ibioic.com/
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a natural resource from the ecosystems and raw material for the industry.  It will also 

make significant impact on the future development work MBL will invest in this 

seaweed and it may aid the delivery of new products besides alginates. 
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1.3. Historical use of Laminaria hyperborea in Scotland and the creation of the 

alginate industry 

 

Macroalgae are multicellular eukaryotic and photoautotrophic organisms.  Commonly 

known as seaweeds, they are mostly marine primary producers that deliver nutrients, 

provide substratum and shelter for local communities but also contribute to global CO2 

complexation and O2 production. 

Seaweeds are present throughout the whole globe, from the Arctic, both Temperate and 

Equatorial regions to the Antarctic, and are important as they provide the oceans with 

important ecosystem services beyond food, bringing balance to local communities, and 

shaping marine life as we know it today. 

Seaweed belong to three major taxonomic groups: Chlorophyta (green algae), 

Rhodophyta (red algae) and Ochrophyta-Phaeophyceae (brown algae); organised by 

their different colours, which reflects their biochemistry through their pigments.  But it 

is not just the pigments that differentiate the seaweeds into their different groups.  Their 

different biochemistries give metabolic fingerprints specific for the different groups, as 

in their carbohydrates and polysaccharides: ulvan for green seaweeds; carrageenan and 

agar for red seaweeds; and fucoidan, alginate and laminarin for brown seaweeds.  

Seaweeds are rich in these polysaccharides which act as structural molecules and/ or as 

energy reserves and originate directly from primary metabolism. 

The minerals, polysaccharides and nutritional value of seaweeds are the main reasons 

that have driven the growing demand for these resources and have led to the 

development of culturing techniques and eco-sustainable harvesting methods.  In some 

countries, the industrial use of seaweed has become part of the local history, introduced 

new products to the world market which then developed into a global industry.  This 

cascade of events initiated what became known as the seaweed biotechnology industry. 

Seaweeds have played an important economic role in Scotland, with records pointing to 

a major use of seaweeds during the 18th and 19th century, especially for soil 

improvement in agriculture [6, 7].  The main seaweeds used were Laminaria spp. with 

Laminaria hyperborea (Fig. 1.2) one of the most abundant.  Commonly known as 

“Kelp”, “Cuvie” or “Tangle”, it was harvested in situ or picked off the beach cast up 

due to storm action.  Indeed, this practice is still applied today after storm events which 

cast up large amounts of seaweed onto beaches that farmers can gather, harvest and use  
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Fig. 1.2: Laminaria hyperborea, also known in Scottish as Kelp, Cuvie, or Tangle. 
 

 
Fig. 1.3: Harvesting and spreading of beach cast seaweed by Scottish crofters. 
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in their fields (Fig. 1.3) as they recognise the value of the material to improve soil, and 

thereby, crop quality. 

These seaweeds also find use in the Scottish meat industry, with the renowned example 

of the North Ronaldsay sheep from Orkney that feeds almost exclusively on beach-cast 

Laminaria spp., where L. hyperborea is the dominant seaweed (Fig. 1.4) [8].  The North 

Ronaldsay sheep are so adapted to a seaweed diet that when brought inland and fed on 

grass during lambing season, they need to be closely monitored for Cu (copper) 

poisoning [9].  Their digestive system has adapted to extract Cu more efficiently, 

possibly because uptake is affected by the high amounts of dietary phycocolloids that 

retain these minerals and reduces their availability. 

Nevertheless, this seaweed-rich diet produces a characteristic and high quality meat, 

which is in high demand, making it a high valuable product [10].  Cattle, such as the 

Highland cow seen in Fig. 1.4, will also choose to graze on beach cast seaweed whilst 

wandering in beach areas among the shore. 

 

 
Fig. 1.4: Scottish North Ronaldsay sheep and Highland cow grazing on beach-cast Laminaria spp. 
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The industrial use of seaweed found a poignant role during and after the Highland 

Clearances.  When Scots started to be “cleared” from their long-time family lands and 

farms, many of them searched for jobs in the big cities, but others found their way to the 

coasts because of seaweed-based industries, especially on the Western Isles, Small Isles, 

Tiree or the Orkney Archipelago [6, 11-13].  Around 1760, a new industry was thriving, 

the Kelp Industry, which was also known as “kelp burning” which was basically the 

harvest and burning of seaweeds (Laminaria spp. preferably and mainly L. hyperborea) 

to extract alkalis for production of soap, glass and linen bleaching (Fig. 1.5) [6, 7, 11-

14].  The seaweed used was found beach-cast or harvested directly from the rocks and 

stored above high tide level until dry enough for burning.  The kelp burning was 

controlled in “kelp pits” (Fig. 1.5).  These were holes in the ground surrounded and 

structured by rocks so that air would pass through, where the seaweed was burnt 

overnight, or longer, to ensure the best formation of a dark blue oily substance that after 

cooling would produce compacted ash known as “Kelp ash” [6, 7, 11-13].  This material 

was then shipped in blocks to the Lowland factories or exported via Leith, Dumbarton, 

Glasgow, Newcastle, Liverpool and Bristol, for the extraction of iodine, potash and lime 

(caustic soda) [6, 7, 11-13]. 

The Kelp Industry was owned and managed by the landlords who had access to these 

shores.  Their profit from kelp ash was so high that, on the Isle of Mull alone, kelp ash 

production could bring in £12,000 - £15,000 a year (equivalent to three quarters of a 

million pounds today) [15].  Landlords tried to attract farmers from their farmlands to 

work on kelp burning and although the division of income was far from fair, people 

could get more income from this activity than from farm work alone.  The focus on kelp 

burning led to some farm abandonment due to effort being diverted from the farm 

upkeep and because seaweed harvest for kelp burning was coincident with crop 

harvesting season.  In addition, as the harvest of seaweed for fertilizers was forbidden 

by the landlords, this further affected farm life in the longer term as the soils did not 

benefit from long-term improvement. [6, 13, 15]. 

The discovery of alkali mineral deposits in Germany and Chile together with 

importation of cheaper seaweed raw material forced the decline of the United Kingdom 

(UK) Kelp Industry around the 1830s [6, 15].  Despite the difficulties of the Kelp 

market at this time, in 1864 the English chemist Edward Charles Cortis-Stanford started 

iodine extraction from Kelp using an improved method at the “Glassary” factory in 

Middleton, Tiree [7].  Cortis-Stanford processed the seaweed in huge iron retorts heated 



Chapter 1 – Introduction 

11 
 

by coal.  He would then extract the iodine and sell the charcoal left behind as fertiliser 

and as deodorants for earth toilets with the gas produced during the process used to light 

the buildings [7, 14]. 

In 1883, Cortis-Stanford discovered “algin” in Laminaria spp. which kept the Kelp 

Industry going for longer because as well as charcoal production, caustic sauda and 

iodine extraction, algin provided another revenue stream from Laminaria sp. [7, 16].  

The “algin” produced as a co-product was a relatively crude alginate rich extract, which 

dissolved in water and gellified with the addition of salts.  Indeed, it had a high 

percentage of contaminants which led Stanford to characterise Algin as a nitrogen-

containing-compound [16].  Neverthless, it was found to be useful for the chemical 

industry in paints, gums, fabrics, etc [7, 12, 16-19].  Although L. hyperborea had 

already made its way into the chemical industry, alginate is where it had its roots.  Algin 

and production of richer alginate extracts expanded into the development of other 

factories.  Since then, with better understanding of the true composition of alginates, the 

Scottish kelp industry had highpoints which led to importation of more Laminaria spp. 

from abroad (e.g. Norway, Iceland, & Ireland) and various lows until it vanished as an 

 

 
Fig. 1.5: Historical use of L. hyperborea in Scotland.  Carts pulled by horses or cattle (A & B) would be 

loaded on the beach and transported to the crofts for manure (B) or burning pits (C & D) for iodine and 

lime extraction. 
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industry from Scotland.  However, it was only when F.C. Thornley left his algin 

production facilities in Orkney and made a fresh start in San Diego, California with 

what became Kelco (1929), that alginate became an international industry of some size 

through the development of purification methodologies that first delivered proper 

alginates that were being used as sealants [12, 17-19].  This was associated with the 

discovery of alginates from other seaweed species like Macrocystis pyrifera and 

Ascophyllum nodosum that were more cost-effective from harvest to final product and 

were available in higher volumes eslewhere making these new species more profitable 

than Laminaria spp. [12, 15]. 

Even so, new extraction procedures and discoveries around the world led to a better 

understanding of alginate biochemistry, including the discovery of more seaweed 

resources for alginate extraction and purification methods, but also a widened range of 

applications.  In 1935, another industrial alginate production exclusively from L. 

hyperborea was started in Argyll by the English chemist, C. W. Bonniksen, with the 

aim of producing a wrapping film which lasted until cellophane, a substitute material, 

made alginate wrapping film obsolete [12, 17-19].  Then, during World War II, 

chromium alginate was used with green yarn to manufacture camouflage netting and 

other alginate products were used as substitutes for balsa wood, custard and artificial 

silk for parachutes, all extracted from L. hyperborea [12, 17-19].  After the war, 

alginates were still produced in the West Highlands using Laminaria spp. but in lower 

amounts compared to the new established alginate industry in Norway. 

New discoveries during the 1960’s and 70’s provided opportunities for alginates in the 

food, cosmetic, pharmaceutical, medical and chemical industries.  However, 

competition was too strong and the existing Scottish alginate industry was forced to 

reduce its factories and was then bought by the US company Kelco (1979), followed by 

Monsanto (1995) [12, 17-19].  Monsanto’s alginate production was concentrated in 

Girvan, Ayrshire, and was acquired by the USA company, Speciality Products Inc. 

(1999), who then sold to the US company FMC Corporation (2009), who also owned 

the Norwegian company Pronova, making it the only alginate producer from L. 

hyperborea at the time.  FMC halted production in Scotland in that year to concentrate 

production in Norway [12, 17-19].  In the same year, the Scottish company, Marine 

Biopolymers Ltd. (MBL) started its alginate production using L. hyperborea as a raw 

material.  Alginates have different structural qualities that reflect their source.  Seaweed 

alginates have a specific chemical structure depending on the species source, the 
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extraction procedures applied or further chemical processing.  Therefore, it is possible 

to match specific seaweed sources to precise end-uses and apply specific processing to 

meet requirements.  The alginates extracted from L. hyperborea have potential to be 

high purity, high quality, and find specific and continuing applications in higher value 

biomedical applications. 

In summary, Laminaria hyperborea has been a fundamental part of Scottish history, 

with considerable direct input into the Scottish society and industry, providing crucial 

income for many families and was the subject of innovation and new product 

development.  The word “kelp”, previously known as a product of Laminaria sp. 

burning, is now a local common name in Scotland for L. hyperborea and other 

Laminaria species.  However various photographs clearly show identifiable stipes of L. 

hyperborea (Fig. 1.5), which confirms that this seaweed was the main natural resource 

that powered the historical Kelp Industry of Scotland.  Also, the use of L. hyperborea 

by Stanford to produce alginates could be considered to be the birth of industrial 

seaweed biotechnology [16]. 

With fluctuations in demand as time passed, L. hyperborea has proven to be a valuable 

raw material in the past for kelp production, iodine, caustic soda and alginate extraction.  

This seaweed also contributes to the well-being of the fishing industry as its kelp forests 

ecosystem provide richness in commercial fishing species from shellfish to the big 

white fish such as cod and haddock [20-22].  These kelp ecosystems contribute to 

Scotland’s position as a major provider of fish in the UK [23]. 
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1.4. Management of Laminaria hyperborea as a natural resource 

 

Laminaria hyperborea is one of the largest North Atlantic seaweeds and it produces 

dense underwater kelp forests.  Kelp forests represent a biome on their own, with 

complex ecology and biodiversity that provide a diversity of ecosystem services which 

ultimately depend on the structural base of the system, the seaweed itself. 

Nevertheless, L. hyperborea is also a unique industrial resource for potentially high 

value products and in the past, it might be tempting to harvest this raw material 

regardless of the evaluation of the impact of such activity.  Fortunately, exploitation of 

this seaweed in Scotland so far has only been a very small proportion of the biomass 

available. 

Research from the United Kingdom has informed and still informs Scottish policy and 

regulation to protect this resource.  Through creation of Special Areas of Conservation 

(SAC) and Special Protection Areas (SPA) that resulted from the European Commission 

project Natura 2000 [24], Scotland assures evaluation and protection given the due 

importance and respect of its marine resources.  This protection means that every 

activity in these areas is monitored and assessed to regulate its consequences to the local 

environment.  Also, the fact that seaweed harvesting has been regulated since it first 

started in the 18th century as an industry, may have positively impacted on protecting L. 

hyperborea as a resource.  At that time, land ownership would prevail in disputes when 

deciding who had the rights over seaweed growing on a specific rock [7, 13].  Landlords 

had exclusive rights to all resources on land and foreshore, specifically the intertidal 

area where it was stated that if at low tide, a rock emerged from the water, the landlord 

owned it and the seaweed growing on it.  Inshore and offshore territory activities were 

under UK government control, specifically the Crown Estate until 2016 when The 

Scottish Act 2016 devolved Crown Estate management in Scotland to the Scottish 

government.  The Crown Estate Scotland was created and became the “landlord” of the 

seabed, from the infra-littoral region of the shore and beyond that section into the deep.  

However, The Crown Estate Scotland also possesses territory that can include shoreline 

and has ownership of that intertidal area too.  Consequently, since then, seaweed 

harvesters or “crofters”, need a “Land Owner Permission”, where verbal agreements to 

formal contracts with specified periods of ‘tenure’ for fixed on substratum and beach-

cast seaweed needed to be created and a license obtained from The Crown Estate 

Scotland [25].  Although this seemed a simple act, it ensured continuing protection for 
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L. hyperborea.  In addition, as this seaweed grows in a deeper level of the seabed, the 

industry in Scotland never reached continuously high levels of harvest due to the high 

costs of such operation, particularly in the 18-19th century.  Indeed, this labour cost 

made the industry seek alternative, cheaper imported material from other countries 

where there was less restraint over seaweed harvesting.  Taken together, this low 

continuous demand has ensured the stability of the L. hyperborea forests.  

With the growth of the alginate industry, there was some pressure into starting 

mechanical harvest of seaweed in Scotland, but this was never accepted as most of the 

relevant kelp forests were under the protection of SACs or SPAs.  Such offshore 

harvesting would also have needed Crown Estate authorisation which would be 

unlikely, given the lack of information about the impact of such activities.  There have 

been attempts to get authorisation for mechanical harvest of higher quantities of L. 

hyperborea to provide scope for growth and sustainable development of the industry 

[25].  To this end, Marine Scotland organised assessments, called Strategic 

Environmental Assessments (SEAs), with the help of independent entities such as the 

Scottish Association of Marine Sciences (SAMS) to undergo an evaluation of potential 

impact of such activity and try to determine where, when and how much of the L. 

hyperborea can be harvested in a sustainable way with the lowest ecological impacts 

[25]. 

So far, seaweed harvesting in Scotland seems to be well regulated, in that no significant 

ecological impact has been observed and seaweed stock has been stable.  Though it 

seems to be quite restraining for industrial needs and with growing potential demand for 

seaweed products leading to a growth of harvesting activity from new start-up 

companies of the field, more regulation, harvesting licencing opportunity and a registry 

of the total activity needs to be created and supported with research to assess ecological 

impact and available stock to ensure that all is well managed in a sustainable way.  

Hand cutting and beach-cast harvest of L. hyperborea in Scotland has been allowed in 

reasonable quantities (a few Kg), yet, landlord agreement is needed, often from Crown 

Estate Scotland depending on the target region [26].  However, Crown Estate Scotland 

might allow harvesting of higher quantities for moderate to large scale removal of 

seaweed (up to 10 wet tonnes), as long as the license application did not present 

evidence of unacceptable environmental risks and the activity follows monitoring and 

reporting of resource recovery, required through Scotland Natural Heritage (SNH) [26]. 
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Also, a required consent from statutory authorities/ regulators e.g. Marine Scotland, 

local authorities and/ or a harbour authority is needed.  In this manner, Scotland is 

continuing efforts towards the industrial use of L. hyperborea (and seaweed as a whole) 

as long as it is in a sustainable manner, with previous assessments through small scale 

harvesting being completed before large scale harvesting may be allowed and with 

constant monitoring of local ecosystem impacts. 

At the moment, mechanical harvest of wild seaweed is banned in Scotland [27, 28].  

Due to recent events regarding the interest of exploring Scottish wild seaweed, a review 

of the whole seaweed industry in Scotland by the Scottish Government has been raised 

[28-30].  This was triggered due to the rise of pre-license applications along with 

scoping reports for mechanical harvest [31].  This chain of events confirms investor 

interest in this sector but also an opportunity for a scale-up of the seaweed industry 

which might bring positive economic impact.  However, the Scottish Government is 

well aware of the potential for ecological impacts on one of the most important Scottish 

natural heritage and marine ecosystems.  This has led them to adopting a cautious 

approach and diligently examining all options before a final decision regarding lifting 

the ban of wild seaweed mechanical harvest in Scotland [27-30]. 
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1.5. Laminaria hyperborea: biology and ecology 

 

1.5.1. Description 

 

Laminaria hyperborea (Gunnerus) Foslie 1884, is a photoautotrophic and multicellular 

organism, specifically, a brown seaweed (Phylum Ochrophyta, Class Phaeophyceae, 

Order Laminariales, Family Laminariaceae).  It is an indigenous species of the North-

East temperate waters of the Atlantic Ocean, with the southern border being Northern 

Portugal (Southwest Europe) (Fig. 1.6) and the Northern border being the arctic 

Norwegian archipelago of Svalbard.  It is one of the most abundant and largest 

seaweeds found in this area of the North Atlantic Ocean and Europe and it is well 

represented along Scotland’s shores and surrounding seas.  

 

 
Fig. 1.6: Distribution of L. hyperborea among the North-East temperate waters of the Atlantic Ocean 

[32]. 

 

It forms impressive kelp forests (Fig. 1.7), a biotope that provides some of the richest 

pools of biodiversity of this region of the Atlantic, with great ecological importance.  

This seaweed is always associated with rocky shores and requires rocky substrates to 

grow with no growth registered on unstable substrates such as sandy or mixed substrate 

areas.  It can be found on the infra-littoral bedrock or large boulders of the intertidal 

zonation [33-35], but it is mainly located on the sub-littoral zone [36, 37].  It is easily 

confused with other species from the same genus, especially when young and is difficult 

to distinguish from Laminaria digitata, or Laminaria ochroleuca as a mixed forest of  
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Fig. 1.7: Underwater L. hyperborea forests and parks.  A & B: Forests with dense canopy; C & D: Parks 

with scattered individual plants and with more grazers (sea urchins). 

 

Laminaria spp. can be found.  The position of L. hyperborea in depth is dependent of 

light intensity, where high intensity exposure reduces L. hyperborea photosynthesis, 

which is the most probable factor that explains its absence from intertidal rock pools 

[35].  Yet, wave exposure and salinity are also influencers that push the seaweed 

location to the sub-littoral zone [36, 37].  Also, depending on water turbidity, it begins 

to be found at ~ 5 m (East coast of Scotland) and up to 45 m depths (e.g. in clear 

oceanic waters of the St Kilda archipelago, Scotland), but the deepest range can also be 

dependent on herbivore behaviour, such as grazers like the sea urchins (e.g. Echinus 

spp) [35]. 

 

1.5.2. Morphology  

 

The thallus of L. hyperborea is divided into the frond, the erectile part of the seaweed, 

and holdfast, the fixation organ of the seaweed to the substratum [33, 34, 38] (Fig. 1.8).  



Chapter 1 – Introduction 

19 
 

The holdfast is large, conical and branched in hapteras that allows the seaweed to have a 

strong grip onto the substratum [33, 34] (Fig. 1.8).  

 

 
Fig. 1.8: Morphology of L. hyperborea (sporophyte) thallus. 
 

The frond of L. hyperborea is composed by stipe and lamina.  The stipe is elongated, 

cylindrical and rigid, thick at the bottom, near the holdfast, and thinner at its end, before 

the lamina [33, 34] (Fig. 1.8).  It maintains the seaweed erect, even out of water at low 

tides, but is not flexible as it can snap if bent [33, 34].  The stipe gains a wrinkled 

surface as it ages, appearing like the bark of a tree, which allows epiphytic growth for 

epifauna or epiflora, often with red seaweed (Rhodophyta) as epiflora.  The stipe 

usually grows to ~ 1 m long, but 3 m long stipes have been recorded [35].  At the 

tapering of the stipe there is the intercalary meristem (Fig. 1.8), where the most 
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noticeable yearly growth occurs, producing tissue for stipe elongation and for lamina 

production [33-35].  There is also a secondary meristem for growth at the base of the 

stipe, by the holdfast, that produces new haptera [33-35].  Above the intercalary 

meristem, there is a large digitate lamina (Fig. 1.8), of 5-20 fingers, for the best capture 

of light.  The lamina, or blade, size is typically 1 m long, but 2 m long have been 

reported [35]. 

In summary, the complex morphology of L. hyperborea is evidence of one of the most 

evolved seaweeds among the Ochrophyta-Phaeophyceae family, with different 

morphological sections having different kind of tissues, carrying specific functions, e.g. 

holdfast for fixation to substrate, stipe for endurance and upward growth and lamina 

with fingers for best light capture. 

L. hyperborea is perennial and longevity can be measured by growth rings from primary 

and secondary growth each year through a transverse section of the stipe just above the 

haptera (Fig 1.9) [35].  An average longevity of 10 – 11 years has been  reported by 

studies in Norway, however, some studies reported 25 year old plants in Iceland or 18 

years in Finnmark (Norway) [21]. 

There are seasonal changes regarding L. hyperborea lamina which regenerates from 

November to June, with growth being made at the meristem, under the old existing 

 

 
 

Fig. 1.9: Cross section of L. hyperborea stipe near the base.  By counting the growth rings, this sample 

indicates a 8 – 9 year old specimen. 
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lamina, using the old lamina nutrients to develop the new one, changing its morphology 

over the year, being a coriaceous blade, thick and dark brown when fully grown but thin 

and yellow when younger.Temperature is known to be an extremely important abiotic 

factor for the healthy growth and development of L. hyperborea forest biotopes but it is 

a critical factor for its survival and it is believed to be limited by the lowest temperature 

of 2 ºC and highest of 19 ºC [39]. 

Variable morphology among L. hyperborea can be explained by geographical 

conditions and seasonal behaviour.  Water turbulence, wave exposure, water turbidity 

and light intensity are major abiotic factors.  Light primarily influences and activates the 

overall growth of the seaweed, through either light intensity or photoperiod.  Light is 

also the trigger for metabolic behaviour and its variations, as the starting of lamina 

formation is in November and continues until June, together with stipe and haptera 

growth. 

A specimen with large lamina but with few or no fingers, with few haptera by the 

holdfast and a thin stipe, is characteristic of growth in sheltered waters, away from 

exposure to wave and currents [21, 35, 39].  If the specimen has thick numerous haptera 

in the holdfast, a thick stipe and a generous blade with thick numerous fingers, this is 

characteristic of an exposed environment with haptera and stipe thickening required to 

secure the substrate fixation and resistance against wave and tidal forces and a thick 

lamina to avoid being shredded.  The energy input by L. hyperborea into growing of 

haptera, stipe and lamina varies and depends not only on geographical factors but also 

on the age of the specimen [21, 35, 39].  A very young specimen (1-year-old), which 

will probably be fixed in the understory, will focus most energy on growing the blade to 

adsorb most of the available light that still passes through a kelp forest canopy.  During 

the first 5 years, energy will also be focused on stipe growth to attain the canopy of the 

kelp forest.  At this stage L. hyperborea does not have epiflora as the stipe does not yet 

have the mature bark-like surface that will allow fixation of other flora.  It is only after 

the initial fast development that red seaweed (Rhodophyta) will appear on the stipe and 

extension of the stipe will slow [21, 35, 39].  This epiflora growing on the stipe of 

mature L. hyperborea is the species characteristic that makes it easy to identify from 

other Laminaria sp., but when young, without bark or epiphytes, it is easy to confuse it 

with other Laminaria spp. among a kelp forest, particularly with Laminaria digitata or 

Laminaria ochroleuca.  However, it is easy to distinguish from Sacchoriza polychides 

because its stipe is flatter, and the holdfast does not present haptera.  Also, in a kelp 
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forest, L. hyperborea tends to be at a lower depth below L. digitata.  Regarding L. 

ochroleuca, as the Latin origin of the name suggests, it always presents a yellow or 

golden colour in the frond where L. hyperborea has a much darker brown colour [33, 

34]. 

Longer stipes or bigger thallus do not correlate with age as geographic location is the 

main influence on the size and canopy height of the forest [21, 35, 39].  The local 

photoperiod and light intensity will influence available energy.  If the seaweed is 

growing in the Northern range, the growth will be slower, as the light intensity and 

photoperiod is normally lower, which means that short plants can be old. 

 

1.5.3. The digenetic heteromorphic life cycle of Laminaria hyperborea  

 

In biological terms, L. hyperborea normally refers to the sporophyte that is the 

macroscopic thallus which is just part of the entire life cycle (Fig. 1.10).  Laminaria 

spp. have a digenetic heteromorphic life cycle involving two genetic phases with two 

morphologic mature phases [34] (Fig. 1.10).  The heteromorphic phase involves a 

macroscopic sporophyte phase and the microscopic gametophyte phase [34].  Also, 

 

 
 

Fig. 1.10: Laminariales life cycle [40]. 
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there are two distinguishable generations, a diplont (2n), the sporophyte, and haplonts 

(n), the gametophytes, making it a digenetic haplodiplontic life cycle.When the thallus 

is fertile, reproductive structures, sorus, form on the lamina, normally perceptible by a 

darker coloration, where sporocysts can be observed [41] (Fig. 1.10).  The sporocysts 

produce spores (zoospores), by meiosis, and store them.  The spores mature into 

flagellated cells with two different size flagella, on a lateral insertion, and are released 

by terminal pores and, after swimming loose for a while, they grip themselves on a 

substratum, losing their flagella.  Then they will germinate developing into prothalli, 

short branched microscopic filaments which are the gametophytes.  This process can be 

negatively influenced by the presence of the bryozoan, Membranipora membranacea, or 

infection by the macroalgae Streblonema sp. [35]. 

The prothalli can differentiate into a female gametophyte (Fig. 1.10) that produces 

oogonia which produce one single oosphere that is sessile and remains attached to the 

female gametophyte.  The prothalli can also differentiate into a male gametophyte (Fig 

1.10) that develops antheridia which produce a single biflagellate antherozoid or 

spermatozoid that is later released.  The fertilization of the oosphere by the antherozoid 

is by oogamy where the antherozoid follows the pheromone trail (lamoxirene) to find 

the oosphere and through fecundation originate the zygote that will later develop into a 

new 2n young sporophyte by mitotic division of cells that will than develop into a full 

mature sporophyte (Fig. 1.10) [34, 35, 39]. 

Maturation of gametophytes may be delayed in sub-optimal conditions, but 

development can carry on by vegetative processes where fragments from the original 

prothalli can develop into a new gametophyte, which further enhances reproduction.  It 

seems that fertility is susceptible, or dependent, on the blue light intensity [35, 39]. 

 

1.5.4. Ecological impact of kelp forests 

 

Kelp forests are one of the most important marine habitats from temperate waters and 

depending on their location (e.g. Pacific, Atlantic or Indian Ocean, with some at the 

border of the Antarctic or Arctic Ocean) and local abiotic factors, their characteristics 

differ in which species are present, which are dominant and what other flora and fauna 

are co-localised.  Indeed “kelp forest” is rather a generic term for the complexity of 

what they represent, but fortunately, interest in their conservation is high in the UK as 

their ecological and economic value is largely recognised. 
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They have been well-studied and are considered to be fairly complex from a biotope 

perspective.  A total of 18 different biotopes were identified in kelp forests, or kelp 

forest-like habitats, that have L. hyperborea (Table 1.1) in UK waters [42]. 

 

Table 1.1: L. hyperborea biotopes from the UK.  Adapted from [42].  *Kelp parks: kelp plants are more 

widely scattered, and individual plants are smaller, with shorter stipes and thinner blades. 

Description of habitat  Description of the biotope 
   

Kelp with cushion 
fauna, foliose red 

seaweeds or coralline 
crusts (exposed rock) 

  • L. hyperborea forest with a faunal cushion (sponges and 
polyclinids) and foliose red seaweeds on very exposed 
infralittoral rock; 

  • Sparse L. hyperborea forest and dense Paracentrotus lividus 
on exposed infralittoral limestone; 

  • L. hyperborea with dense foliose red seaweeds on exposed 
infralittoral rock; 

  • L. hyperborea forest with dense foliose red seaweeds on 
exposed upper infralittoral rock; 

  • L. hyperborea park* with dense foliose red seaweeds on 
exposed lower infralittoral rock; 

  • Mixed L. hyperborea and L. ochroleuca forest on exposed 
infralittoral rock. 

 

   

Kelp with red 
seaweeds (moderately 

exposed rock) 

  • L. hyperborea and foliose red seaweeds on moderately 
exposed infralittoral rock; 

 • L. hyperborea forest and foliose red seaweeds on moderately 
exposed upper infralittoral rock; 

  • L. hyperborea park* and foliose red seaweeds on moderately 
exposed lower infralittoral rock; 

  • L. hyperborea forest, foliose red seaweeds and a diverse 
fauna on tide swept upper infralittoral rock; 

  • L. hyperborea park* with hydroids, bryozoans and sponges 
on tide-swept lower infralittoral rock; 

  • Mixed L. hyperborea and L. ochroleuca forest on moderately 
exposed or sheltered infralittoral rock. 

 
   

Grazed kelp with algal 
crusts 

 • Grazed L. hyperborea with coralline crusts on infralittoral 
rock; 

  • Grazed L. hyperborea forest with coralline crusts on upper 
infralittoral rock; 

  • Grazed L. hyperborea park* with coralline crusts on lower 
infralittoral rock. 

 
   

Silted kelp (stable rock) 
 

  • Mixed L. hyperborea and L. saccharina on sheltered 
infralittoral rock; 

  • Mixed L. hyperborea and L. saccharina forest on sheltered 
upper infralilittoral rock; 

  • Mixed L. hyperborea and L. saccharina park* on sheltered 
lower infralittoral rock. 
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1.5.4.1. Physical impact 

 

A kelp forest is one of the richest ecosystems in biodiversity with over 1,800 species 

recorded in UK kelp biotopes [39].  They give physical and vertical support on the 

water column, acting as substratum and provide shelter by reducing effects of water 

currents.  They are famous as nurseries for many different marine species, providing 

refuge, creating a shaded environment below the forest canopy, providing hiding and 

feeding opportunities, and allowing juveniles to thrive and grow before getting into 

deeper or open waters.  They benefit the simplest forms of life through to large fish, 

seabirds and marine mammals, but they also provide benefits to commercial fish species 

such as cod, helping them to settle locally allowing a more sustainable fishing industry 

if good forest management is maintained. 

The holdfast of kelps is one of most important parts of the seaweed for ecological 

impact as their development and growth on rocky substratum represents shelter and 

allows establishment of a benthonic community richer in biodiversity than other more 

exposed locations.  The seaweed haptera provide a chain of cavities that can be more 

suitable than rocky substratum for the fixation of some species [39, 40]. 

Overall, for the holdfast alone, L. hyperborea has been reported to shelter 389 marine 

species, from ~ 63 Taxa from 9 different Phyla [21, 35, 39].  Besides the protection it 

gives to pelagic species, L. hypeborea lamina is also used as substratum by other 

seaweed, colonial bryozoans (aquatic invertebrate animals) and hydroids (marine 

sponges and anemones). 

However, it is the stipe that provides forests of L. hyperborea with some of the highest 

scores in biodiversity.  The tree bark-like surface allows the fixation of species that 

prefer to be more elevated in the water column, so that they stay exposed to water 

currents.  The specific surface characteristic of the stipe allows successful recruitment 

and fixation of certain benthonic species that can only be found on L. hyperborea.  

There are 17 different macroalgae that colonise the stipes of L. hyperborea.  Within the 

Rhodophyta there are Membranoptera alata, Phycodrys rubens, Palmaria palmata, 

Polysiphonia urceolata, Cryptoleura ramosa, Odonthalia dentata, Delesseria 

sanguinea, Ptilota plumosa and endophytics from the Porphyridiacea Family; within the 

Ochrophyta (Phaeophyceae) there are other L. hyperborea, L. digitata, Desmarestia spp. 

or the endophytic Streblonema sp., Ectocarpus sp. and Laminariocolax tomentosoide; 
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and within the Chlorophyta there are endophytic Bolbocoleon spp., Acrochaete spp. and 

Enteromopha spp. [40, 43]. 

 

1.5.4.2. Impacts on productivity 

 

Laminaria hyperborea often occurs in dense underwater forests, alone or with other 

Laminaria species, which are of great ecological importance in terms of organic 

production [39, 40].  Around Scotland alone there is approx. 8000 km2 of kelp forest 

which is estimated to contribute 45 % of the primary production for coastal waters of 

the whole UK.  It is suggested that 90 % of kelp production enters the detrital food web, 

making it a major contributor to surrounding ecosystems.  Although it can be directly 

grazed, 80 % is consumed as detritus or dissolved organic material (DOM) within the 

forest or outside it, dragged by the currents [39, 40].  It has been suggested that 

Laminaria spp. may exude 40 % of their net fixed carbon as DOM [40]. 

Grazers such as urchins or other molluscs play an important role.  Although they feed 

on the kelp, their activity results in ecosystem maintenance, nutrient availability and 

exportation away from the place of origin, carried by currents or wave activity.  In the 

UK, the dominant urchin is Echinus esculentus, and by grazing the understory of the 

forest, it does not allow repopulation of seaweed, creating urchin barrens [39, 40].  

Urchin barrens are lower seaweed density areas on the seabed which are also called kelp 

parks, less dense than a kelp forest.  This type of ecosystem is caused by a higher 

concentration of seaweed grazing animals, such as urchins, which can leave what can 

look like “barren ground” for seaweed [39, 40].  These less dense areas are constantly 

changing and migrating across the seabed, following the movement of the grazers.  The 

repopulation of these areas by L. hyperborea is dependent on the recruitment capacity of 

the specie itself. 

Lack of natural predatory control over grazers can be very damaging making urchin 

barrens expand in area instead of just moving.  Urchin barrens, in their natural estate of 

equilibrium, control surging in the population of other competitive species of seaweed, 

equilibrating the environment into a “healthy” urchin barren state and controlling the 

epiphytes that grow on the holdfast and lower stipe.  This process normally maintains L. 

hyperborea parks instead of forests.  Indeed, urchins might graze on young L. 

hyperborea plants, not letting them grow to full adults, but reports suggest that 

removing those grazers from the forest makes the short term recruitment of new young 
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seedlings of L. hyperborea more difficult through competition from other seaweed 

species [39, 40].  This illustrates how dependent L. hyperborea, and, in turn, the food 

chains that depend on L. hyperborea, are on the grazing activity of sea urchins.   

However, some grazers prefer to feed directly on the kelp, at the holdfast or stipe, 

making the plants more susceptible to wave activity which results in the stipe breaking 

and casting off of the whole thallus, or in bits.  This dispersal of biomass can provide 

nutrients for sandy beaches or sandy substratum in deeper waters where the production 

is low. 

 

1.5.5. Future perspective of L. hyperborea forests 

 

Kelps are cold water seaweed and their biology is directly influenced by temperature, in 

both life stages (macroscopic and microscopic), in particular during their recruitment 

and all the stages associated to it (zoospore settlement, germination, gametogenesis and 

sporophyte production) [44, 45].  Even though they are photoautotrophic organisms, 

dependent on light availability as their main energetic resource necessary to produce the 

biochemical building blocks, temperature seems to be the main abiotic factor that limits 

recruitment [44].  This is why kelp forest distribution around the globe is more limited 

by the temperate and artic parts of the globe [46]. 

Lately, global warming has been a constant concern towards the preservation of the kelp 

forest ecosystems of the globe as we know them at the moment [47-50].  From most of 

the known direct impacts of global warming on Ocean ecosystems (increase in global 

mean temperature, ocean acidification, deoxygenation, sea-level rising) [51], ocean 

warming has been mainly responsible for the major shifts that have been observed over 

decades [47-50]. 

For L. hyperborea, there have been changes of what were optimal local conditions for 

growth, reproduction, recruitment and germination.  These conditions variations, mainly 

temperature, are making it much harder for L. hyperborea to maintain its geographical 

borders, with most impact observed in the southern section which has the higher 

temperatures.  Overall, as ocean surface water warms, it is predicted that L. hyperborea  

will recede from its southern border, probably stabilizing at the south of the UK and in 

Brittany, with a possible expansion of its northern borders, due to ice melting releasing 

more habitat opportunity as more substrate starts to become available [47].  L. 
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hyperborea most southern limit, is the North of Portugal (see section 1.5.1. of this 

chapter), however, data [52, 53] suggests that it has been declining rapidly from the 

continental Portuguese shore but also surrounding subtidal regions. 

Between the northern and southern borders of L. hyperborea distribution, among the 

UK shoreline, tendencies are more unpredictable [47], although, shifts in local 

temperature can decrease the ability of reproduction, germination and, consequently, 

recruitment of L. hyperborea while enhancing those of L. ochroleuca [48].  This would 

perhaps change kelp forests comprised of only L. hyperborea into a forest with a mix of 

both species which, with further warming, might turn into a L. ochroleuca forest only 

[48].  Yet, it seems like there are trends of recovery or stability, as observed in southern 

parts of Norway or even in Germany (Helgoland), as local grazing or pollution issues 

improve [47]. 

As noted previously, L. hyperborea forests are of high importance, not only ecologically 

but also economically, and therefore it is crucial, now more than ever, to monitor this 

species and how global warming is impacting it, and ensure mitigation efforts are being 

made in relation to other potential threats such as pollution, or overfishing of urchin 

predators that might damage local L. hyperborea forests. 

 

 



Chapter 1 – Introduction 

29 
 

1.6. Laminaria hyperborea: biochemistry 

 

Algae are taxonomically split by their colour into red, green and brown algae and the 

colour depends on their inherent biochemistry.  L. hyperborea is a brown seaweed 

(Ochrophyta - Phaeophyceae) because of the pigment composition of its tissues; a 

combination of chlorophyll a, c1 and c2 with large amounts of carotenoids (e.g. β-

carotene) and xanthophylls (zeaxanthin, violaxanthin, diatoxanthin, diadinoxanthin with 

fucoxanthin being dominant) that gives a yellow to golden-brown colouration [54].  

Although some work has focused on the ecological role of L. hyperborea, its 

importance as a primary producer and its input into the whole carbon net of the biotope, 

less is known about its underlying biochemistry.  The focus has been on the 

commercially-important phycocolloids, mainly alginate.  Despite this commercial 

interest, there is little known about the variation between the different tissues or the 

effect of abiotic factors, geographical location or seasonality on components. 

 

1.6.1. Carbohydrates 

 

Brown seaweeds produce a wide range of different carbohydrates, from simple sugars to 

complex long and high molecular weight polysaccharides (often called phycocolloids).  

So far, it is understood that brown seaweed polysaccharides have a structural function 

within cell and tissues, but they also provide protection against seaweed desiccation and 

can be a source of stored energy [55].  D-mannitol is the main sugar for carbon storage 

and laminarin is the main carbon store as a polysaccharide [55]. 

It was previously thought that the cell wall of L. hyperborea, and other members of the  

Phaeophyceae taxa, had two layers: an inner layer composed of cellulose, which is the 

main structural skeleton; and an outer layer linked to the cellulose, composed of a 

mixture of other polysaccharides, mainly alginate and fucoidan [55].  However, more 

recent models suggest that the cell wall is a complex and organised matrix rather than 

separated layers [56] composed of sulphated fucans (fucoidan) tightly associated with 

cellulose microfibrils, with hemicellulose components linking to the cellulose through 

hydrophobic interactions and also binding to fucoidan [56].  All of this structure is 

embedded within an alginate network with alginates associated with phenolic 

compounds that can form high molecular weight complexes and with proteins linked 

with fucoidans and covalently attached to phenolic compounds (Fig. 1.11) [56]. 
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Fig. 1.11: Proposed model for the structure of brown seaweed cell walls.  From Charoensiddhi et al. 2017 

[56]. 

 

Other recent studies for members of the Fucales and Laminariales taxa suggest that the 

network of alginates is cross-linked to polyphenols with proteins linked to fucoidans 

and phenolic compounds.  The cell wall also includes glycoproteins, phlorotannins, 

halide compounds (such as iodide) and other ions (such as calcium) along with 

considerable amounts of laminarin [57, 58].  There is little understanding of the 

composition of the hemicellulose components from brown seaweed cell walls.  Various 

studies have provided evidence of monosaccharide profiles typical of hemicelluloses 

containing xylose, mannose, galactose, and glucose [59] but these are also associated 

with fucoidans along with uronic acids and rhamnose [57].  Therefore, it is difficult to 

discern if these monosaccharides are coming from fucoidan or possibly hemicellulose.  

Also, there is evidence for β-glucans (e.g. laminarin) in the cell walls [59] despite its 

supposed function as an energy storage polysaccharide [55].  However, β-glucans can 

function as hemicellulose elements in cell walls of terrestrial plants [60]. 

 

1.6.2. Mannitol 

 

D-mannitol (Fig. 1.12) is the main energy resource in brown seaweeds and is 

accumulated in the endoplasmic reticulum of chloroplasts [55].  Therefore, the highest  
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Fig. 1.12: Chemical structure of the sugar alcohol D-mannitol. 
 

content of D-mannitol is found in areas with active cell division, such as in the blade 

and meristem, with its highest concentrations during the active photosynthetic period, 

when light is most available, from late spring, summer to early autumn (April to 

September) [61].  However, D-mannitol in Laminariales is also spread throughout other 

tissues due to active transport through the sieve cells (or trumpet hyphae cells) [55].  

Also, D-mannitol is the main metabolite used for osmoregulation in the Laminariales, 

similar to its function in some higher plants [62].  The production of mannitol can be so 

high during the most active photosynthetic periods that high amounts of exuded D-

mannitol (~ 40 % of total production) can be found in the surrounding seawater of a 

kelp forest or park, or further away carried by currents [40].D-mannitol is an important 

and useful medicine used for reduction of acute intracranial 

pressure, amongst other therapeutic treatments [63].  Although most mannitol 

production is by synthetic chemistry, seaweeds are the main industrial resource in 

China. 

Despite the high levels in L. hyperborea, commercial exploration exclusively for 

extraction of this metabolite is not feasible due the associated harvesting costs of this 

deep water seaweed and the higher value attributed to this seaweed as a raw material 

which presents known commercial high quality alginates.  However, as a co-product, 

alongside a mainstream production for alginate or other components, there might be a 

possibility to explore mannitol as a commercial product. 

 

1.6.3. Alginates 

 

Alginates are produced in the cell walls of all brown seaweeds and are responsible for 

the structure and flexibility of the tissues [57].  They are linear polysaccharides of two 

monosaccharides, α-L-guluronic acid (G) and β-D-mannuronic acid (M) [64].  These 
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are glycosidically linked at C-1 and C-4 positions (Fig. 1.13).  Moreover, they can exist 

in either two homopolymeric blocks and one heteropolymeric block: i.e. G-G; M-M; M-

G (Fig. 1.13).   

 

 
 
Fig. 1.13: Chemical structure of L-guluronic acid polymer (G block), D-mannuronic acid polymer (M 

blocks) and D-mannuronic acid plus L-guluronic acid polymer (GM blocks) in alginate [65]. 

 

Importantly, mannuronic acid residues only form β-(1→ 4) linkages, while guluronic 

acid forms α-(1 → 4) linkages.  This characteristic influences the three-dimensional 

structure of the alginate polymer with a more linear structure for a M block or a buckled 

or folded and rigid shape for a G block, which results in a pronounced stiffness.  These 

differences in the structure of the alginates results in different properties with alginates 

with M blocks having greater viscosity and greater gelling properties for G blocks.  

Alginates commonly display cross-linking with divalent ions (e.g. Ca2+) in a model that 

is termed “egg-box” where the divalent cations are trapped in a stable, continuous and 

thermo-irreversible three dimensional network, allowing interaction with carboxyl 

groups of L-guluronic acid residues from two adjacent G block polymer chains [64, 65].  

These egg-box structures allow alginates to form hydrogels from an aqueous alginate  

solution.  The value of alginates is related to their physical properties as thickening or 

gelling agents and are largely applied in the food and pharmaceutical industry [65].  The 

M/G ratio is commonly used to characterise the alginates as thickening or gelling 

components.  Alginates from L. hyperborea stipe have one of the lowest M/G ratios 
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(0.37) reflecting high content of G units (70 %) [17] which provides them with strong 

gelling properties.  Though it is also known that seasonality and geographical factors 

can influence high G content.  This functional property is the main reason for the 

commercial use of L. hyperborea for alginates, as well as its high alginate content, 

accounting for up to 40 % DW [61]. 

 

1.6.4. Fucoidans 

 

Fucoidans are fucose-containing sulphated polysaccharides (FCSPs) or fucans that are 

mainly found in brown seaweeds as heteropolymers with fucose groups interspersed in 

diverse backbones with uronic acids and/ or other neutral sugars (xylose, galactose, 

glucose, mannose and rhamnose) [57].  Their role is not completely defined but they are 

involved in cell wall formation [55-59].  Besides structural integrity, it is believed that 

they also protect the seaweeds from effects of desiccation with an important role in 

osmoregulation [55]. 

In Saccharina latissima (formerly Laminaria saccharina) and L. hyperborea, there are 

mucilage canals lined by secretory cells, linked by plasmodesmata.  These secretory 

cells produce and secrete fucoidans to the outside of the thallus (Fig. 1.14) [55], which 

explains the mucilage felt when handling these seaweeds [55]. 

 

 
 

Fig. 1.14: Representation of a transverse section from Laminaria sp. stipe mucilage canals (c).  Secretory 

cells (se); Meristoderm (m); Cortex (co); Diagram from [55]. 

 

Fucoidans are diverse and their chemistry and structure varies between different brown 

seaweeds, but also differ depending on extraction methods.  It is likely that they might 

vary their chemistry depending on seasonal and geographical factors in a similar fashion 

https://www.google.co.uk/search?espv=2&biw=1680&bih=925&q=desiccation&spell=1&sa=X&ved=0ahUKEwjL2aTVyvrOAhWoL8AKHb7mBZAQvwUIGSgA
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to alginates.  There are two main groups of fucoidans among seaweeds distinguished by 

their fucose back bones: Type I polymers with higher content of repeating (1 → 3)-

linked α-L-fucopyranose residues and Type II polymers with alternating (1 → 3)- and (1 

→ 4)-linked α-L-fucopyranose residues [65].  Sulphation can occur at position 2, 3 and 

4 with the monosaccharides being linked by α-1 → 2, α-1 → 3, or α-1 → 4 glycosidic 

bonds [65].  Type I fucoidans can be found in Analipus japonicus (Order Ralfsiales), 

Cladosiphon okamuranus (Order Ectocarpales), Saccharina latissima, Chorda filum and 

Laminaria digitata (Order Laminariales) (Fig. 1.15 A); while Type II refers to 

fucoidans isolated from Order Fucales (Fig. 1.15 B) [65]. 

 

 
 

Fig. 1.15: Different chemical structures of fucoidans from different seaweed species: Type I (A) and 

Type II (B) [65]. 

 

The interest in fucoidans is increasing with the discoveries of bioactivities among 

fucoidans studied from various species of brown seaweeds.  Notably, they have been 

associated with anti-inflammatory, anti-oxidant, anti-cancer, immunomodulation and 
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anti-coagulant activities which has led to increasing research focus on these sulphated 

glycans for commercial applications [66-76]. 

Although there is substantial commercial interest in L. hyperborea for alginates, there 

has been little work on the structure or bioactivity of its fucoidans and more work is 

required to characterise the structure and chemical composition of L. hyperborea 

fucoidans and screen for their bioactivity. 

 

1.6.5. Laminarins 

 

Laminarins, or laminarans, are β-glucan polysaccharides produced by brown seaweeds 

as their main storage carbon source.  Laminarin is particularly associated with seaweeds 

of the Order Laminariales and, as it is formed from primary production through 

photosynthesis, it is concentrated in the photosynthetic cells and tissues, which are 

normally located on the seaweed surface [55].  Therefore, the highest content of 

laminarin is found in the photosynthetic tissues of the lamina where it is stored 

intracellularly in the endoplasmic reticulum of the chloroplasts [55].  Laminarin is also 

found in high concentrations in the cell wall where it may function as a structural β-

glucan hemicellulose component [58-60].  Laminarins can make up 32 – 35 % of total 

dry weight, with peak levels during the summer and autumn months [55, 61]. 

Laminarins are mainly low-molecular-weight β-glucans in the range of 20 – 25 units of 

linked glucose monosaccharides but can reach a degree of polymerisation (DP) of 50 

(i.e. from approximately 5 – 10 kDa maximum) (Fig.1.16) [65, 77].  The backbone is  

 

 
Fig. 1.16: Laminarins: Type M-chains (A) with mannitol at the end of the chain; Type G-chains (B) with 

glucose at the end of the chain [65]. 
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composed of β-(1 → 3)-glucopyranose linked residues with some β-(1 → 6)-linked 

glucose units as branch points (Fig. 1.16) [65, 77].This branching influences their 

solubility in cold water where higher branching brings higher solubility as reported by 

Rioux et al 2010 [78].  Therefore, there is soluble laminarin which is soluble in cold 

water, or insoluble laminarin that can be solubilised only with hot water.  There are also 

two types of chains for laminarins: the G-chain type built only with (1, 3)-β-D-

glucopyranose and the M-chain type with 1-O-substituted D-mannitol at the end of the 

chain (Fig. 1.16). 

The total content and structural features of laminarin vary between algal species.  For 

example, the M type : G type chain ratio (in some cases M chains are absent), to the 

degree of  

branching and polymerisation and to the ratio of β-(1,3) and β-(1,6)-glycosidic bonds all 

vary substantially between different species [65, 77].  As a source of stored glucose 

within Laminariales, there is commercial interest as a raw material for biofuel 

production through fermentation to produce bioethanol or biogas (e.g. methane) [61].  

Interest as a food or feed ingredient is lower but laminarin has been confirmed to have 

antioxidant, anticancer, anti- 

apoptotic, anticoagulant, anti-inflammatory and immunomodulatory bioactivities and 

much potential has been suggested as a product against cancer and neurodegenerative 

diseases [65, 77, 79].  Considering the content of this component in L. hyperborea (0 – 

32 % dry weight depending on tissue and season) [77], its exploration perhaps together 

with other polysaccharides may be of value. 

 

1.6.6. Cellulose 

 

Cellulose is essential to provide solidity to the cell wall.  Cellulose is composed of a 

linear chain of D-glucose linked through β-(1 → 4) linkages (Fig. 1.17).  These chains 

associate into compact microfibrils and then with more microfibrils to produce cellulose 

fibrils that finally form crystalline layers in the cell wall.  This compact rigid structure is 

not water or solvent soluble and can only be hydrolysed using extreme acid or alkali 

solutions at high temperatures. 

The content of cellulose in L. hyperborea is lower than alginate but it comprises a 

considerable quantity (~ 11 % DW from whole thalli with removed holdfast) [61].  
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Algal cellulose may find use in the traditional cellulosic applications such as paper, 

fibres, textile, drugs, fuel, filters, and biomaterial production but may have new targets 

in the development of nanocellulose or low molecular weight cellulose for biomedical 

matrixes and new biomaterials e.g. 3D printing inks [80, 81]. 

 

 
Fig. 1.17: Cellulose: A polymeric chain of β-(1 → 4) linked D-glucose residues 
 

1.6.7. Pigments 

 

L. hyperborea expresses a high quantity and variety of carotenoids [54], with 

fucoxanthin (Fig. 1.18) being dominant.  Fucoxanthin is a carotenoid derived from an 

acetylated xanthophyll responsible for the brown, golden or yellow colour of brown 

seaweeds.  Fucoxanthin operates as an accessory photosynthetic pigment which allows 

brown seaweed to use the blue light range from sunlight that penetrates deeper in the 

seawater, which explains the capacity of brown seaweed to live deeper than green and 

some red seaweeds. 

 

 
Fig. 1.18: Chemical structure of fucoxanthin.  From Wang H. et al. 2014 [82]. 

 

There is still lack of information about fucoxanthin content among the brown seaweeds.  

It varies between species and with the method of extraction, from 0.03 – 7.4 mg g-1 DW 

among Sargassum spp.[83]; 18 mg g-1 DW from Himanthalia elongata [84] and 0.04 – 

0.27 mg g-1 DW from Cladosiphon okamuranus [85].  However, it is likely that 

seasonality and geographic location might also influence content [84, 85].  Also, its 
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relative instability to light and oxygen requires precise control of extraction, 

manipulation and storage [65]. 

Fucoxanthin seems to be a very attractive product with potential as a new drug showing 

anti-oxidant, anti-cancer, anti-obesity, anti-inflammatory and anti-diabetic effects with 

probable direct effects on gene expression and modulation due to interference in 

cascade signalling [65, 82, 85-88].  In their review of fucoxanthin bioactivity, Peng et 

al. 2011 reported inhibition of cancer cell growth including human neuroblastoma 

GOTO cells [89] through decreased N-myc gene expression and arrest of the cell cycle 

at the G0-G1 phase.  Similarly, fucoxanthin inhibited growth of human prostate cancer 

DU145 cells with arrest of the cell cycle at G1 and increased expression of GADD45A, 

a crucial cell cycle-related gene [89].  Also, fucoxanthin can significantly increase 

expression of connexin 43 and connexin 32 in SK-Hep-1 cancer cell lines, which 

enhances intercellular communication of SK-Hep-1 cells through gap junctions and this 

way activates a chain of events that ends up with SK-Hep-1 cells apoptosis [89].  The 

anti-obesity effects suggested for fucoxanthin might be caused by improving plasma 

adipokine levels, down-regulating various lipogenic enzyme activities and fat 

production, up-regulating fatty acid β-oxidation activity and uncoupling protein gene 

expressions in visceral adipose tissues [89]. 

 

1.6.8. Fatty acids 

 

The overall lipid content of seaweeds tends to be quite low, quoted at ~ 1 – 8 % or 6 – 9 

mg g-1 DW [90-92] depending on species, geographic variation and season [91-94], but 

they are particularly rich in mono-unsaturated fatty acids (MUFA) and polyunsaturated 

fatty acids (PUFA) which are of interest due to their nutritional value [90, 92, 93].  As a 

way of finding new food sources of vegetal origin, there has been interest in exploring 

the lipid profile of seaweeds.  Laminaria hyperborea, as a widely used raw material in 

industry, has low reported lipid content, quoted at 0.26 – 0.74 % [93] or 11.4 to 14 mg 

g-1 DW [90], but has an interesting profile of fatty acids (Table 1.2) [90, 92, 93]. 

Laminaria hyperborea has a fatty acid profile rich in monounsaturated and 

polyunsaturated fatty acids (MUFAs & PUFAs) where stearidonic acid (C18:4 n-3), 

eicosapentaenoic acid (C20:5 n-3), linoleic acid (C18:2 n-6), arachidonic acid (C20:4 n-

6), palmitoleic acid (C16:1 n-7), oleic acid (C18:1 n-9) are dominant [90, 92, 93].   
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There are fewer saturated fatty acids but tetradecanoic acid (C14:0) and hexadecanoic 

acid (C16:0) are dominant [90, 92, 93]. 

 

Laminaria hyperborea 
Ginneken, V.J.T. et al 

(2011)    Mæhre, H.K. et al 
(2014)   Foseid, L. et al 

 (2017) 
-   -   C7:0 5 methyl 
-   -   C8:0 
-   -   C9:0 
-   -   C10:0 
-   -   C12:0 
-   -   C13:0 

C14:0   C14:0   C14:0; C14:0 13 methyl 
-   -   C14:1 trans-9; C14:1 (n-5) 
-   -   C15:0 

C16:0   C16:0   C16:0 
C16:1 (n-7)   -   C16:1 (n-7) 
C16:3 (n-3)   -   C17:0 
C16:4 (n-3)   -   C16:2 cis or trans-7,10 (n-6) 

-   -   C17:1 cis-9 
C18:0   C18:0   C18:0 

C18:1 (n-9)   C18:1 (n-9)   C18:1 (n-9); C18:1 (n-7) 
C18:2 (n-6) (LA)   C18:2 (n-6) (LA)   C18:2 (n-6) (LA) 

C18:3 (n-3) (ALA)   C18:3 (n-3) (ALA)   C18:3 (n-3) (ALA) 
C18:3 (n-6) (GLA)   -   C18:3 (n-6) (GLA) 

-   -   C20:0 
-   -   C20:1 cis-9; C20:1 (n-9) 

C18:4 (n-3) (SDA)   C18:4 (n-3) (SDA)   C18:4 (n-3) (SDA) 
-   -   C20:2 (n-6) 

C20:3 (n-9)   -   C20:3 (n-6) 
-   -   C22:0 

C20:4 (n-6)   C20:4 (n-6)   C20:4 (n-6) (AA); C20:4; 
-   -    C20:4 all-cis-5,8,11,14,17 (n-3) 

C20:5 (n-3) (EPA)   C20:5 (n-3) (EPA)   C20:5 (n-3) (EPA) 
-   -   C24:0 
-   -   C22:5 all-cis-7,10,13,16,19 (n-3) 
-   -   C22:6 (n-3) (DHA) 
-   -   C26:0 

 
Table 1.2: Fatty acid profiles of L. hyperborea (adapted from [62, 63, 65]). 

LA: linoleic acid; ALA: alpha linolenic acid; SDA: stearidonic acid; AA: arachidonic acid EPA: 

eicosapentaenoic acid; DHA: docosahexaenoic acid. 
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1.6.9. Proteins and amino acids  

 

Total protein content tends to be quite low in brown seaweeds compared to red and 

green seaweeds, which contain between 3 – 15 % of dry weight respectively with 

seasonal variation giving the highest levels during the winter and lowest during the 

summer [61].  Protein content is lower in Laminariales and Laminaria hyperborea has 

reported protein content that can vary between 4.3 – 8.1 % DW with an average of 6.8 

% DW [61].  This variation could be seasonally related as Schiener et al. 2015 reported 

variation between 4 – 8 % DW over a year of sampling (8 harvests) [61].  The lowest 

reported content was 4.3 % DW in November and the highest value was 8.1 % DW, in 

the following March [61].  However, the protein content was 7.1 % DW in the 

November harvest from the next year [61].  This could suggest that protein content is 

not seasonally influenced and shifts in content might be more related towards a 

metabolic response towards abiotic or biotic factors.  Indeed, a theory was developed 

where changes in salinity levels among Laminariales would increase protein contents 

[95], though more research is required to confirm this theory. 

In another perspective, if carbohydrate content is removed, co-products or isolated 

tissues may have concentrated protein content which might be more suitable for 

purposes such as animal feed.  Akin to other seaweeds, L. hyperborea has a 

nutritionally-useful amino-acid composition with substantial amounts of essential amino 

acids (e.g. threonine, valine, methionine, isoleucine, leucine, phenylalanine, lysine, & 

histidine) and non-essential amino acids: (e.g. aspartic acid, serine, glutamic acid, 

proline, glycine, alanine, tyrosine & arginine) [90].  It also has reasonable levels of 

aspartic acid and glutamic acid, ~ 5.9 and 8.6 mg g-1 DW, respectively [90], which 

already are used in the food industry as food taste enhancers that underlie savoury 

umami flavours [65] (e.g. glutamic acid with E-number E-621).  Therefore, L. 

hyperborea may be a reasonable source for these flavour products, but for MBL, these 

may have to be removed before alginate extraction or in one of the main established co-

product streams. 

Little is yet known about the structure of individual proteins in seaweeds and even less 

regarding L. hyperborea as the focus has been on the nutritional potential, which is 

normally expressed as total protein content or amino acid profile [90].  However, in L. 

hyperborea, it is known that specific proteins have an important role in wound healing 

mediated by phlorotannin migration, where the phlorotannins form an initial glue 
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around wounds followed by a “clotting” structure which involves precipitation of 

specific proteins [96]. 

There is also work developed in the understanding of the role of vanadium 

haloperoxidases  These are vanadium dependent enzymes classified as bromo and 

iodoperoxidases among seaweed, identified in L. hyperborea, and suspected to catalyse 

de formation of halometabolites understood to be held within membrane bound vesicles 

[97].  The halometabolites are believed to be further used in production of hormone like 

components, microbial repellents in biological defence mechanisms, antifouling 

halocarbons or oxidative protection [97, 98].  Haloperoxidases are suspected to be 

involved in the uptake of iodide from seawater as a metabolic response triggered by 

oxidative stress but it could also be through an homeostatic chemical gradient for 

storage of iodide in inner cell pools through oxidation of iodine as it is easier for the 

iodide form to diffuse through cellular membranes [97, 98]. 

 

1.6.10. Minerals 

 

Seaweed are normally regarded as rich in minerals.  Some seaweeds can reach 40 % 

DW of ash content [99], and some brown seaweed can reach 50 % DW ash content [61].  

They contain a wide range of different minerals, from the major macronutrients, with 

Na, K, Mg, Ca (with Cl and S present as counter ions), to trace minerals like Cu, Fe, I, 

Mn, Se and Zn [17, 18, 61, 90]. 

There is considerable research that focuses on profiling the mineral content of edible 

seaweeds as some accumulate high quantities of particular elements.  With rising search 

for alternative food resources towards a more sustainable future, the tendency has been 

towards a reduction of animal food sources.  Considering that animal foods normally 

provide many mineral nutritional requirements, seaweed could be a potential alternative 

source as they express mineral content and profiles not found to the same levels among 

other plant based food resources [99]. 

A good example is iodine which is always found in high levels among seaweeds and is 

required to avoid certain human deficiency diseases, ensuring proper thyroid action, 

and, thereby hormone regulation [90].  Low iodine intake has been proven to be a health 

issue among ~ 35 % of world’s general population [90].  However, as brown seaweed 

can hyper-accumulate iodine over surrounding sea water levels [17, 18], this could 

cause oversupply issues in foods if not monitored. 
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L. hyperborea also contains a wide range of other important elements (Table 1.3). 

In the case of L. hyperborea, the dominant minerals present are K followed by Na, Ca, 

S, Mg, I, Sr, P, As, Zn, Ni, Cu, and Cr (Table 1.3) and accumulation of iodine can be up 

to 30,000 times higher than concentrations from the surrounding sea water [17, 18], 

which is why iodine extraction from “Kelp” ash, the product of Kelp burning, as 

previously mentioned (see section 1.3. of this chapter) was so productive.  L. 

hyperborea also contains ~ 30 - 32 % DW of ash content [61, 90], which also explains  

 
  

  
Minerals 

  Stipe   Whole seaweed a   Whole seaweed b 
  (mg Kg-1)   (mg Kg-1) [90]   (mg Kg-1) [61] 

  
      -   -   2 - 789 

  As   224   55   0 - 108 

  Ba           0 - 10 

  Ca   19100   8000   - 

  Cd   <0.10   0.48   - 

  Co   <0.40   -   - 

  Cr   1.72   -   0.5 - 2.8 

  Cu   2.58   1.7   1 - 7  

  Fe   -   120   51 - 702 

  Hg   <0.60   0.007   - 

  I   2898   3500   277 - 11076 

  K   175300   -   - 

  Mg   6041   6400   - 

  Mn   1.82   6.5   0 - 38 

  Mo           0 - 0.5 

  Na   31470   -   - 

  Ni   8.26   -   0 - 4.3 

  P   2284   1600   - 

  Pb   <1.40   -   0 - 0.6 

  Rb   -   -   0 - 45 

  S   11200   -   - 

  Sr   2398   -   76 - 844 

  Ti   -   -   0 - 106 

  Zn   40.1   22   1 - 54 
 

Table 1.3: Mineral composition of L. hyperborea. 

Stipe: L. hyperborea stipe analysed by Ion Chromatography Inductively Coupled Plasma Optical 

Emission Spectrometry (IC-ICP-OES). (data obtained via service contracted by MBL);  a: Whole 

seaweed mineral data adapted from Mæhre et al. 2014 [90];  b: Whole seaweed mineral data adapted 

from Schiener et al. 2015 [61]. 
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why “Kelp” ash was equally productive for the glass and soap industry (see section 1.3. 

of this chapter).The mineral profile can also be tissue specific, e.g.: comparing the stipe 

against whole L. hyperborea (Table 1.3).  Also, Nitschke & Stengel 2015 reported that 

iodine content differed between lamina, meristem, stipe, and holdfast [100].  Schiener et 

al. 2015 reported that the mineral profile of whole L. hyperborea samples harvested 

over a year was also seasonally influenced (Table 1.3) [61].  Most of the minerals were 

highest during Summer months (July to September), except for Sr, Ba, Pb and I, with 

the lowest values observed in November 2010, except for I [61].  However, other biotic 

or abiotic factors might also influence these variations as the mineral content in 

November 2011 was similar or higher to the mineral content registered for August 2010 

[61].  Indeed, the highest iodine content was noted in November 2011 [61].   

Seaweed assimilate their minerals from the surrounding seawater, so local mineral 

availability could be a key factor influencing their mineral content and this can be 

affected by weather events (such as heavy rains that drag coastal soil into water), marine 

currents, upwelling events, inputs from surrounding rivers, etc.  Geolocation will affect 

mineral availability in the seawater, which could directly impact on seaweed mineral 

content and this has been already observed between samples of same species harvested 

from different locations [99].  Therefore, it is important to monitor the mineral content 

of seaweed, especially those used for foods, as they are known to assimilate harmful 

heavy metals (As, Cd, Hg, Pb) if these are available in the water where they grow or are 

cultivated [61, 90, 99, 100]. 
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1.7. Laminaria hyperborea: bioactivity 

 

Screening for bioactivity from seaweeds has seen a large increase lately as they have 

been associated with antioxidant, antimicrobial, antifouling, antidiabetic, antitumor, 

antiangiogenic, anti-inflammatory, antithrombotic, anticoagulant, anti-obesity, 

immunomodulatory and pre-biotic effects  [56, 66, 67, 72, 74, 76, 77, 79, 82, 85, 88, 89, 

101-114].   

In the case of brown seaweeds, the most studied components are the polysaccharides, 

phenolic compounds (mainly phlorotannins) and terpenes.  Work in Fucales has 

uncovered numerous bioactivities, especially antimicrobial and antioxidant activities, 

especially regarding phlorotannins [111], terpenes [104] and the polysaccharide, 

fucoidan [74, 106].  In the case of Laminariales, most work has focused on their 

polysaccharides, especially on bioactivities of fucoidan and laminarin [72, 77, 102, 

110]. 

In the case of Laminaria hyperborea, limited bioactivity screening has been reported.  A 

study from Kadam et al [102] showed that laminarin-rich extracts from L. hyperborea 

had antioxidant (radical scavenging activity) as well as antibacterial activity against 

human pathogenic bacteria, such as: Staphylococcus aureus NCTC 8178, Escherichia 

coli DSM 1103, Listeria monocytogenes NCTC 11994 and Salmonella typhimurium 

SARB 65.  Although the minimum inhibitory concentration (MIC) was too high (lowest 

MIC - 2.6 mg mL-1 for L. monocytogenes NCTC 11994) to consider L. hyperborea 

laminarin a new potential drug, it could still find a role in the food industry as a 

preservative. 

Recently, studies revealed immune stimulation activity of purified fucoidan from L. 

hyperborea affecting or triggering cytokine expression in cultured human peripheral 

blood mononuclear cells [115] obtained from mice on a L. hyperborea fucoidan diet.  

Favourable changes in in IL-8 neutrophil chemotactic factor and MI-1α were detected 

without activation of IL-1 and IL-6 acute phase response cytokines, which could trigger 

an acute inflammatory response [115].  Therefore, L. hyperborea fucoidan might be an 

interesting nutraceutical with positive immunomodulation effects through activating 

innate and humoral arms of the immune system in vivo, triggering an increase in 

circulating titres of reactive oxygen species (ROS) in “controlled” levels which keep the 

immune system active but not reactive enough that would develop into an inflammatory 

reaction [115]. 
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There has also been increasing interest in Laminaria spp. as an nutraceutical additive in 

pig feed, especially its polysaccharides, laminarin and fucoidan, as they increased daily 

weight gain, modulated the gut microflora, and reduced diarrhoea [116].  It seems that 

the greater water insolubility of L. hyperborea laminarin, probably due to less branching 

in comparison to laminarins such as from Laminaria digitata, makes it more resistant to 

gastrointestinal digestion.  Therefore as an insoluble fibre, it may modulate gut 

microflora, reducing the harmful Enterobacteriaceae population in the ileum and colon 

with associated reductions in expression of pro-inflammatory cytokine genes in the 

colon and reduced production of gut volatile fatty acids, [117].  Added to this, recent 

studies have demonstrated that brown seaweed (Ascophyllum nodosum) phenolics may 

contribute to pig gut health as they had antibacterial activity against three foodborne 

pathogens (E. coli O157, Salmonella agona, and Streptococcus suis) that normally 

colonize weaning piglets but were not cytotoxic to the intestinal cells [118]. 

Another study tested if adding laminarin and fucoidan as a dietary supplement for the 

Atlantic salmon (Salmo salar) would affect its intestinal health using the soybean meal-

induced enteritis model (SBMIE).  However, there was no improvement of SBMIE 

conditions [119] but the authors suggested this SBMIE model might not be the best way 

to evaluate the bioactive benefits for fish gut-health of L. hyperborea fucoidan and 

laminarin and that a dose-response study should be a better approach [119]. 

Although evidence is lacking for bioactive activities of L. hyperborea, reports of 

antitumor, anticoagulant, anti-obesity, antiviral, antibacterial, antioxidant, anti-acne, and 

effects on joint health, thyroid function, and cell mobility have been reported for 

fucoidans from some of the taxonomic closest seaweeds to L. hyperborea, such as other 

Laminaria spp. [56, 67, 72, 76, 77, 85, 89, 104, 105, 110, 112].  This suggests that 

further study may reveal the full potential of L. hyperborea bioactivity.  
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1.8. Alginates – traditional production process and applications 

 

Since the discovery of alginate until its industrial production for the food or 

pharmaceutical industry, the processes of extracting alginate have changed and adapted.  

There are a few important steps for alginate production that include seaweed biomass 

pre-treatment; alginate extraction; alginate precipitation; dewatering; and conversion to 

sodium alginate.  

 

1.8.1. Seaweed biomass pre-treatment 

 

Depending on the seaweed used, if dried or fresh material, and depending on the future 

applications of the alginates produced, different methods can be applied, albeit all have 

some common steps. 

Overall, depending on the seaweed, different approaches could be used if whole or 

shredded fresh material or whole or shredded previously dried seaweed is to be used.  

For L. hyperborea, normally fresh shredded biomass is used. 

The intention is to get the final alginate product as pure as possible, as a water soluble 

dried and milled powder, known as alginic acid.  Alginate is naturally and generally 

present as calcium salts of alginic acid in the cell walls of seaweed, so pre-treatment 

with acid solutions (e.g. 0.1 M sulfuric acid, 50 ºC) for 30 minutes acts to solubilise 

these alginic acid salts and provides good yields of alginic acid [17, 120].  Some 

phenolic compounds are extracted during this process which avoids coloration of the 

final product during the following alkali treatment [17, 120].  However, another 

common pre-treatment, the use of a 0.1 – 0.4 % formaldehyde solution for 15 – 30 

minutes, may prevent polymerisation of phenolic compounds to dark colours during the 

alkaline extraction [17, 120]. 

 

1.8.2. Alginate extraction 

 

Alkaline extraction is often performed using a warm (50 – 95 ºC) alkali solution (1.5% 

sodium carbonate solution) for 1 – 2 hours.  This solubilises and extracts the alginates in 

the form of sodium alginate and usually causes an increase in viscosity [17, 120].  The 

next step is to separate the extracted alkali-soluble sodium alginate solution from the 

remaining seaweed biomass, and this is traditionally done in two ways depending on the 
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kind of final alginate product required.  The addition of flocculants specific for the 

remaining biomass residue (often cellulose) facilitates flotation, and aeration aids 

mechanical separation from the liquid alginate solution below [17, 120].  Without 

flotation, further filtration of the alginate solution would prove troublesome with 

clogged filters but with less impurities and viscosity, the process is easier [17, 120].  

Filtration might be performed using a rotary pre-coated vacuum filter with perlite as a 

pre-coat instead of diatomaceous earth, in the first stage but subsequent filtration stages 

could use diatomaceous earth as a smaller pore size pre-coat [17, 120]. 

 

1.8.3. Alginate precipitation 

 

After the alginate extraction, there are two main precipitation methods employed to 

achieve the final alginate product and the route depends on the desired product and level 

of expertise.  These are the calcium alginate and the direct alginic acid methods [17, 

120]. 

For the calcium alginate method, the soluble sodium alginate is added to a calcium 

chloride solution (10 %) producing calcium alginate fibres in suspension [17, 120].  The 

success of this step is dependent on technical skills of the operator which can make the 

difference between the production of a gel or the desired fibres which can be further 

separated on a metal screen [17, 120].  As calcium alginate is very resistant to 

breakdown, a bleaching step has more success at this stage before re-conversion into 

alginic acid.  Bleaching to improve colour and odour is often done with a solution of 

sodium hypochlorite (~ 12 %) before recovery of the calcium alginate [17, 120].  The 

amount of bleaching necessary will depend on the grade of alginate required.  High 

grade alginates, such as those for food or pharmaceutical uses, are normally required to 

be very clear and odourless [17, 120].  Finally, after bleaching, calcium alginate is 

converted into alginic acid through ion exchange with HCl solutions to produce alginic 

acid [17, 120]. 

For the direct alginic acid method, alginic acid is formed from sodium alginate by the 

addition of acid solution (HCl or H2SO4) which produces an alginic acid gel [17, 120] 

which can be recovered by flotation aided by the production of carbon dioxide from 

sodium carbonate [17, 120].  This method requires special attention to the reaction time 

and pH to ensure high conversion from calcium alginate to alginic acid and also careful 

handling to reduces losses from breakdown of the gel [17, 120]. 
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Bleaching may be achieved prior to alginic acid production using sodium hypochlorite 

if necessary [17, 120].  However, as the sodium alginate solution is dilute, higher 

volumes of sodium hypochlorite would be necessary, thus more affordable bleaching 

may be achieved during the conversion of the alginic acid into sodium alginate where 

the volumes are lower.  

 

1.8.4. Dewatering 

 

Dewatering the alginic acid fibres coming from the calcium alginate method is simple in 

comparison to the direct alginic acid method which normally requires a screw-press 

resulting in a paste with 25 % of solids [17, 120].  In the direct alginic acid method, the 

alginic acid gel is only 1 – 2 % solids which makes the dewatering process more labour-

intensive [17, 120].  Initial filtering with coarse cloth material followed by finer cloth 

filters and then hydraulic pressing is commonly required [17, 120].  Sometimes filtering 

and centrifuging might be optimised as a combined method and although alcohol is 

relatively expensive, it can be used for final steps of dewatering in small washes before 

conversion into sodium alginate depending on the final quality and % solids required 

[17, 120]. 

 

1.8.5. Conversion into sodium alginate 

 

From the calcium alginate method, conversion of alginic acid paste into sodium alginate 

paste can be done using the remaining water content still present.  Addition of solid 

sodium hydroxide directly to the paste in an appropriate mixer will induce ion exchange 

between H+ and Na+ converting the alginic acid into sodium alginate [17, 120].  As 

sodium alginate is produced, it dissolves into solution in the original water content of 

the paste, forming a thicker paste.  Monitoring the water content during this phase is 

important, as too much water will produce too much fluidity in the final sodium alginate 

paste.  The process can be heated to 50 °C to enhance the reaction and it can be 

controlled by measuring the pH [17, 120].  When ready, this paste is then pressed and 

chopped to produce pellets that can be later dried in hot air ovens or in a continuous 

process using a fluid bed dryer to the desired humidity content of 10 % and then milled 

to the desired particle size [17, 120]. 
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For the direct alginic acid method, depending on the % of solids of the alginic acid paste 

after dewatering, conversion can be carried out using alcohols (20 % or lower solids) or 

water (25 % or more solids) as the solvent [17, 120].  Using ethanol or methanol, the 

paste is suspended in the solvent and a strong sodium hydroxide solution (40 %) is 

added for the ion exchange reaction [17, 120].  Monitoring of the conversion needs to 

be done by taking samples and measuring the pH [17, 120].  When ready, the sodium 

alginate paste is squeezed to recover the expensive alcohol before drying to a maximum 

humidity content of 10 % [17, 120].  This method normally produces fibres of sodium 

alginate which limits the particle size that can be achieved by grinding [17, 120]. 

 

1.8.6. Properties of alginates and their commercial applications 

 

As previously discussed, the discovery of algin or alginates and their progression into 

industrial production was driven by their promising range of potential applications.  The 

more the extraction process and knowledge of this product was developed, further 

opportunities could be assigned for their applications. 

In industry, alginates are generally used for their physical properties as thickening or 

gelling agents and have the following European additive codes in the food industry: 

alginic acid – E400; Sodium alginate – E401; potassium alginate – E402; ammonium 

alginates – E403; calcium alginate – E404; propylene glycol alginate – E405 [65].  

There is even interest in using alginates as a functional ingredient in food to lower 

levels of fat absorption, which influence calorie intake and weight management [121].  

The same properties are used by the cosmetic industries using alginate as an emulsifier 

as well as a gelling agent.  In microalgal technology, entrapment of microalgae in high 

gelling alginate matrixes can be used to improve secondary metabolite production or to 

provide maintenance of the culture [122]. 

However, it is in the pharmaceutical and medical field of research that alginate is 

showing the most promise.  A major application is in pharmaceutical formulations with 

high gelling alginates for prevention of gastric reflux, e.g. Gaviscon produced by 

Reckitt Benckiser.  The chemical properties of these alginate formulations produce a gel 

raft that floats to the top of the stomach, creating a blockage and obstructing the passage 

of gastric acid up to the oesophagus preventing heartburn from acid reflux.  This 

effective treatment is dependent on the capacity of sodium alginate to shift into an 

alginic acid gel in the acidic environment of the stomach.  Gaviscon also contains 
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sodium bicarbonate and calcium carbonate which react with stomach acid to produces 

carbon dioxide.  The gel raft also traps this carbon dioxide and this aids to its flotation 

to the top of the stomach. 

Alginate can also be used to encapsulate other materials and as alginate is resistant to 

digestion in the upper gastrointestinal tract (GIT), this property can allow drug delivery 

to the mucosal surfaces of the lower GIT.  From bioassays, immune inflammatory 

reactions were detected as a response to the leaching out of mannuronate-rich fragments 

from alginate gels.  Although it might seem a negative response, it can lead to a 

localised triggered response from the immune system that can then target tumour cells 

[64]. 

Non-woven alginate fibre wound dressings (e.g. Sorbsan, Seasorb and Kaltostat) have 

been used for decades in management of epidermal and dermal wounds [64].  There is 

continuing interest in manipulation of alginates as biomaterials to deliver new properties 

or solutions.  The high biocompatibility of alginates has led to developments in 

regenerative medicine and cell & tissue engineering areas.  Alginate possesses 

properties necessary for the design of 3D biocompatible scaffolds for tissue engineering 

[123].  It has been used as a surface matrix or a 3D scaffold to microencapsulate cells 

which can result in development of therapies through controlled release of stem cells or 

also in the controlled release of growth factors during tissue engineering to control stem 

cell differentiation along time [64, 124].  It also shows to be an option for encapsulation 

of target cells to ensure their development and therefore, growth of tissue and organs, as 

in microencapsulation of hepatocytes for optimisation of transplants in acute liver 

failure [125]. 

Chemical derivatisation has also been a key focus in development of new biomaterials 

from alginates.  A more complete understanding of the chemistry of alginic acid, its 

lack of solubility in organic solvents and its tendency to decompose under acidic, 

alkaline, and reductive conditions, can lead to the development of new properties.  

Pawar & Edgar (2012) [126] reported on the selective modification of the carboxyl 

groups of alginic acid using N, N'-dicyclohexylcarbodiimide (DCC) and sulfonated N-

hydroxysuccinimide which modified solubility and facilitated attachment of functional 

substituents such as targeting ligands and fluorophores [126].  They also discovered a 

way of solubilising alginic acid in organic solvents (e.g. as tetrabutylammonium salts of 

alginic acid) which greatly expands the potential for alginate modification, enabling 

enhanced exploration of chemo-selectivity and regioselectivity [126].  This way, 
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combined biochemical and chemical routes to alginate derivatives may deliver control 

over both monosaccharide sequence and substitution position turning alginates into 

materials particularly attractive for biomedical applications such as drug delivery, tissue 

engineering, and implantation of protected living cells [126].  Similarly, sulphation of 

alginates produced sulphated alginates with strong potential to address tissue 

engineering problems due to enhanced ability to bind growth factors [127].  These 

materials could also be applied in tissue regeneration to design systems that promote 

cellular proliferation or as a depot of cell-synthesized growth factors inhibiting cell 

growth in diseases such as cancer [127]. 

Therefore, alginates clearly have a wide range of existing biomedical applications and 

further development will only increase their utilisation.  One important aspect is that 

high gelling alginates with high guluronic acid content, such as routinely obtained from 

Laminaria hyperborea [64, 121-123, 125, 126] have even greater potential in these 

fields, which suggests a good future for the further industrial use of this seaweed. 
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1.9. Objectives 

 

Laminaria hyperborea has been established as a fundamental element of temperate 

marine ecosystems in the North Atlantic for centuries, and for high gelling alginate 

production for more than a century.  There is significant lack of knowledge about the 

biochemistry and chemical profile of this seaweed, how it differs between its different 

tissues and the value of the biomass that remains after alginates have been extracted.  

The objective of this work is to model strategies for new product development from L. 

hyperborea by examining the biochemical profiles of the whole seaweed, different 

tissues, and specific co-products from MBL’s alginate production.  The research will 

develop methods that can be applied as standard procedures for metabolic profiling of 

seaweeds and new product development.  The studies will be carried out on seaweed 

material from different harvest seasons to define industrial seasonal variation of raw 

material in potential products.  As well as defining possible new high-value products, 

the enhanced knowledge about L. hyperborea will provide information to improve 

waste and energy management perhaps by re-design of the MBL extraction procedures 

during alginate production process.  Such will be accomplished through: 

 

• Developing a standard extraction method for L. hyperborea samples and co-

products which will produce an extract library that can be used for multiple and 

varied analysis; 

• Screening for Laminaria hyperborea bioactivity; 

• Defining the polysaccharide profiles for Winter and Summer samples from the 

different tissues and co-products of L. hyperborea; 

• Defining the fatty acid profiles for Winter and Summer samples from the 

different tissues and co-products of L. hyperborea; 

• Defining the metabolic profiles for Winter and Summer samples from the 

different tissues and co-products of L. hyperborea; 

• Integrate the new metabolomic data achieved and indicate new product 

development opportunities and strategies. 
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2.1. Abstract 

 

In this chapter, the sampling procedure for L. hyperborea is described, which includes 

location of harvest, season and taking advantage of the complex morphology of this 

seaweed to explore its different tissues and understand possible differences in metabolic 

profiles, including some industrial co-products from alginate production by MBL.  To 

explore the different metabolites, a multi-solvent extraction strategy was used to 

produce an extract library.  This extract library is the base of most of the research 

carried in the other chapters for a metabolomics approach towards L. hyperborea. 

A screening of the antibacterial capacity of L. hyperborea was carried out through a disc 

diffusion assay on LB medium agar-plates, testing all fractions of different L. 

hyperborea samples to determine their inhibitory capacity against B. subtilis QST713, 

P. fluorescens and K. pneumoniae.  However, no antibacterial effect was noted against 

these bacteria using this method at the concentrations applied. 

All the fractions from the different L. hyperborea samples were screened for antioxidant 

potential using the Ferric Reducing Ability of Plasma (FRAP) assay.  The most active 

fraction was the H2O fraction of Summer MBL SCP (0.16 ± 0.02 mg mL-1) and there 

was a general trend for higher antioxidant potential in Summer samples. 



Chapter 2 – Screening for L. hyperborea bioactivity: antimicrobials and antioxidants 

55 
 

2.2. Introduction 

 

Seaweed have been looked upon as a source material for potential new drug 

development.  Whole seaweed, their crude extracts or isolated compounds, have been 

associated with antioxidant, antimicrobial, antifouling, antidiabetic, antitumor, 

antiangiogenic, anti-inflammatory, antithrombotic, anticoagulant, anti-obesity, 

immunomodulatory and pre-biotic effects, as well as  nutraceuticals that help establish 

healthier gut flora [56, 66, 67, 72, 74, 76, 77, 79, 82, 85, 88, 89, 101-114].  Brown 

seaweed (Ochrophyta-Phaeophyceae) have been a great focus among all seaweed 

groups as they tend to be enriched in phenolic compounds, more specifically 

phlorotannins, which are known for their high antioxidant capacity and viewed as 

potential new pharmaceuticals [128].  Brown seaweed also contain polysaccharides, 

such as fucoidan and laminarin that have revealed various bioactivities too, including 

antioxidant and antimicrobial activity [71, 102, 129, 130]. 

MBL’s alginate production process from Laminaria hyperborea routinely provides 

specific co-products which could be explored as sources of new high-value products to 

provide alternative revenue whilst reducing waste streams.  L. hyperborea has yet to be 

fully explored for its potential bioactivity, however, previous work has demonstrated 

antioxidant and antibacterial activity but mainly from laminarin-rich extracts [102, 131].  

These dependable co-products might concentrate particular components not carried into 

the alginate extraction process that could be of value.  This means there is yet 

considerable potential for bioactivity discovery from this seaweed. 

With the goal of exploring potential new value for MBL’s co-products from the L. 

hyperborea main stream of alginate production, antioxidant activity and antibacterial 

activity will be explored.  To comply with this aim, L. hyperborea samples that are 

representative of harvested material processed by MBL for alginate production were 

gathered, which account not only for MBL’s co-products but also different tissues of L. 

hyperborea and seasonality. 

A multi-solvent extraction method was adopted to separate components by polarity 

which produced an extract library that could be used for multiple types of analysis, from 

bioactivity screening to chemical characterization, allowing allocation of potential 

results to respective tissue or co-product and season.  This extract library was the base 

source of material used for the entire work of this thesis which includes the research 

carried in other chapters. 
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As a proxy for possible bioactivity, antioxidant activity was assessed using the Ferric 

Reducing Ability of Plasma (FRAP) and for the antibacterial activity, a disc diffusion 

assay on LB medium agar-plates was applied against B. subtilis QST713, P. fluorescens 

and K. pneumoniae. 
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2.3. Methodology 

 

2.3.1. Sampling 

 

This project is industry focused and thus sampling was managed by Marine 

Biopolymers Ltd (MBL) and this means that all samples were representative of the 

seaweed biomass used by the company to produce their high-quality alginates.  MBL 

delivered a bulk sub-sample representative of the whole harvest sample batch used for 

the alginate processing and co-products produced during their patented alginate 

extraction procedure.  Currently, MBL tends to harvest three to four times a year either 

contracting licensed divers or taking advantage of local weather opportunities and 

harvesting freshly beach cast Laminaria hyperborea, especially after storms. 

 

Fig. 2.1: Harvest locations.  Summer sample harvest location (A) and Winter sample harvest location 

(B). 
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The Winter L. hyperborea samples are all from December 2015 yet they were originated 

from two different geolocations: material harvested by diving off the shore of 

Ardentallen, Oban, Scotland, 56.353567, -5.532550 (Google maps) or 56°21'12.8"N 

5°31'57.2"W (Fig. 2.1 A); and beach-cast material harvested after a storm by the 

shoreline off the A77, South Ayrshire, Girvan KA26 0JF, Scotland, 55.178425, -

4.928847 (Google maps) or 55°10'42.3"N 4°55'43.9"W (Fig. 2.1 B).  The Summer L. 

hyperborea samples were all harvested in September 2016 by diving off the shore of 

Ardentallen, Oban, Scotland, 56.353567, -5.532550 (Google maps) or 56°21'12.8"N 

5°31'57.2"W (Fig. 2.1 A).  It is important to note that these Winter and Summer L. 

hyperborea samples reflect the MBL’s harvest strategy and was not designed to capture 

all the biological differences in growth across these seasons. 

 

2.3.2. Preparation of the extract library from Laminaria hyperborea 

 

The sample set for the whole project contained two co-products produced by MBL 

during their alginate manufacturing stream, the MBL Solid Co-Product (MBL SCP) 

and MBL Liquid Co-Product (MBL LCP) (see Chapter 1, section 1.1., Fig. 1.1), as well 

as tissue samples from the whole seaweed.  MBL SCP is peeled bark from the stipe 

produced through a mechanical process and MBL LCP is the liquid content obtained by 

pressing the peeled, milled stipe during MBL’s processing of the seaweed biomass prior 

to the extraction of alginates (see Chapter 1, section 1.1., Fig. 1.1).  From the whole 

seaweed, two morphologically different tissues, Lamina and Stipe were prepared (Fig. 

2.2) and a third sample, a version of Solid Co-Product (SCP) was produced in the 

laboratory at Dundee.  Winter MBL LCP and MBL SCP samples were produced from 

biomass harvested through diving (see Fig. 2.1 A for harvest location), but Winter 

Lamina, Stipe and SCP were produced from biomass harvested from beach-cast 

material (see Fig. 2.1 B for harvest location).  The Summer MBL LCP, MBL SCP, 

Lamina, Stipe and SCP samples all came from the same bulk of biomass material 

harvested through diving (Fig. 2.1 A). 
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Fig. 2.2: Sample preparation and sectioning before freeze-drying.  Sample bags, from left to right, are 

Lamina and peeled stipe (Stipe). 

 

2.3.2.1. Sequential multi-solvent extraction 

 

To produce our extract library (Table 2.1), a sequential multi-solvent extraction, 

outlined in Carvalho et al. 2019 [132], was adapted for our samples.  This method has 

proven to be a good strategy when screening for bioactivity in seaweed as it fractions by 

polarity, which separates and concentrates the main components of the seaweed but also 

allows the production of a native polysaccharide fraction.  Almost all fractions can 

simply be freeze-dried which makes this method versatile and easy to use for bioactivity 

screening assays and for metabolomics analysis.  Therefore, all the fractions screened 

for bioactivity were also chemically analysed without further extractions or chemical 

adjustments and the data generated can be correlated to better understand the possible 

origin of any bioactivities discovered. 

Extractions used 5 g of freeze-dried material from the different sections/ co-products 

(MBL LCP, MBL SCP, SCP, Stipe and Lamina) in triplicate which amounts to 15 g 
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of freeze-dried material for each section/ co product.  This way, a total of 75 g of freeze-

dried Winter sample plus same amount from Summer sample was used for production 

of the extraction library, making a total of 150 g of freeze-dried seaweed material used 

for the entire project. 

The sequential extraction method uses organic solvents, n-hexane and methanol 

(MeOH), for the extraction of apolar and polar components respectively, in the 

proportion of 1:20 (w/v) and at room temperature.  This is followed by an extraction 

using water (H2O) in the proportion of 1 g : 100 mL at 80 ºC to obtain the remaining 

water-soluble components which were subsequently precipitated in ethanol to obtain the 

water-soluble polysaccharides. 

 
Season   Sample   Fractions 

                

Winter 

  MBL LCP   H2O; Polysaccharides 

              

  MBL SCP   n-hexane; MeOH; H2O; Polysaccharides 

              

  SCP   n-hexane; MeOH; H2O; Polysaccharides 

              

  Stipe   n-hexane; MeOH; H2O; Polysaccharides 

              

  Lamina   n-hexane; MeOH; H2O; Polysaccharides 

                

Summer 

  MBL LCP   H2O; Polysaccharides 

              

  MBL SCP   n-hexane; MeOH; H2O; Polysaccharides 

              

  SCP   n-hexane; MeOH; H2O; Polysaccharides 

              

  Stipe   n-hexane; MeOH; H2O; Polysaccharides 

              

  Lamina   n-hexane; MeOH; H2O; Polysaccharides 

                

 

Table 2.1: Extract library from L. hyperborea. 

MBL LCP – Marine Biopolymers Ltd Liquid Co-Product;  MBL SCP – Marine Biopolymers Ltd Solid 

Co-Product;  SCP - Solid Co-Product from whole L. hyperborea;  Stipe – from whole L. hyperborea;  

Lamina – from whole L. hyperborea. 
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In summary, from each sample, there was an extraction with n-hexane, followed by 

MeOH extraction and finally a hot H2O extraction with EtOH precipitation resulting 

into four distinct extracts: n-hexane extract, MeOH extract, polysaccharides and H2O 

extract (recovered after EtOH precipitation of polysaccharides). 

The liquid extracts (n-hexane and MeOH extracts) were concentrated by rotary 

evaporation.  MeOH extracts were dissolved in purified water so that they could be 

freeze-dried along with H2O extracts while n-hexane extracts were stored in liquid form 

after concentration.  To recover polysaccharides, ethanol was added to the hot water 

extracts for polysaccharide precipitation (in ~ 67 % EtOH solution, during 24 h at 4 °C).  

Then, solution mixture was centrifuged (2500 rpm, 10 min, 5 ºC), supernatant (H2O 

extract) was recovered, concentrated (rotary evaporation) and freeze-dried.  Then, the 

pellet (Polysaccharide extract) was re-suspended in purified water before freezing (- 80 

ºC) and freeze-drying. 

From the liquid MBL LCP sample, polysaccharides were directly precipitated resulting 

in a supernatant (MBL LCP H2O) and a pellet (polysaccharides fraction – MBL LCP 

polysaccharides).  In the end, 18 extracts from Winter samples and 18 extracts from 

Summer samples provided a library of 36 extracts from L. hyperborea (Table 2.1.). 

 

2.3.3. Antibacterial assay 

 

For evaluation of antibacterial activity, a disc diffusion assay on LB medium agar-plates 

(made from Peptone, yeast and agar from Gibco™, Fisher Scientific, adjusted to pH 7.5 

with 5M NaOH) was developed for the determination of inhibitory effects of the L. 

hyperborea extracts against 3 selected strains of bacteria: Bacillus subtilis QST713, 

Klebsiella pneumoniae and Pseudomonas fluorescens (Fig. 2.3).  Bacillus subtilis 

QST713 was selected as a biofilm producer and provided a screen for anti-fouling 

activity as well as Gram-positive antibacterial activity.  Klebsiella pneumoniae was 

selected for assessing Gram-negative antibacterial activity and Pseudomonas 

fluorescens as a Gram-negative bacterium with antibiotic resistance. 

The dried L. hyperborea fractions were prepared in their respective solvents of 

extraction at 8 mg mL-1 and filtered with 0.45 µm filters (MILLEX®HA Filter Unit 0.45 

µm, MF-Millipore MCE Membrane) but n-hexane fractions were used after 30X 

concentration by rotary evaporation and after filtration with 0.45 µm filters.  All 

samples were pipetted (10 µL) onto small filter discs (Whatman Antibiotic Assay Discs) 
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and left to dry before use in the assay, meaning that each of the discs had 80 µg of the 

MeOH, polysaccharide and H2O fractions and a fixed dose of hexane fraction from each 

sample. 

The bacterial strains were grown overnight in liquid LB medium (Thermo ScientificTM 

Oxoid) in a shaking water bath at 27 ºC to produce at least 108 bacteria cells mL-1 

(measured by optical density).  1 mL of the overnight culture was diluted in 9 mL of 

saline solution [0.9 % (w/v) NaCl] and the plates were inoculated with 100 µL of these 

bacterial solutions spread over the whole plate to produce a bacterial layer. 

The experimental design used (Fig. 2.3) had a total of n = 3 independent assays (each 

separated by one week from each other).  Each sample (n-hexane, MeOH, 

polysaccharides and H2O) was tested in 5-fold replication against each strain. 

 

 

Fig. 2.3: Antibacterial assay design 
 



Chapter 2 – Screening for L. hyperborea bioactivity: antimicrobials and antioxidants 

63 
 

A negative control was set up using LB medium containing an antibiotic (tetracycline) 

to prevent growth and a positive control was also prepared which only contained the 

solvents used in the sample fractions.  This assures the solvents alone did not inhibit 

growth and avoids possible false negative results.  

A “sample negative control” was also set up in triplicate: non-inoculated LB medium 

agar-plate with discs impregnated with the different fractions of each sample to assure 

there was no bacterial contamination coming from the sample fractions.  After 

inoculation and introduction of the fractions, the plates were incubated for 24h at 27 ºC 

before reading the results. 

 

2.3.4. Ferric Reducing Ability of Plasma (FRAP) – Reducing power 

 

Antioxidant power can be assessed as ferric reducing ability following the reduction 

reaction of ferric (Fe III) to ferrous (Fe II) using a colour change due to the formation of 

the ferrous-TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine) complex (Fig. 2.4) [133].  The more 

intense the colour change, the greater the reduction which can be quantified using a 

standard curve with known concentrations of Fe II. 

 

 
Fig. 2.4: Colour gradient of a FRAP assay.  The more intense the colour, the higher is the concentration 

of the ferrous-TPTZ complex. 

 

The method was adapted from Benzie and Strain (1996) [133] which used 300 mM 

acetate (Na) buffer, adjusted to pH 3.6 with acetic acid; 10 mM TPTZ in 40 mM HCl; 

and a 20 mM FeCl3.6H2O solution.  The FRAP reagent was prepared fresh each day by 
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mixing 25 mL of acetate buffer with 2.5 mL of TPTZ solution and 2.5 mL of Fe III ion 

solution. 

All dried MeOH, polysaccharide and H2O fractions (Table 2.1.) were dissolved in water 

and tested.  A sample equivalent to 10 % final reaction volume was used, i.e. 900 µL of 

freshly prepared FRAP reagent plus 100 µL of freshly prepared sample.  As soon as the 

sample was added to the FRAP reagent, a 4 minutes (min) countdown was initiated then 

the absorbance at λ = 593 nm was measured immediately. 

A calibration curve for ferrous ion, using a concentration range of 100 – 1000 µM of a 

ferrous sulphate (FeSO4) solution in water provided a linear correlation between signal 

intensity (A593) and concentration of [FeSO4] that can be used to quantify conversion 

of Fe III to Fe II in the FRAP assay.  The concentration of each sample required to reduce 

50 % of the oxidant Fe III (IC50) was calculated (reduction from 600 to 300 µM of Fe III).  

Ascorbic acid (L-ascorbic acid, Sigma A-750) was used as a positive control for 

antioxidant capacity but to also allow direct comparison of the efficacy of the seaweed 

samples against this standard antioxidant.  The assays with ascorbic acid were 

performed alongside the seaweed samples and its IC50 value was calculated over the 

concentration range of 0.025 µg – 0.4 µg. 
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2.4. Results and Discussion 

 

2.4.1. Sampling 

 

From the Winter sampling, six individual seaweed samples were obtained from the 

beach-cast material harvested following a storm event, all with severe damage.  The 

lamina was never whole, a sign of strong wave activity.  The samples had been ripped 

from the substratum as some samples still had their holdfast attached and others had 

snapped stipes (Fig. 2.5 A).  The only epiphytic material was the seaweed Palmaria 

palmata (Rhodophyta) (Fig. 2.5 A1), commonly known as Dulse.  Seaweed samples 

from the Winter dive harvest were not provided as they were directly processed by 

MBL. 

From the Summer (S) sampling obtained by diving, a total of five samples were 

obtained with no significant damage compared to the Winter (W) samples.  The 

samples were complete with lamina, stipe and holdfast intact as at this stage of the 

season the local weather tends to be calmer compared to W.  Compared to W beach-cast 

samples, these had two to three times longer stipes with larger and thicker fingers on the 

blade, though with a smaller number of fingers (Fig.2.5 B).  Finally, these samples 

contained much more benthic biodiversity with many more epiphytes, which included: 

red seaweeds (Rhodophyta), green seaweeds (Chlorophyta), polychaetes (Annelida), 

molluscs (Mollusca), crustaceans (Arthropoda), ophiuroids (Echinodermata), sponges 

(Porifera), bryozoans (Bryozoa), etc.; which were not seen on the Winter samples (Fig 

2.6). 

As referred before, due to the difference in the material harvested, with some W 

samples (Lamina, Stipe and SCP) being beach-cast, whilst all other samples were 

harvested in another location by diving (all S samples plus W MBL LCP and W MBL 

SCP), there is the strong probability that the sampling covers two different biotopes.  

The observed morphological and epiphytic differences support this idea but these could 

also be age related.  The Winter beach-cast samples were 2 – 3 years younger than 

Summer material harvested by diving as assessed by the ring counts of cross sections at 

the base of the stipe (see Chapter 1, section 1.5.2., Fig. 1.9 for S samples harvested by 

diving; results not shown for W samples).  If they were younger plants of the same 

biotope then the bark on the stipe may have just recently developed and would not have 

enough time to cultivate the epiphytic biodiversity of its older representatives. 



Chapter 2 – Screening for L. hyperborea bioactivity: antimicrobials and antioxidants 

66 
 

 

 
Fig. 2.5: Winter harvest sample (A) and Summer harvest sample (B).  Palmaria palmata identified as an 

epiphyte on Winter samples (A1) though it was also present in Summer samples. 

 

 

 
Fig. 2.6:  Epiphytic biodiversity from Summer samples. 
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2.4.2. Antibacterial activity 

 

None of the 18 extracts of L. hyperborea tested (Table 2.1) caused inhibition on any of 

the three tested bacterial strains (Bacillus subtilis QST713, Klebsiella pneumoniae and 

Pseudomonas fluorescens) (Fig. 2.7).  After 24 h of incubation, the strains grown and 

had covered the surface of the medium and showed no detectable sign of a growth 

inhibition halo with any of the tested fractions.  The “sample negative control” revealed 

no bacterial contamination in the sample fractions.  The solvent controls showed no 

contamination and good growth of the bacterial strain cultures, which demonstrates 

there was no inhibition caused by the solvents used.  There was no growth of Bacillus 

subtilis QST713 and Klebsiella pneumoniae on the control LB medium agar-plates 

containing the antibiotic, but Pseudomonas fluorescens did grow due to the known 

antibiotic resistance of this bacterium. 

 

 

 

Fig. 2.7: Summary of the antibacterial assay results.  From top to bottom: B. subtilis QST713 (A); P. 

fluorescens (B); K. pneumoniae (C). 

 

All of the sample fractions, although different in polarities, were still crude extracts.  No 

pure component from the seaweed was tested so we cannot categorically state from this 

work that L. hyperborea contains no components with antibacterial activity.  It is also 

known that seaweeds in their natural environment use an active defence mechanism 

triggered by the invasion of bacteria into its tissues that involves the production of 

hydrogen peroxide [55], which would not be replicated in these extracts. 
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Although research available on antimicrobial activity of L. hyperborea has been lacking 

so far, there are some reports of activity.  Kadam et al. 2015 found that laminarin rich 

extracts from L. hyperborea had antibacterial activity against Staphylococcus aureus 

NCTC 8178, Escherichia coli DSM 1103, Listeria monocytogenes NCTC 11994 and 

Salmonella typhimurium SARB 65 [102].  However these results referred to purified 

laminarin with the lowest minimum inhibitory concentration (MIC) of 2.6 mg / mL for 

L. monocytogenes NCTC 11994 [102].  In this work, no purified components or extracts 

enriched in specific components were used, only crude extracts.  The highest dose used 

in the disc diffusion assay was 80 µg, which is 32x lower than the MIC of Kadam et al. 

2015.  The same component, laminarin, was tested for gut population control by 

Sweeney et al. 2012 and it caused reduction of the harmful Enterobacteriaceae 

population in the ileum and colon of pigs, with associated reductions in expression of 

pro-inflammatory cytokine genes in the colon and reduced production of gut volatile 

fatty acids [117].  This indicates that laminarin can have an anti-proliferative rather than 

a bactericidal effect against some bacteria.  There is also evidence of potential 

antimicrobial effects from other seaweed of the same taxonomic Order, Laminariales, 

and taxonomically closest seaweeds, such as other Laminaria spp., with reports of 

antiviral, antifungal and antibacterial activity (Gram-positive or Gram-negative) [56, 72, 

134]. 

For this work, what can be affirmed is that the metabolites extracted in the different 

fractions, from different samples did not express antibacterial capacity against the 

bacteria chosen for testing at the concentrations tested (B. subtilis QST713, P. 

fluorescens and K. pneumoniae).  However, as sampling of this work was not 

representative of the full seasonality of L. hyperborea composition, it could be that 

antibacterial components (such as laminarin) could be at their lowest levels and unable 

to replicate the results noted by Kadam et al. 2015 or Sweeney et al. 2012.  Also, the 

dose used (80 µg) was quite low and it is possible that higher concentrations of the L. 

hyperborea samples could display antibacterial activity.  The same samples showed 

promising effects against the human pathogen Staphylococcus aureus in another 

research laboratory that employed broth microdilution antibacterial assays.  These were 

also at higher concentrations with positive results coming from ranges of 10 – 20 mg 

mL-1.  This may indicate that disc diffusion on solid media was not the appropriate 

choice for L. hyperborea crude extracts, especially at the low concentrations used.  It 

may also indicate the bacteria chosen in this study were not a broad enough selection to 
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capture potential antibacterial activity from L. hyperborea.  Nevertheless, these positive 

preliminary results against S. aureus encourage further exploration for discovery of new 

components with antibiotic potential from L. hyperborea. 

Later in this thesis, these extracts were shown to contain potential new products to 

explore that if concentrated or purified should also be tested for their antimicrobial 

potential.  For example, producing laminarin/ fucoidan-rich fractions from L. 

hyperborea, as was detected in some extracts (Chapter 3), might provide antibacterial 

potential as previously mentioned for laminarin but also because antibacterial fucoidans 

have been reported, which were effective against specific bacteria at doses similar to 

currently used antibiotics, such as ampicillin [130]. 

 

2.4.3. Ferric Reducing Ability of Plasma (FRAP) – Reducing power 

 

A range of concentrations of the Fe II and ascorbic acid standards were tested for FRAP 

activity.  This provided standard curves as linear regressions with high coefficients of 

determination (R2) (Fig 2.8). 

 

 
Fig 2.8: Standard FRAP curves.  A: standard FRAP curve showing [Fe II] against Abs at 593 nm (n = 3);  

B: standard curve for ascorbic acid against Abs at 593 nm (n = 6).  

 

There was a linear correlation between Fe II concentration and A593 (R2 coefficient = 

0.9984; n = 3) which allowed determination of Abs value that correlates to the reduction 

of Fe III to Fe II (Fig.2.8A).  Using the equation from Fig. 2.8A, it was possible to 

calculate the amount of Abs that expresses 50 % conversion of Fe III to Fe II (reduction 

reaction) which allowed determination of the IC50 value for all the tested samples. 
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For the standard antioxidant ascorbic acid, a linear correlation between the amount of 

ascorbic acid and the increase in Abs at 593 nm (R2 coefficient = 0.9999; n = 6) was 

obtained.  The IC50 for ascorbic acid in the FRAP assay was 0.33 ± 0.02 µg mL-1 (mean 

± SD) (Fig 2.8B).  For the seaweed samples, three independent measures (n = 3) were 

averaged to determine Abs expression from the FRAP assay which was used to 

determine the IC50 (expressed in mg mL-1 DW) (Table 2.2). 

From the FRAP assay results (Table 2.2.), L. hyperborea fractions had antioxidant 

activity that varied between the different samples but also among the same sample 

depending on the fraction. 

 

Samples   
MeOH 

  
Polysaccharides 

  
H2O 

IC50 SD IC50 SD IC50 SD 

  

W MBL LCP 

  

- 

  

1.87 ± 0.09e 

  

7.13 ± 0.27f 

S MBL LCP - 1.21 ± 0.08d 3.55 ± 0.58e 

       

W MBL SCP 2.53 ± 0.28d 0.51 ± 0.04c 0.28 ± 0.01b 

S MBL SCP 1.54 ± 0.63c 0.36 ± 0.04b 0.16 ± 0.02a 

        

W SCP 0.50 ± 0.08ab 0.38 ± 0.04b 0.29 ± 0.03b 

S SCP 0.51 ± 0.21a 0.19 ± 0.02a 0.17 ± 0.02a 

        

W Stipe 3.77 ± 0.23e 1.31 ± 0.05d 1.00 ± 0.10c 

S Stipe 0.98 ± 0.16c 0.59 ± 0.12c 1.88 ± 0.72d 

        

W Lamina 0.61 ± 0.08b 2.70 ± 0.24f 2.55 ± 0.21d 

S Lamina 0.39 ± 0.12a 2.30 ± 0.77ef 1.25 ± 0.13c 

  

 

Table 2.2: IC50 values for L. hyperborea samples in the FRAP assay. 

Harvest season: W - Winter; S - Summer;  Samples: MBL LCP, MBL SCP, SCP, Stipe, Lamina;  
Fractions: MeOH, Polysaccharides, H2O;  Values are averages of amount of sample (mg mL-1 DW) 

necessary to reduce 50% of the Fe III in the FRAP assay from three independent assays (n=3) ± SD;  
Ascorbic acid IC50 = 0.33 ± 0.02 µg mL-1 (n = 6);  The multi-comparisons statistical test, Fishers 

protected LSD test (GenStat 64-bit Release 16.1), was executed to determine significant statistical 

differences between different seasons and samples among the same fractions;  Different letters: a, b, c, d, 

e, f; express significant statistical differences between means. 
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Overall, the most active samples were MBL SCP and SCP, and the least active was 

MBL LCP.  Specifically, the most active fraction was the H2O fraction of Summer 

MBL SCP (0.16 ± 0.02 mg mL-1) and the least active fraction was the H2O fraction of 

Winter MBL LCP (7.13 ± 0.27 mg mL-1).  Overall, Summer (S) samples had higher 

activity compared to Winter (W) samples among all fractions tested, except for the 

MeOH fraction of SCP and the H2O fraction of Stipe. 

Using Fishers protected LSD test (GenStat 64-bit, Release 16.1), significant statistical 

differences were noted between the same fractions (MeOH, Polysaccharides and H2O) 

depending on the sample origin or season.  Among the MeOH fractions, no significant 

statistical differences were identified between S Lamina, S SCP and W SCP.  Also, 

there was no significant difference between W SCP and W Lamina or between S Stipe 

and S MBL SCP (Table 2.2.).  All the remaining interactions were statistically-

significant and the MeOH fractions from S Lamina, S SCP and W SCP were identified 

with the highest FRAP values (Table 2.2.). 

Among the polysaccharide fractions, significant statistical differences were identified 

between samples from different seasons, where all S fractions had higher antioxidant 

potential (i.e. lower IC50) than their respective W fractions (Table 2.2.), except the 

Lamina sample, that showed no significant statistical difference between the S and W 

polysaccharide fractions (Table 2.2.).  All the remaining interactions showed significant 

statistical differences except for the following interactions (*): S MBL SCP * W SCP; 

W MBL SCP * S Stipe; S MBL LCP * W Stipe; W MBL LCP * S Lamina (Table 

2.2.).  Therefore, the most active polysaccharide fraction was S SCP (Table 2.2.). 

For the H2O fractions, similar to the polysaccharide fractions, there were significant 

statistical differences between samples from different seasons for all five samples 

(MBL LCP, MBL SCP, SCP, Stipe and Lamina) with the S fractions always more 

active (lower IC50) than the W fractions, except in Stipe where the W fraction activity 

was higher (Table 2.2.).  All the remaining interactions showed significant statistical 

differences except for the following interactions (*): S MBL SCP * S SCP; W MBL 

SCP * W SCP; W Stipe * S Lamina; S Stipe * W Lamina.  The most active H2O 

fractions were S MBL SCP and S SCP (Table 2.2.). 

Regarding the IC50 values for the L. hyperborea extracts, the IC50 values for ascorbic 

acid were considerably lower.  Indeed, ascorbic acid was ~ 485 times stronger than the 

most active fraction of L. hyperborea, reflecting its known high antioxidant activity in 

the FRAP assay.  Nevertheless, it should be noted that pure ascorbic acid was used 
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whereas the L. hyperborea fractions were crude extracts containing a mixture of 

components. 

In summary, all the fractions of L. hyperborea tested had antioxidant activity but some 

fractions had higher activity, exhibited through lower IC50.  There was this tendency for 

lower IC50 values in S samples, which suggests seasonal accumulation of antioxidants.  

There is evidence of shifts in composition from W to S of identified components in 

further Chapters of this thesis (Chapter 3, 5 and 6), especially regarding fucoidan and 

laminarin which are known to have antioxidant activity [69, 74, 77, 85].  Accumulation 

of the carotenoid, fucoxanthin, specific of brown algae, is also expected during the most 

active period of photosynthetic activity, which would probably be higher in S samples.  

However, it is not possible to conclude which components were responsible for the 

antioxidant activity from this work.  These could only be identified after purification 

and re-testing.  Also, with the use of crude extracts it is difficult to dissect out if one 

compound is highly active or if there is synergy between groups of compounds. 

It is known that some seaweeds have antioxidant activity and this led to the discovery of 

new metabolites and potential new drugs (e.g. terpenes, flavonoids, phlorotannins and 

polysaccharides) [56, 74, 76, 77, 85, 89, 102, 110, 112, 135].  In such work, the FRAP 

assay method was often chosen to evaluate the antioxidant potential of seaweed, but 

there are substantial variations in the FRAP methodology used: from reagent 

proportions and dilutions; time of incubation of sample in FRAP reagent; and how the 

data retrieved is handled and expressed [110, 131, 136-142].  The variation in extraction 

procedures used for testing also needs to be taken into account as this might affect the 

results.  Some work focuses on the extraction of a group of known metabolites to assess 

their antioxidant potential or uses different extraction techniques than those used here 

[110, 139, 142]. 

Saravana et al. 2017 explored the antioxidant activity of crude fucoidan from Laminaria 

japonica obtained by subcritical water extraction using the FRAP assay for screening 

antioxidant power [110].  Their extracted fucoidan expressed antioxidant activity of 

0.63 mg AAEq (100 g)-1 (ascorbic acid equivalents) whereas their standard fucoidan (≥ 

95 % pure from F. vesiculosus, Sigma-Aldrich) had higher activity at 1.68 mg AAEq 

(100 g)-1 [110].  

O’Sullivan et al. 2010 tested the antioxidant activity of 60 % MeOH/ aqueous extracts 

from Ascophyllum nodosum, Laminaria hyperborea, Pelvetia canaliculata, Fucus 

vesiculosus and Fucus serratus using the Benzie and Strain FRAP method [142].  The 
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FRAP values were obtained in a slightly different way, although the reagents are 

exactly in same proportions.  The method was slightly different and results are 

expressed in values of µM AAEq g-1 DW of sample [142].  Their strongest activity 

came from Fucus serratus at 113.4 ± 18.5 µM AAEq g-1 DW, and the lowest activity 

was reported for L. hyperborea at 25.6 ± 3.9 µM AAEq g-1 DW [142]. 

Also Mole and Sabale 2013 tested ethanolic and methanolic extracts from 

Chaetomorpha media and Enteromorpha intestinalis (Chlorophyta), Padina 

tetrastromatica and Dictyota dichotoma (Ochrophyta-Phaeophyceae), Gracilaria 

corticata and Gelidiella acerosa (Rhodophyta) using the Benzie and Strain FRAP 

method for antioxidant screening [139].  They also reported their FRAP results in mg 

AAEq g-1 with highest values coming from the EtOH extracts of Padina tetrastromatica 

and Dictyota dichotoma (1.168 ± 0.003 and 1.165 ± 0.003 mg AAEqu g-1, respectively) 

and from the MeOH extracts of Gracilaria corticata (1.076 ± 0.001 mg AAEqu g-1) 

[139].  The lowest values registered were from Chaetomorpha media, both EtOH and 

MeOH extracts (0.554 ± 0.001 and 0.571 ± 0.002 mg AAEqu g-1,  respectively) [139]. 

Although the methods might slightly vary, all these previous works used the same basic 

FRAP assay method which measures the direct conversion of Fe III into Fe II by colour 

intensity.  To allow comparison with these studies, the results obtained in this work 

were converted into AAEq, as mg AAEq 100g-1 of sample, as in Saravana et al. 2017 

[110], or in µM AAEq g-1, as in O’Sullivan et al. 2010 [142], or even in mg AAEq g-1, 

as in Mole and Sabale 2013 [139].  Therefore, the highest FRAP value from the H2O 

fraction from Summer MBL SCP can be expressed as 210 ± 30.4 mg AAEq 100g-1 

DW; 0.012 ± 0.002 µM AAEq g-1 DW or 2.1 ± 0.3 mg AAEq g-1 DW. 

These values are much higher than those quoted by Saravana et al. 2017, not only for 

their optimally extracted fucoidan, but also for the standard fucoidan (≥ 95 % pure from 

F. vesiculosus) [110].  The H2O fraction of the Summer sample of MBL SCP gave a 

value ~ 9000 fold lower than the highest value from Fucus serratus [142].  However, 

the higher value in Fucus could be related to the higher levels of phlorotannins normally 

found in that seaweed species compared to Laminariaceae, which has already led to 

work developing new industrial antioxidant products from Fucaceae [111].  

The H2O fraction of the Summer MBL SCP sample had a ~ 1.9 fold higher value than 

the highest FRAP value of any of the seaweeds tested by Mole and Sabale [139].  

However, the same sample had a FRAP value ~ 2000-fold lower than the values 

obtained for previous L. hyperborea samples [142].  This large difference may be 
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related to the differences in sample handling but also the extraction procedures.  

Saravana et al. 2017 used whole L. hyperborea and MeOH:H2O (60:40) extraction 

which might better extract antioxidants [142].  However, Mole and Sabale also used 

extracts of whole seaweed samples. 

The sub-division of tissues used in this study appeared to concentrate antioxidant 

components, as seen in the higher FRAP values of the bark samples from the stipe of L. 

hyperborea (MBL SCP).  On the other hand, the fractionation of each sample into 

different extracts may have also removed synergies between components. 

Other studies with seaweeds reported FRAP activity but their methods and way of 

reporting results make comparison of values difficult.  For example, Jiménez-Escrig et 

al. 2001 tested polyphenol extracts from Fucus vesiculosus, Laminaria ochroleuca, 

Undaria pinnatifida, Chondrus crispus and Porphyra umbilicalis for their antioxidant 

potential using the standard Benzie and Strain FRAP assay but used Trolox and a 

known antioxidant from brown seaweed, phloroglucinol as standards [137].  Other work 

reported screening of antioxidant power through the use of FRAP methodology but used 

other variations in methods and expressed results as gallic acid equivalents and/ or 

Trolox equivalents [140, 143, 144], again making comparison with our results difficult. 

From an industry and commercial perspective, when plant material is used as a raw 

material for extraction of specific compounds, these only normally form a small portion 

of the total biomass harvested.  The drive for eco-sustainability, waste reduction and 

improved circular economy approaches, guide industry to make every effort to use 

biomass in the most eco-sustainable way possible.  Examination of bioactivity potential 

through a proxy activity such as antioxidant potential can provide alternative value-

added uses for the non-utilised biomass. 

In summary, FRAP results obtained from this work show that L. hyperborea extracts 

can express high levels of antioxidant power, higher than found from many other 

seaweeds but also lower when compared with Fucales or Dictyotales species 

(Ochrophyta-Phaeophyceae).  L. hyperborea biomass was split into tissues and co-

products, and seasonality was taken into account to discover new potential in the 

biomass available from an already established commercial alginate extraction 

procedure.  The most active methanol fractions were from S Lamina and W SCP, the 

most active polysaccharide fractions were S SCP and S MBL SCP and the most active 

H2O fraction were S MBL SCP and S SCP and in general, the activity was higher in 

Summer over Winter. 
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Overall, the FRAP results suggest that the MBL SCP/ SCP co-product may be a 

valuable secondary raw material worthy of further exploration for product development.  

Further work is required to discover if the antioxidant potential of these fractions 

translates into other bioactivities associated with health effects (e.g. anticancer, anti-

inflammatory effects etc.) but these results have identified which fractions are the best 

leads. 

Other studies have highlighted waste streams that might be developed into new 

products.  Ghasemzadeh et al. (2012) identified that for sweet potato (Ipomoea batatas) 

leaves, 95 – 98 % was considered waste with only 2 – 5 % used for animal feed.  80 % 

MeOH extracts from these leaves had a FRAP activity with IC50 of 184.3 µg mL-1 

[145], which was suggested as sufficient for use as food-grade antioxidants or to be 

investigated for other bioactivities.  However, differences in their FRAP methodology 

(i.e. higher sample size and length of assay) means that their IC50 values are likely to be 

exaggerated compared to this study.  Therefore, considering that the co-product MBL 

SCP had a lower IC50 value (at 160 ± 20 µg mL-1), this suggests that the L. hyperborea 

extracts may be worth further study.  If the most active metabolites could be identified, 

then the pure components could certainly be useful food-grade antioxidants, or good 

candidates for further bioactivity screening.  Identification of such metabolites could be 

achieved by chemical characterisation of these fractions through liquid chromatography 

(LC) and mass spectrometry (MS) techniques as applied later in this thesis (see Chapter 

3 and 6). 
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2.5. Conclusions 

 

This chapter sought to discover novel potential valuable components from co-products 

in the production of alginate from Laminaria hyperborea.  The industrial co-products 

were compared against laboratory versions and against their original tissues and the 

effect of Winter and Summer harvests were compared. 

A primary bioactivity screening of the extract library from L. hyperborea was carried 

out.  None of the extracts of this library showed antimicrobial activity against B. subtilis 

QST713, P. fluorescens or K. pneumoniae.  Nevertheless, this does not mean that L. 

hyperborea has no antimicrobial activity.  Higher doses may be effective, and they may 

be more effective against other bacteria, as suggested by preliminary positive results 

against S. aureus using a broth microdilution assay.  In addition, other antimicrobial 

screening methods could be attempted (e.g. screening against different bacteria, or 

performing antifungal, antiprotozoal and antiviral tests) to fully explore the 

antimicrobial potential of this seaweed.  In addition, purified metabolites such as 

fucoidans and laminarins, previously identified as potential antimicrobial components, 

could be tested [102, 146]. 
Antioxidant potential has been used as a proxy for identifying other possible 

bioactivities or possible development of products for the food or pharma industries [77, 

89, 102, 111, 146, 147].  A screening of the antioxidant activity of L. hyperborea using 

the FRAP method revealed that this seaweed has considerable antioxidant potential that 

should be further explored in screening for specific bioactivities.  Indeed, it is 

understood that metabolites already known from L. hyperborea and other brown 

seaweed which have antioxidant activity also have anti-inflammatory potential [111, 

147]. 

This work seems to be the first to report the variability of antioxidant effect among 

different tissues of a seaweed and how seasonality (Winter vs Summer) might alter the 

antioxidant effect.  There is a profound lack of knowledge about the metabolic profile of 

L. hyperborea and even less information on how this differs between different tissues.  

Research on the biochemical content of each of the extracts produced from the different 

co-products and sections is necessary, especially now that antioxidant activity was 

identified, and efforts should be made to understand which metabolites may be 

responsible for such activity. 
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3.1. Abstract 

 

After the development of an acid hydrolysis method coupled with HPAEC-PAD 

analysis, it was possible to examine the complex monosaccharide composition of 

polysaccharide and water fractions from different tissues and co-products of L. 

hyperborea harvested in different seasons and geographical regions.  Using certain 

assumptions, the relative composition of fucoidan, laminarin and alginate 

polysaccharides in these same tissues and co-products could be estimated.  MBL LCP 

was rich in mannitol, while MBL SCP, SCP and Stipe composition were rich in 

fucoidans.  Whilst Lamina was mainly composed of laminarin, it also had higher levels 

of fucoidan and mannitol than MBL SCP, SCP and Stipe combined and was also the 

sample with the highest alginate content registered. 

The differences in monosaccharide and predicted polysaccharide composition were 

particularly notable in the composition of fucoidan-like material which suggested 

considerable variation in structure and potential quality between fucoidans from 

different tissues/ co-products and between seasons and locations.  These differences also 

suggest other functional roles for fucoidans in brown seaweeds. 

Overall, the methodology seems to be a very promising strategy that, with some 

adjustments, could be applied to further work to define the polysaccharide composition 

of L. hyperborea, and perhaps other seaweeds.  
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3.2. Introduction 

 

In brown seaweeds (Ochrophyta-Phaeophyceae), the main carbohydrates are the 

polysaccharides, fucoidan, laminarin and alginate but also mannitol (ManOH) as a free 

monosaccharide [55].  Seaweeds of the Laminaria spp. species from the Laminariales 

taxonomic Order are also known for their high ManOH, alginate and laminarin content 

[55], and Laminaria hyperborea has been targeted for industrial extraction of laminarin 

[102, 148, 149] and is also a well-known raw material for extraction of alginates [31, 

150, 151]. 

The most recent study on the seasonal variation of carbohydrates from L. hyperborea 

examined alginate, laminarin, ManOH and even cellulose content [61] but fucoidan 

content has not been fully explored in this seaweed even though this polysaccharide has 

been recently suggested as a target for industrial extraction with L. hyperborea as the 

source [115, 152]. 

Methods for extraction of seaweed carbohydrates are numerous as they are dependent 

on target polysaccharide desired and they constantly evolve to find the best extraction 

procedure that balance eco-sustainability, low costs and highest yields [74, 77, 102, 110, 

152-167].  In the same manner, the methods for characterizing these polysaccharide 

extracts also vary.  There are a range of different techniques available for structural 

confirmation and quality control (e.g. quantification, purity, sulphation, molecular 

weight, etc).  These range from simple wet chemistry quantitative methods (e.g. total 

sugar phenol sulphuric acid method, Dische method, Alcian Blue method) to more 

complex methods that provide more detailed compositional information (e.g. liquid 

chromatography (LC), gas chromatography (GC), infrared spectroscopy (FTIR), 

enzyme-linked immunosorbent assay (ELISA), mass spectrometry (MS) and nuclear 

magnetic resonance (NMR) [61, 110, 152, 154, 163, 168-171]. 

With the focus on the commercial potential of carbohydrates available in co-product 

streams of L. hyperborea biomass after MBL’s alginate extraction procedure, a multi-

solvent extraction method, as previously applied [132] (see section 2.3.2.1. of this 

chapter), seems promising.  This method targets native polysaccharide content after 

removal of potential non-polysaccharide contaminants and delivers a snapshot of what 

can be found in industrial co-products, MBL SCP and MBL LCP, but also in the 

different L. hyperborea tissues: bark (SCP), peeled stipe and lamina from different 

geolocations and seasons. 
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Therefore, the aim of this work is to provide information that might redirect the 

production focus of MBL, maybe in refining existing process to achieve better alginate 

yields or maybe imposing different sample pre-treatments and/ or redesigning processes 

to better exploit products that could be co-extracted during the main alginate production 

stream.  Furthermore, this strategy will produce carbohydrate profiles of different 

tissues of L. hyperborea, from different seasons and geolocations which will illustrate 

its carbohydrate metabolic complexity and, for the first time, report on the complex 

fucoidan content and distribution of this seaweed. 

To achieve this, a reasonably quick and accurate assessment method of carbohydrate 

analysis for brown seaweed samples was developed involving acid hydrolysis and 

qualitative and quantitative monosaccharide profile analysis by High Performance 

Anion Exchange Chromatography – Pulsed Amperometric Detection (HPAEC-PAD), 

using monosaccharide standards and purified polysaccharide samples as references and 

to test accuracy.  Using this method, carbohydrate profiles were obtained from the 

polysaccharide and H2O fractions of the L. hyperborea samples (MBL LCP, MBL 

SCP, SCP, Stipe and Lamina) and also polysaccharide fractions from other brown 

seaweeds, Ascophyllum nodosum, Bifurcaria bifurcata and Fucus spiralis. 
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3.3. Methodology 

 

3.3.1. Samples 

 

The samples examined in this work were the polysaccharide and H2O fractions of the 

different tissues and co-products of Laminaria hyperborea (Chapter 2., Table 2.1) 

alongside some commercial standards and samples from other brown seaweeds 

(Ocrophyta-Phaeophyceae) from a different class (Fucales), i.e. Ascophyllum nodosum, 

Bifurcaria bifurcata and Fucus spiralis.  These were harvested in Portugal in 2012 and 

the extracts produced in the same manner as in this work and stored frozen after freeze 

drying [132, 172] (Table 3.1). 

 

Origin   Sample Identification 

L. hyperborea 
 

MBL LCP, MBL SCP, SCP, Stipe, Lamina 
      

A. nodosum   An  
      

B. bifurcata  Bb 
   

F. spiralis  Fs 
   

Commercial 
 MBL: Alginic Acid (MBL AA I, MBL AA II & MBL AA III) 

  Sigma Aldrich: Sodium Alginate (SA), Fucoidan (SF), 
Laminarin (SL) 

  Carbosynth: Fucoidan (CF) 

 

Table 3.1: Samples used for carbohydrate profiling.  L. hyperborea: all polysaccharide and H2O 

fractions;  Ascophyllum nodosum: polysaccharide fraction;  Bifurcaria bifurcata: polysaccharide and 

H2O fractions;  Fucus spiralis: polysaccharide and H2O fractions;  MBL Alginic Acid I, II & III: 

different alginic acid products extracted from L. hyperborea by MBL;  Sigma alginate: reference 

standard (A0682, no purity level specified) extracted from Macrocystis pyrifera;  Sigma fucoidan: 

reference standard (F8190 ≥ 95 % purity) extracted from Fucus vesiculosus;  Sigma laminarin: reference 

standard (L-9634, no purity level specified) extracted from Laminaria digitata;  Carbosynth fucoidan: 

reference standard (YF01606, specified ~ 34 % fucose content) extracted from Laminaria japonica. 
 

Bifurcaria bifurcata was harvested from Baleal Island, Leiria-Portugal and Fucus 

spiralis was harvested at the Mondego estuary, Coimbra-Portugal.  Polysaccharide and 

H2O fractions were obtained from these samples by the same methods applied before 

[132] (see Chapter 2, section 2.3.2.1.). 
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3.3.2. Acid hydrolysis 

 

Acid hydrolysis of samples was required as HPAEC-PAD can only separate, detect and 

identify monosaccharides and disaccharides and not polysaccharides.  The method was 

adapted from Fry 1988 [170].  After some pilot studies regarding acid hydrolysis 

durations of 2, 5, 12 and 21h length (results not shown), a 2h duration was adopted.  

This decision is discussed further in section 3.4.2. of this chapter.  Therefore, samples 

(10 mg) were prepared in triplicate and acid hydrolysis was carried out using 1 mL of 2 

M trifluoroacetic acid (TFA) solution for 2 h at 120 °C using a heating block.  Then, the 

acid was evaporated using a Speed Vac (GeneVac™, miVac DUO Concentrator) and the 

dried samples were stored at -20 ºC.  When required, selected samples were re-

suspended in 1 mL of ultra-pure water, centrifuged and syringe filtered (Whatman®, 

4mm single use filter device, 0.45 μm PVDF Membrane, prolypropylene housing) prior 

to further analysis.  The sample An was also submitted to acid hydrolysis for 21 h to 

explore differences caused by exposing samples for longer periods of time. 

 

3.3.3. Thin-Layer Chromatography (TLC) 
 

Before work on the HPAEC-PAD equipment, TLC was used as visual means to confirm 

the effectiveness of the acid hydrolysis conditions and to determine the likely dilutions 

required for further analysis.  This method also confirmed which sugar standards were 

necessary for further HPAEC-PAD analyses.  The monosaccharides reported in 

polysaccharides from Laminariales include mannitol (ManOH); fucose (Fuc); rhamnose 

(Rha); galactose (Gal); glucose (Glc); xylose (Xyl); mannose (Man); guluronic acid 

(GulUA); glucuronic acid (GlcUA) and mannuronic acid (ManUA); and the same have 

been detected in A. nodosum samples [55, 65, 173-177].  Ribose (Rib) and galacturonic 

acid (GalUA) were included because these have been reported in other seaweeds [59, 

67, 76, 178, 179].  Although arabinose (Ara) has not been reported in brown seaweeds 

(Ochrophyta-Phaeophyceae), it was included as it is known to be present in other 

seaweed groups, e.g. green seaweed (Chlorophyta) [180, 181]. 

For the TLC methods, acid hydrolysates were compared against two different mixtures 

of standards: Standard mixture solution 1 (Std 1) contained Rha, Gal, Man and GlcUA; 

Standard mixture solution 2 (Std 2) contained Fuc, Glc, Xyl and GalUA.  Standard 
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mixtures were prepared by diluting stock solutions of 1 mg mL-1 of each of the 

constituent monosaccharides.  

Samples examined were the acid hydrolysates of the commercial alginate (SA), the 

soluble sample MBL LCP (defined as MBL LCP1) and the polysaccharide fractions 

from Winter samples: Lamina, Stipe, SCP, MBL SCP and MBL LCP (defined as 

MBL LCP2).  All samples were applied to cellulose TLC plates on aluminium sheets 

(20 x 20 cm; MERCK) at 100 µg/ spot.  Plates were run in two mobile phases; firstly 

butanol/acetic acid/water (12:3:5) followed by ethyl acetate/pyridine/water (8:2:1).  The 

plates were placed in the solvents in a TLC tank and run until the solvent front reached 

2 cm of the top of the plates and then dried in a fume hood.  After drying from the 

second solvent run, the plates were stained using Aniline Hydrogen-Phthalate in acetone 

followed by heating at 105 ºC for 5 min, methodology adapted from Fry, 1988 [170]. 

 

3.3.4. HPAEC-PAD methods 

 

A Dionex HPAEC (ICS 3000) with dual pumps coupled to a Pulsed Amperometric 

Detector (PAD with gold electrode) was used.  A CarboPac PA20 Analytical Column (3 

x 150 mm) and CarboPac PA20 Guard Column (3 x 30 mm) was used at 0.4 mL min-1 

and at 30 ºC.  Each run lasted 55 min with the first 35 min providing the separation 

phase and the remainder washing and re-equilibrating the column for the next sample.  

The gradient was isocratic at 5mM NaOH in ultra-pure water (UPW) from 0 min to 25 

min, from 25 to 26 min sodium acetate (NaOAc) was added to 200 mM and held until 

30 mins.  At 31 mins, NaOAc was increased to 450 mM and held until 35 mins then at 

36 min NaOAc was increased to 975 mM and held until 37 min.  At 38 min, the NaOAc 

was removed and the column washed in 5 mM NaOH until 40 min. From 41- 45 min, 

NaOH was increased to 200 mM then from 46 – 55 mM, the column was re-equilibrated 

back to the starting eluate of 5 mM NaOH.  The PAD was set to the Dionex default 

“Carbohydrates” waveform and the injection volume was 25 μL. 

 

3.3.4.1. Standard monosaccharides 

 

Standard curves of selected monosaccharides were produced using three standard 

solution mixes (Std 1, Std 2 and Std 3) similar to those used for TLC (see section 3.3.3. 

of this chapter) but with some changes to suit the different separation achieved by the 
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HPAEC column.  Also, guluronic acid (GulUA) and mannuronic acid (ManUA) were 

prepared and ran separately.  Six different concentrations (5, 10, 25, 50, 75 & 100 μg 

mL-1) were used for all sugars.  Sorbitol (SorOH) was also added in Std3 at half strength 

(2.5, 5, 12.5, 25, 37.5 & 50 μg mL-1) during test runs to allow discrimination between 

sorbitol and mannitol, isomers that differ in the location of hydroxyl group on carbon 2.  

Each run was done in triplicate and at least three independent runs were carried out to 

produce the standard curves for each of the monosaccharides. 

 

3.3.4.2. Sample dilutions 

 

After a few test runs, a dilution range for each of the acid hydrolysates from the 

different samples was fixed to ensure that they fitted within the ranges of the standard 

curves produced by the monosaccharides (see Table 3.2.).  The component 

monosaccharides in samples were identified against the standards by using their time of 

retention. 

Doping experiments were also carried out to confirm co-chromatography of certain 

peaks with standards.  At least three independent runs were made with three replicates 

each for each sample and results were produced using peak areas provided by the 

resident Dionex Chromeleon software.  For some comparisons, the Relative Area (%) 

from the Dionex software was also used. 

 
Dilution 
factor   Samples 

1:5 
 

MBL LCP 
      

1:10 
  MBL SCP, SCP, Stipe, Lamina H2O, An, Bb, 
  Fs, MBL AA I, MBL AA II, MBL AA III, CF 

      
1:15   W Lamina Polysaccharides 

      
1:20   SL, SF 

      
1:50  S Lamina Polysaccharides, SA 

 

Table 3.2.: Dilution factors adapted to fit samples into the obtained ranges of the standard 

monosaccharides.  L. hyperborea samples included both Summer and Winter, Polysaccharide and H2O 

fraction, except when specifically distinguished.  S: Summer; W: Winter. 

 



Chapter 3 – Profiling of carbohydrates from L. hyperborea: monosaccharide composition assessed by 
HPAEC-PAD 
 

85 
 

3.4. Results and Discussion 

 

3.4.1. Sample yields 

 

The yields of polysaccharide and H2O fractions, obtained during the library extract 

production (see Chapter 2, section 2.3.2.1), are given in Table 3.3.  For the 

polysaccharide fractions, the highest yielding sample in Winter (W) was Lamina 

(263.00 mg g-1, 26.30 % DW) and the lowest were Stipe (90.34 mg g-1, 9.03 % DW) 

and MBL SCP (90.54 mg g-1, 9.05 % DW).  The other samples had similar yields at ~ 

10 %.  For Summer (S) samples, there were few substantial differences and even though 

Lamina again had the highest polysaccharide content, it was much higher than in 

Winter (426.51 mg g-1, 42.65 % DW).  Stipe had the lowest polysaccharide content 

(98.17 mg g-1, 9.82 % DW), although MBL SCP was similar (101.26 mg g-1, 10.13 % 

DW) with other samples in the same range (Table 3.3). 

 

 
 

Table 3.3: Yields of polysaccharide and H2O fractions of winter (W) and summer (S) L. hyperborea 

samples (mg g-1 DW and % DW). 
 

For the H2O fractions, the highest content in both W and S was MBL LCP (886.07 mg 

g-1, 88.61 % DW and 850.90 mg g-1, 85.09 % DW, respectively).  Other samples had 

very little content in W with SCP having the lowest (0.05 mg g-1, < 0.01 % DW) (Table 

3.3).  However in S, the yield of all the samples except MBL LCP increased markedly.  
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The lowest content of H2O fractions in S was from MBL SCP (54.93 mg g-1, 5.49 % 

DW) with Lamina similarly low (58.14 mg g-1, 5.81 % DW). 

 

3.4.2. Combined use of acid hydrolysis, TLC and HPAEC-PAD to analyse sugar 

content of seaweed samples 

 

Most spots in the TLC runs could be identified against the standards (Fry 1988) (Fig. 

3.1).  Fucose (Fuc) was the most mobile after rhamnose (Rha) which was not detected 

in any of the test sample hydrolysates.  This does not signify absence as it may be below 

the limit of detection for the staining method (~ 0.4 µg) [170].  Comparing MBL LCP1 

against MBL LCP2 clearly shows that the latter, a concentrated fraction of the first, 

allows detection and identification of the monosaccharides whereas MBL LCP1 did not 

(Fig. 3.1). 

The two spots eluting before Rha (denoted as 1 and 2; Fig. 3.1) were present in all 

samples, apart from MBL SCP, SCP and MBL LCP1, but could not be identified 

against standards.  Another spot (denoted as 3) eluted after the uronic acids in all the 

samples, apart from MBL LCP1 and could also not be identified (Fig. 3.1) and these 

may be products of incomplete hydrolysis, such as disaccharides. 

The hydrolysed sample of sodium alginate (SA) could provide identification of GulUA 

and ManUA but these standards were not run individually on this TLC and doing so 

would identify them.  SA also had two other faint unidentified spots, the same as spots 1 

and 3. 

Fuc was present along with Xyl and Man in many samples including Stipe, SCP and 

MBL SCP.  Lamina revealed a very intense spot for Glc compared to other samples.  It 

was not possible to discern whether GlcUA or GalUA or both were present in the 

samples as they eluted very close to each other and were minor components in the 

samples.  Ara was not detected in any samples using this technique.  Although the 

staining method provides different colours for different sugars, the obvious difficulty is 

in determining which sugar is which a major limitation of the TLC method as well as 

the limited resolution of the sugars. 

Therefore, the TLC technique was solely used as a quick assessment for verification of 

the sample hydrolysis method and to assess the dilutions required for further analysis 

(Fig.3.1).  However, TLC did provide evidence for other possible hydrolysed sugars 
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that could not be identified against the standards used, perhaps as the results of 

incomplete hydrolysis or formation of sugar breakdown products. 
 

 

Fig. 3.1: Separation of hydrolysed samples on TLC. 

Lamina, Stipe, MBL SCP and SCP: hydrolysed polysaccharide fractions of following samples;  MBL 

LCP1: hydrolysed LCP sample;  MBL LCP2: hydrolysed polysaccharide fraction of MBL LCP;  SA: 

hydrolysed commercial alginate sample;  Std 1: Rha, Gal, Xyl, Man, GlcUA;  Std 2: Fuc, Glc, Ara, 

GalUA;  1, 2 and 3: unidentified stained sugar material.  Picture adjusted for brightness and contrast in 

Microsoft Office PowerPoint for better visualisation of the different spots. 

 

 

The HPAEC-PAD method allowed the assignment of all of the sugar standards by 

running them individually and then in the standard mixtures, Std 1, 2 and 3 (Fig. 3.2).  

Specific mixtures had to be used as Xyl and Man had close RTs and could not be totally 

separated.  The uronic acids also elute close together but are separated as sharp peaks 

due to the gradient of sodium acetate (Fig. 3.2). 
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The order of elution of the sugar standards from the HPAEC-PAD column used was: 

SorOH, ManOH, Fuc, Rha, Ara, Gal, Glu, Man, Xyl, Rib, GalUA, GulUA, GlcUA and 

ManUA.  The uronic acids (GalUA, GulUA, GlcUA and ManUA) eluted after 30 min 

when the addition of 200 mM NaOAc begining after 25 mins released them from the 

column.  After verifying SorOH and Ara were not detected among the samples, these 

were omitted from the standard mixes. 

 

 

 
Fig. 3.2: HPAEC-PAD traces of the standard monosaccharide mixes (see section 3.3.4.1. of this 

chapter).  Standard mix 1: Rha, Gal, Man, GlcUA;  Standard mix 2: Fuc, Glc, Xyl, GalUA;  Standard 

mixture 3: ManOH, Rib;  ManUA;  GulUA;  ? – unidentified peak present in GulUA standard;  NaOAc 

effect – effect generated in the Pulse Amperometric Detector (PAD) when sodium acetate (NaOAc) was 

added to the gradient;  Wash – effect of change of gradients (removal of NaOAc and addition of NaOH) 

to wash the column. 
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Table 3.4: HPAEC-PAD response factors and retention time windows for standard sugars.  Retention time (Rt) (min), concentration (µg mL-1) and respective peak area 

(nC*min). 

 

Sugar µg mL-1 Sugar µg mL-1 Sugar µg mL-1

5 17.102 ± 0.16 5 17.484 ± 1.408 5 8.308 ± 0.823

10 33.373 ± 0.28 10 35.583 ± 1.540 10 17.617 ± 1.039

25 61.035 ± 0.93 25 84.749 ± 4.867 25 43.123 ± 1.973

50 88.113 ± 0.91 50 132.411 ± 10.527 50 78.759 ± 4.455

75 105.847 ± 2.02 75 183.184 ± 8.586 75 112.485 ± 3.672

100 118.617 ± 3.57 100 215.783 ± 8.581 100 142.744 ± 5.128

5 15.277 ± 1.238 5 20.358 ± 1.375 5 5.982 ± 0.203

10 29.029 ± 1.511 10 40.750 ± 1.342 10 12.669 ± 0.474

25 58.412 ± 3.361 25 92.784 ± 5.988 25 32.465 ± 0.650

50 88.756 ± 3.540 50 155.285 ± 7.129 50 56.024 ± 5.801

75 111.339 ± 4.874 75 195.184 ± 8.439 75 87.561 ± 2.295

100 124.272 ± 5.586 100 230.502 ± 8.002 100 110.985 ± 3.155

5 11.473 ± 0.656 5 12.472 ± 1.168 5 15.367 ± 1.440

10 22.010 ± 0.525 10 25.888 ± 1.505 10 32.178 ± 3.568

25 45.742 ± 2.896 25 64.610 ± 4.834 25 78.483 ± 5.713

50 78.628 ± 7.323 50 108.850 ± 7.815 50 154.159 ± 10.866

75 93.658 ± 2.848 75 148.962 ± 8.997 75 204.980 ± 17.700

100 113.179 ± 2.654 100 184.396 ± 9.449 100 260.110 ± 23.865

5 16.956 ± 0.278 5 10.824 ± 0.242 5 9.177 ± 3.022

10 34.678 ± 1.585 10 22.375 ± 0.923 10 19.064 ± 4.743

25 80.752 ± 2.148 25 55.767 ± 2.318 25 48.225 ± 9.408

50 128.711 ± 5.392 50 108.617 ± 8.589 50 108.783 ± 23.735

75 167.120 ± 3.660 75 139.272 ± 2.310 75 125.326 ± 24.227

100 196.202 ± 4.885 100 173.541 ± 2.785 100 160.567 ± 28.512

Rt ± SD Area ± SD

ManOH

Rt ± SD Area ± SD Rt ± SD Area ± SD

0.025 Xyl

Glc 15.252.581 ± 0.014 0.060± 0.107 GalUA ±

±

±GulUA 31.502

31.281

0.007

Rha 10.122 ± 0.066 Man 19.280

18.043 ± 0.166Fuc 4.681 ±

0.063

Gal 13.040 ± 0.107 Rib 23.844 ±

± 0.160 GlcUA 31.842

ManUA 32.226 ± 0.0590.201
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Fig. 3.3: Standard curves for the different standard sugar monosaccharides. 

A: ▲ – Rha (n = 6, R2 = 0.9964); ♦ - ManOH (n = 3, R2 = 0.9982); ■ – Fuc (n = 6, R2 = 0.9968); ● – Gal (n = 6, R2 = 0.9997); 

B: ● – Rib (n = 4, R2 = 0.9983); ■ – Man (n = 6, R2 = 0.9997); ♦ - Glu (n = 6, R2 = 0.9985); ▲ – Xyl (n = 6, R2 = 0.9993); 

C: ■ – GulUA (n = 4, R2 = 0.9982); ♦ - GalUA (n = 6, R2 = 0.9999); ● – ManUA (n = 4, R2 = 0.9867); ▲ – GlcUA (n = 6, R2 = 0.9991). 
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The retention time windows (± SD) from these standard runs (Table 3.4) allowed 

identification of monosaccharides in hydrolysed samples.  Regression curves were 

constructed using the peak areas for the standards to allow quantification of the sugar 

content from the samples (Fig. 3.3).  The regression curves were polynomial as the PAD 

detector is very sensitive and the sugars readily saturate the detector.  The sugar 

standards were highly stable and were verified with six replicate runs with high value 

coefficients of determination (R2) with the lowest value, R2 = 0.9867 for ManUA and 

the highest value, R2 = 0.9999, for GalUA (Fig. 3.3C).  These regression equations from 

each of these standards allowed quantification of the monosaccharide content of the 

commercial and seaweed samples. 

Almost all of the peaks detected in the commercial samples could be matched against 

the retention times (Table 3.4) from the standards (Fig 3.4).  As these were commercial 

standards with considerable levels of purity, it would be expected to only observe the 

few peaks that constitute the polysaccharide itself, but other identified monosaccharides 

and unidentified peaks were also present in these hydrolysed commercial samples.  The 

Glc peak observed was from SL and the wide nature of this peak (Fig. 3.4) indicates the 

abundance of this sugar and saturation of the PAD detector. 

 

 

 
Fig. 3.4: HPAEC traces of commercial polysaccharide (SA, SL, SF, CF). 

? – unidentified peak from SF hydrolysate;  NaOAc effect – effect generated in the Pulse Amperometric 

Detector (PAD) when sodium acetate (NaOAc) was added to the gradient;  Wash – effect of change of 

gradients (removal of NaOAc and addition of NaOH) to wash the column. 
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Using the Relative Area (%) from the Dionex Chromeleon software, it was possible to 

extract a relative monosaccharide profile of each commercial sample for all of the 

detected and identified peaks (Fig. 3.5). 

 

 

Fig. 3.5: Relative monosaccharide profiles of commercial polysaccharide samples. 

Dried hydrolysed samples (see section 3.3.1. of this chapter) solubilized in pure water (10 mg mL-1), 

filtered and diluted for HPAEC-PAD analysis: SA – 1:50 fold (n = 3); MBL AA I – 1:10 fold (n = 3); 

MBL AA II – 1:10 fold (n = 3); MBL AA III – 1:10 fold (n = 3); CF - 1:10 fold (n = 3); SL - 1:10 fold (n 

= 4); SF - 1:10 fold (n = 6). 

 

In the alginate and alginic acid samples, SA had the highest amount of ManUA (79.90 ± 

0.20 %), whereas MBL AA II had the lowest (71 ± 0.06 %), although MBL AA I had 

the highest amount of GulUA (23.00 ± 0.30 %) and SA the lowest (18.00 ± 0.23 %) 

(Fig.3.5).  Even though they are high grade commercial samples of alginate/ alginic 

acid, all of them contained small amounts of Fuc (1.32 - 3.24 %) and MBL AA samples 

also contained GlcUA (1.09 – 2.37%). 

SF was rich in Fuc (64.16 ± 2.73 %) but also contained Gal (10.3 ± 1.38 %), Man (8.38 

± 0.49 %), GlcUA (7.73 ± 0.71 %), Xyl (3.98 ± 1.37 %) and trace levels of ManUA 

(0.32 ± 0.18 %).  CF was very different and contained high levels of ManOH (91.59 ± 

0.64 %) with no detectable Fuc but with traces of other monosaccharides, e.g. Glc (0.66 
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± 0.11 %), Gal (0.29 ± 0.07 %), ManUA (0.12 ± 0.01 %) and GlcUA (0.09 ± 0.02 %).  

SL contained Glc as the dominant monosaccharide (84.3 ± 1 %), with ManOH (6.95 ± 

0.2 %) and traces of other monosaccharides: Fuc (1.75 ± 0.21 %), Man (1.11 ± 0.93 %), 

Gal (0.98 ± 0.15 %), Xyl (0.63 ± 0.5 %), GlcUA (0.40 ± 0.11 %) and Rha (0.20 ± 0.04 

%). 

Making assumptions based on previous knowledge of which monosaccharides 

contribute to polysaccharides found in brown seaweeds (see Chapter 1, section 1.6.3. – 

1.6.5.), it was possible to predict relative polysaccharide compositions from the 

monosaccharide profiles achieved for the commercial samples (Fig 3.6). 

 

 
Fig. 3.6: Relative polysaccharide profiles of commercial samples. 

Relative polysaccharide profile of SA, MBL AA samples, SF, CF, SL produced using monosaccharide 

profile. 

 

In general, Glc was assumed to be mainly derived from laminarin; Fuc, Rha, Gal, Man, 

Xyl, GalUA and GlcUA derived from fucoidan; and GulUA and ManUA from alginate.  

The profiles predicted by this exercise were mainly in concordance with the 

specifications of the commercial standards and matched their defined levels of purity.  

The alginate and alginic acid samples (SA & MBL AAs) were described as alginate-
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rich, SL was described as laminarin-rich and SF was described as fucoidan-rich.  For 

example, the predicted relative composition of SA was 97.97 ± 0.44 % alginate and 2.03 

± 0.41 % fucoidan (total sugar identification rate = 100 %); MBL AA I was 97.59 ± 

0.48 % alginate and 2.41 ± 0.21 % fucoidan (total sugar identification rate = 100 %); 

MBL AA II was 94.39 ± 0.17 % alginate and 5.61 ± 0.13 % fucoidan (total sugar 

identification rate = 100 %); MBL AA III was 95.12 ± 0.84 % alginate and 4.89 ± 0.1 

% fucoidan (total sugar identification rate = 100 %); SF was 94.54 ± 6.67 % fucoidan 

and 0.32 ± 0.18 % alginate (total sugar identification rate = 94.86 %).  SL was 84.3 ± 1 

% laminarin, 6.95 ± 0.2 % ManOH and 5.07 ± 1.94 % fucoidan (total sugar 

identification rate = 96.32 %).  However, CF had a totally different profile from what 

was expected, giving figures of 91.59 ± 0.64 % ManOH, 0.66 ± 0.11 % laminarin, 0.42 

± 0.11 % fucoidan and 0.12 ± 0.01 % alginate (total sugar identification rate = 92.79 

%).  This suggests that this sample was almost completely composed of mannitol. 

The use of commercial monosaccharide standards and commercial samples provided 

reference samples with known composition that validated the acid hydrolysis procedure 

and the HPAEC-PAD results.  As expected, most monosaccharide standards gave clear 

single peaks (Fig. 3.2).  Certain unidentified peaks were present in the GulUA standard 

(Carbosynth, MG61576 - L-Guluronic acid sodium salt; 98 % purity) (Fig. 3.2).  This 

unidentified peak might be a dimer/ oligomer from incomplete hydrolysis of GulUA 

from alginate as it was also present in hydrolysates of commercial alginate 

polysaccharides. 

Different monosaccharides were identified that are not normally part of the 

polysaccharide standard.  For example, Fuc and GlcUA were present in hydrolysates of 

the commercial alginates (SA and MBL AA), ManUA in commercial fucoidan (SF), 

Fuc, Rha, Gal, Xyl, Man and GlcUA in commercial laminarin (SL), albeit at trace levels 

(Fig. 3.5).  However, their predicted polysaccharide profiles (Fig. 3.6) were close to 

their specified purity, especially SF which advertises ≥ 95 % purity (Table 3.1).  This 

shows how difficult it is to obtain high purity polysaccharides from brown seaweed as 

they are always extracted from a pool of three water soluble polysaccharides.  

Nonetheless, the commercial fucoidan sample (CF) gave results far from the expected 

with no detectable Fuc, some other monosaccharides but the major component being 

ManOH (> 90 %).  This product was specified with a fucose content of ~ 34 % (Table 

3.1) and it is unclear whether this was a bad batch or a poor product.  This emphasizes 

the importance of quality control in polysaccharide products extracted from brown 
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seaweed, particularly fucoidan which could still be considered a recent product, when 

compared to alginate, where the best methods for extraction and purification or even 

characterization are still being developed [66, 74, 110, 152, 156, 157, 159, 168, 173, 

182-184]. 

As combining acid hydrolysis with HPAEC-PAD worked well for the commercial 

samples, the same methods were applied to acid hydrolysed polysaccharide samples of 

Ascophyllum nodosum (An), Bifurcaria bifurcata (Bb) and Fucus spiralis (Fs) and their 

monosaccharide profiles were produced (Fig. 3.7; Table 3.5). 

 

 
 

Table 3.5: Relative monosaccharide content (%) of polysaccharide fractions from An I, An II, Bb and 

Fs samples.  Dried hydrolysed samples (see section 3.3.4.2. of this chapter) solubilized in 1 mL pure 

water, filtered and diluted for HPAEC-PAD analysis: An I, An II, Bb and Fs – 1:10 fold (n = 4).  - = not 

detected. 
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Fig. 3.7: Relative monosaccharide profiles of polysaccharide fractions from An I, An II, Bb and Fs 

samples.  Dried hydrolysed samples (see section 3.3.4.2. of this chapter) solubilized in 1 mL pure water, 

filtered and diluted for HPAEC-PAD analysis: An I, An II, Bb and Fs – 1:10 fold (n = 4).  
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These seaweeds, Ascophyllum nodosum, Bifurcaria bifurcata and Fucus spiralis, belong 

to the same taxonomic Class (Ochrophyta-Phaeophyceae) as L. hyperborea but come 

from a different taxonomic Order (Fucales) and, although they all belong to the same 

Order, each had their own specific monosaccharide profile (Table 3.5, Fig. 3.7). 

From these results, it was clear that HPAEC-PAD gave more sensitive and reproducible 

data and allowed better qualification and quantification of the sugars present in the 

samples than TLC, and there was no further interest in exploring the latter.  TLC in this 

work was solely a quick step into evaluation of the sample acid hydrolysis outcome 

before hydrolysed samples were analysed by HPAEC-PAD. 

An I was hydrolysed using the standard 2 hr incubation time whereas An II was 

subjected to a longer 12 h acid hydrolysis, which has been suggested to provide more 

effective hydrolysis of alginates [185, 186].  Comparing the profiles obtained (Fig. 3. 

7), the longer acid hydrolysis changed the monosaccharide profile obtained (Table 3.5). 

Glycosidic bonds between different sugars in polysaccharides have different 

susceptibilities to acid hydrolysis depending on the sugars involved, the position of the 

bond between the sugars (e.g. 1-6, 1-4, 1-3, or 1-2) and whether the linkage is in α- or 

β- anomeric confirmation [170].  Different types of acid, different temperatures and 

different hydrolysis times can alter the efficiency of hydrolysis but also affect the 

formation of sugar breakdown products so a balance between optimal hydrolysis of all 

bonds and recovery of the original sugars must be struck.  Hydrolysis of the glycosidic 

bonds between GulUA and ManUA from alginates is known to be more difficult than 

many other glycosidic bonds.  Different hydrolysis periods for alginates yield different 

patterns of GulUA and ManUA release and there is no ideal condition suitable for both 

sugars.  Indeed, if the goal is to have a precise content value for each, separate 

hydrolysis with specific conditions for GulUA and ManUA need to be carried out to 

maximise their recovery [185].  

The acid hydrolysis method chosen for this work used milder conditions compared to 

sulphuric acid which can react with hydrolysed monosaccharides and decrease their 

yields [185].  The main advantage of using trifluoroacetic acid (TFA) is that its 

volatility means that it is readily evaporated and avoids the neutralisation and recovery 

steps required for other mineral acids.  Also, previous work in this laboratory has shown 

that the majority of polysaccharides likely to be present in the seaweed extracts are 

readily hydrolysed.  MBL uses the stipe of L. hyperborea to produce its alginates which 
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can reach GulUA contents of 70 % (see Chapter 1 section 1.6.3.).  Nonetheless, the 

highest GulUA content of the MBL AA sample was ~ 23 % (Fig. 3.5).  Clearly, the 

TFA hydrolysis conditions do not provide complete release of GulUA. 

However, longer periods of hydrolysis could alter the monosaccharide profiles of the 

samples.  Through examination of samples An I and An II, it was noted that longer 

hydrolysis time altered the monosaccharide profiles.  There was increased recovery of 

the alginate uronic acids, GulUA (5 %) and ManUA (3 %), but also GlcUA (3.4 %) 

(Fig. 3.7, Table 3.5).  There were also increases in Man (6 %) and ManOH (1 %) (Fig. 

3.7), and notably Rib (at 2.4 %) was only detected in An II.  However, the longer 

hydrolysis also substantially reduced the recovery of other monosaccharides (especially 

those from apparent fucoidan and laminarin content) with losses in Fuc (4.5 %), Rha 

(0.3 %), Gal (7.0 %), Glc (4.0 %), and Xyl (0.5 %) (Fig. 3.7; Table 3.5).  Therefore, the 

decision was taken to use the 2h period.  These conditions balanced the incomplete 

hydrolysis of alginates and recovery of uronic acids against reduced recovery of other 

sugars, allowing the comparison of fraction’s composition under standard conditions.  

From now on, only results from the An I sample will be further examined. 

In summary, the hydrolysis method applied in this work is not ideal for assessment of 

alginates and yet the assumptions applied allowed a fairly accurate description of the 

polysaccharide composition of commercial alginates as observed in SA or MBL AA 

samples.  However, the same method seems to work well for the other polysaccharides, 

fucoidan and laminarin, and also ManOH. 

With confidence in the combined strategy of native polysaccharide extraction with acid 

hydrolysis and HPAEC-PAD analysis, relative polysaccharide profiles and respective 

content were obtained from the monosaccharide profiles of An, Bb and Fs (Fig. 3.8; 

Table 3.6).  

An, Bb and Fs all had fucoidan as their main polysaccharide but Bb had a similar 

proportion of fucoidan and alginate (44.81 ± 7.68 % and 42.22 ± 6.96 %, respectively) 

with higher alginate content than An and Fs (15.01 ± 0.95 % and 1.45 ± 0.25 %, 

respectively) (Table 3.6).  Fs and An had higher levels of laminarin (16.76 ± 0.35 % 

and 11.93 ± 0.84 % resp.) compared to Bb (1.58 ± 0.25 %) (Table 3.6).  Fs also 

contained considerable amounts of ManOH (20.5 ± 0.18 %) compared to lower levels in 

An and Bb (3.57 ± 0.32 % and 2.71 ± 0.44 %, respectively) (Table 3.6).  The total sugar 

identification rates for An, Bb and Fs were 97.35, 91.31 and 86.29 %, respectively. 
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Fig. 3.8: Relative polysaccharide and ManOH profile of polysaccharide fractions from An I, Bb & Fs. 

 

 

 

 
 

Table 3.6: Relative polysaccharide and ManOH content (%) of polysaccharide fractions from An I, Bb 

& Fs. 
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The monosaccharide and polysaccharide profiles of the H2O fractions of Bb and Fs 

were also examined (Fig. 3.9; Table 3.7 & 3.8). 

 

 
Fig. 3.9: Monosaccharide profile (A) and relative polysaccharide profiles (B) of H2O fractions from 

Bifurcaria bifurcata (Bb) and Fucus spiralis (Fs).
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Table 3.7: Monosaccharide content (%) of Bb and FS H2O fractions.  - = not detected. 

 

 
 

Table 3.8: Polysaccharide and ManOH content (%) of Bb and Fs H2O fractions. 
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Polysaccharide profiles were generated from the water extracted samples (Ascophyllum 

nodosum – An, B. bifurcata – Bb and Fucus spiralis – Fs) showed considerable 

differences between these species from the same taxonomic Class, Fucales (Fig. 3.8).  A 

surprising revelation was the high alginate content of Bb (~ 42 %) which is the highest 

from our seaweed samples, including L. hyperborea (Table 3.14), and also almost as 

much as the fucoidan content (~ 45 %).  It is not common to have such a high alginate 

percentage in simple hot water extracted polysaccharide fraction and this discovery 

could be worth exploring if yields of polysaccharide/ g DW were also high.  B. 

bifurcata has been recently noted as a seaweed with underexplored commercial 

potential [103, 132, 187, 188].  Indeed, ALGAplus (https://www.algaplus.pt/) is 

cultivating this seaweed through aquaculture techniques and this cultivated seaweed has 

revealed other potential uses, which clearly demonstrates the commercial prospective 

for this species [108, 132]. 

As mentioned before, assumptions were made on the polysaccharide source of the 

hydrolysed monosaccharides so that the likely polysaccharide composition of the 

different tissues and co-products could be discussed.  Overall, these assumptions seem 

fair, especially as they are only used to compare the relative polysaccharide profiles of 

the various samples of brown seaweeds (Ascophyllum nodosum, Bifurcaria bifurcata, 

Fucus spiralis and L. hyperborea). 

Considering that the extraction of polysaccharides with hot water would avoid 

extraction of cellulose or hemicelluloses, the assumptions (that Glc is mainly derived 

from laminarin; Fuc, Rha, Gal, Man, Xyl, GalUA and GlcUA from fucoidan; and 

GulUA and ManUA from alginate) seem largely supported and confirmed on the pure 

polysaccharide standards.  Nevertheless, Glc could also come from fucoidan as it has 

been reported as part of this polysaccharide structure [66, 173, 175], albeit only in trace 

amounts [68, 74].  Therefore, all future mention of fucoidan refers to putative fucoidan 

as all Glc content has been assumed as part of laminarin.  Extracting and purifying 

fucoidans from each sample and then hydrolysing them for HPAEC-PAD analysis 

would confirm if Glc was also a fucoidan component.  There are many reported 

extraction and purification procedures [66, 74, 110, 152, 156, 157, 159, 168, 173, 182, 

183], but some of the most successful methods, such as subcritical water extraction, by 

Saravana et al. 2017 [110], are not available to all.  Considering the needs of an 

industrial partner such as MBL, it would be necessary to develop a method that would 

extract most of the crude fucoidan without interfering with the potential yield of 

https://www.algaplus.pt/
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extractable alginate from L. hyperborea.  The traditional method of acidic extraction 

(pH 3.5 – 2) as proposed by Lorbeer et al. 2015 [156] may provide the best balance as 

this would retrieve more fucoidan than a native extraction without interfering with 

alginate extraction as this would be converted into insoluble alginic acid [156].  Testing 

water extraction at different temperatures and pH, with different methods of 

precipitation would deliver the data necessary to access which combination of 

extraction procedures would best target crude fucoidan extraction from L. hyperborea, 

including from the different samples and co-products of this work.  Moreover, 

purification using dye affinity chromatography, as suggested by Hahn et al. 2016 and 

Zayed et al. 2016 [173, 183], could remove contaminants from crude fucoidan before 

fractionation by size exclusion chromatography [189] or cross-flow ultrafiltration [168] 

as different fucoidan classes (high molecular weight from low molecular weight 

fucoidans) often have different bioactivities and chemical properties [168, 189, 190].  

This would confirm the total fucoidan content but also clarify if Glc is part of L. 

hyperborea fucoidan composition.  Also, these purification methods could be directly 

applied to polysaccharide and H2O fractions to retrieve purified fucoidans which could 

be acid hydrolysed and then analysed by HPAEC-PAD. 

Although ManOH is mainly found as its free form in brown seaweeds, it is also known 

to be part of the end chains of laminarin molecules (see Chapter 1, section 1.6.5.).  

However, assuming an average degree of polymerisation of 25 for laminarin (see 

Chapter 1, section 1.6.5.), this end chain mannitol could only amount for 4 % of the 

total hydrolysed laminarin.  Therefore, assuming that all detected ManOH in this work 

is in its free form with no association to laminarin also seems fair.  Once again, this 

question could be clarified by extracting and purifying laminarin followed by acid 

hydrolysis and HPAEC-PAD analysis to reveal the portion of ManOH associated with 

laminarin.  Considering the involvement of this project with MBL, if there is future 

interest in extracting laminarin, the best approach may be designed in combination with 

the goal of multi-compound extraction.  However, fucoidan and laminarin often are 

extracted together as the best methods for laminarin extraction also involve acidic water 

extraction (0.03 – 0.1 M HCl) at high temperatures (≥ 60 ºC) [77, 102] which will 

probably produce a crude extract of laminarin and fucoidan.  Therefore, the crucial step 

will always be separation of laminarin from fucoidan and this is achievable through size 

exclusion methods, [77], because laminarin has a low average degree of polymerisation 

(25 monomers) and fucoidan is larger. 
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Furthermore, the monosaccharide profiles retrieved from An, Bb and Fs (Fig. 3.7) also 

revealed differences in their putative fucoidan composition (Table 3.9).  Crucially, they 

differ substantially in their Fuc content but also in their GlcUA content.  The Gal 

content was more constant across the samples (Table 3.9).  There are also major 

differences between the composition of the H2O and polysaccharide fractions of the 

same seaweeds. 

 

 
Table 3.9: Relative monosaccharide composition (%) of putative fucoidans from A. nodosum (An), B. 

bifurcata (Bb) and F. spiralis (Fs) polysaccharide and H2O fractions.  Percentages are averages obtained 

from n = 4 analysis. 

 

For example, the H2O fucoidan from Bb had double the Fuc content but two thirds less 

GlcUA compared to the polysaccharide fraction (Table 3.9). 

This suggests that multiple types of fucoidan can be extracted from the same seaweed 

sample.  It is known from the literature that depending on the extraction method used, it 

is possible to extract different fucoidan types which can vary in their biochemical 

composition or even in their bioactivity (see Chapter 1, section 1.6.4. and 1.7) [65, 74, 

152, 156, 159].  It is also possible to fractionate a fucoidan sample into different types 

of fucoidan with different molecular sizes, biochemical composition and, as a 

consequence, with different bioactivity (see Chapter 1, section 1.7) [65, 74, 152, 156, 

159].   

Purification of the putative fucoidans from An, Bb and Fs would help characterise them 

further, confirm if Glc is part of their composition but it also allow exploration of other 

crucial factors such as degree of sulphation and molecular size whilst enabling research 

on their potential bioactivity and biomedical applications. 
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3.4.3. Monosaccharide and polysaccharide composition of Laminaria hyperborea 

samples 

 

Examining the polysaccharide samples from Winter (W) and Summer (S) samples of 

the Laminaria hyperborea, most peaks could be identified, though some remain 

unknown (Fig. 3.10).  Peak areas were retrieved to produce the monosaccharide profiles 

(Fig. 3.11) with respective content detailed in Table 3.10. 

 

 

 
Fig. 3.10: HPAEC traces of polysaccharide fractions from S L. hyperborea samples (MBL LCP, MBL 

SCP, SCP, Stipe and Lamina).  MBL LCP;  MBL SCP;  SCP;  Stipe;  Lamina;  ? – unidentified peaks;  

NaOAc effect – effect generated in the Pulse Amperometric Detector (PAD) when sodium acetate 

(NaOAc) was added to the gradient;  Wash – effect of change of gradients (removal of NaOAc and 

addition of NaOH) to wash the column. 

 

 

Using the same assumptions used previously, relative polysaccharide profiles were 

produced for L. hyperborea samples from W and S (Fig. 3.12; Table 3.11). 
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Fig. 3.11: Relative monosaccharide profiles of Winter (W) and Summer (S) polysaccharide fractions from L. hyperborea.  Dried hydrolysed samples (see section 3.3.4.2. of 

this chapter) solubilized in 1 mL pure water, filtered and diluted for HPAEC-PAD analysis;  Dilutions W: MBL LCP – 1:5 fold ; MBL SCP – 1:10 fold ; SCP – 1:10 fold ; 

Stipe – 1:10 fold ; Lamina – 1:15 fold  S: MBL LCP – 1:5 fold; MBL SCP – 1:10 fold ; SCP – 1:10 fold ; Stipe – 1:10 fold ; Lamina – 1:50 fold;   Dilution S: MBL LCP 

– 1:5 fold ; MBL SCP – 1:10 fold ; SCP – 1:10 fold ; Stipe – 1:10 fold ; Lamina – 1:50 fold.  All n= 3. 
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Table 3.10: Relative monosaccharide content (%) of Winter (W) and Summer (S) polysaccharide fractions from L. hyperborea.  Dried hydrolysed samples (see section 

3.3.4.2. of this chapter) solubilized in 1 mL pure water, filtered and diluted for HPAEC-PAD analysis;  Dilutions W: MBL LCP – 1:5 fold ; MBL SCP – 1:10 fold ; SCP – 

1:10 fold ; Stipe – 1:10 fold ; Lamina – 1:15 fold  S: MBL LCP – 1:5 fold; MBL SCP – 1:10 fold ; SCP – 1:10 fold ; Stipe – 1:10 fold ; Lamina – 1:50 fold;  Dilution S: 

MBL LCP – 1:5 fold ; MBL SCP – 1:10 fold ; SCP – 1:10 fold ; Stipe – 1:10 fold ; Lamina – 1:50 fold.  All n= 3.  - = not detected. 
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Fig. 3.12: Relative polysaccharide profiles of Winter (W) and Summer (S) polysaccharide fractions from L. hyperborea.  Dried hydrolysed samples (see section 3.3.4.2. of 

this chapter) solubilized in 1 mL pure water, filtered and diluted for HPAEC-PAD analysis.  All n = 3.  Dilution W: MBL LCP – 1:5 fold ; MBL SCP – 1:10 fold ; SCP – 

1:10 fold ; Stipe – 1:10 fold ; Lamina – 1:15 fold .  Dilution S: MBL LCP – 1:5 fold ; MBL SCP – 1:10 fold ; SCP – 1:10 fold ; Stipe – 1:10 fold ; Lamina – 1:50 fold.  
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Table 3.11: Relative polysaccharide content (%) of Winter (W) and Summer (S) polysaccharide fractions from L. hyperborea.  Dried hydrolysed samples (see section 

3.3.4.2. of this chapter) solubilized in 1 mL pure water, filtered and diluted for HPAEC-PAD analysis;  All n = 3;  Dilution W: MBL LCP – 1:5 fold ; MBL SCP – 1:10 fold 

; SCP – 1:10 fold ; Stipe – 1:10 fold ; Lamina – 1:15 fold .  Dilution S: MBL LCP – 1:5 fold ; MBL SCP – 1:10 fold ; SCP – 1:10 fold ; Stipe – 1:10 fold ; Lamina – 1:50 

fold.  
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The same approach was applied to the H2O fractions from L. hyperborea samples.  

Monosaccharide chromatography traces of S samples are shown in Fig. 3.13.  

 

 

 
Fig. 3.13: HPAEC traces of monosaccharides from H2O fractions of S L. hyperborea samples (MBL 

LCP, MBL SCP, SCP, Stipe and Lamina).  MBL LCP;  MBL SCP;  SCP;  Stipe;  Lamina;  ? – 

unidentified peaks;  NaOAc effect – effect generated in the Pulse Amperometric Detector (PAD) when 

sodium acetate (NaOAc) was added to the gradient;  Wash – effect of change of gradients (removal of 

NaOAc and addition of NaOH) to wash the column. 
 

 

The respective monosaccharide profiles of L. hyperborea H2O fractions (Fig. 3.14; 

Table 3.12).  Using the same assumptions as before, the relative polysaccharide and 

ManOH profiles of L. hyperborea H2O fractions from Winter and Summer samples 

were produced (Fig. 3.15; Table 3.13). 
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Fig. 3.14: Relative monosaccharide profiles of H2O fractions from Winter (W) and Summer (S) samples 

of L. hyperborea.  Relative monosaccharide (A) and polysaccharide (B) profile from S MBL LCP.  Dried 

hydrolysed samples (see section 3.3.4.2. of this chapter) solubilized in 1 mL pure water, filtered and 

diluted (all 1:10 fold) for HPAEC-PAD analysis;  All n = 3. 
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Table 3.12: Relative monosaccharide content (%) of H2O fractions from Winter (W) and Summer (S) samples of L. hyperborea.  Dried hydrolysed samples (see section 

3.3.4.2. of this chapter) solubilized in 1 mL pure water, filtered and diluted (all 1:10 fold) for HPAEC-PAD analysis;  All n = 3; - = not detected. 
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Table 3.13: Relative polysaccharide content (%) of H2O fractions from Winter (W) and Summer (S) samples of L. hyperborea.  Dried hydrolysed samples (see section 

3.3.4.2. of this chapter) solubilized in 1 mL pure water, filtered and diluted (all 1:10 fold) for HPAEC-PAD analysis;  All n = 3; - = not detected. 
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Fig. 3.15: Relative polysaccharide profiles of H2O fractions from Winter (W) and Summer (S) samples of L. hyperborea.  Dried hydrolysed samples (see section 3.3.4.2. of 

this chapter) solubilized in 1 mL pure water, filtered and diluted (all 1:10 fold) for HPAEC-PAD analysis;  All n = 3. 
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In L. hyperborea, there was considerable variation of the monosaccharide profile 

dependent on the tissue or co-product analysed, but also dependent on the harvest 

season, Winter or Summer.  From the monosaccharide profiles of L. hyperborea (Fig. 

3.11 and 3.14), ManOH, Fuc, Gal, Glc, Xyl, Man, GulUA, GlcUA and ManUA were 

the main components with Rha only present in trace amounts and Rib and GalUA only 

detected in H2O samples (Fig. 3.14). 

There was a notable difference in the % sugar identification rate from Winter (W) to 

Summer (S) but also a substantial difference between polysaccharide and H2O fractions 

(Table 3.14).  These rates represent the % of peaks that could be allocated to standard 

monosaccharides over all peaks identified by the Dionex software including those 

attributed as unidentified (?) in the chromatograms (Fig. 3.10). 

There were considerable differences between the % total sugar identification rate in the 

polysaccharide fractions between W and S with W generally higher, except for Lamina 

(Table 3.14).  In the H2O fractions, the opposite was observed in that S samples had 

higher identification rates than W, in all samples except MBL SCP (Table 3.14).  

Around twelve peaks were unidentified: one before and another right after Fuc; one 

before Rha, one before Gal, and around eight others after the elution of the uronic acids.  

The main drawback to the HPAEC-PAD technique is that it can only identify sugars 

against standards so the nature of the unknown peaks, also noted in the TLC runs, can 

only be theorised. 

Some of these unknowns constitute considerable peak areas in certain samples (Fig. 

3.10).  One possibility is that some of these peaks may arise from incomplete 

hydrolysis, mainly of alginate, especially GulUA blocks and chains.  However, when 

looking back at the chromatograms of the commercial polysaccharide samples, these 

unidentified peaks were more associated with fucoidan and laminarin samples. 

The unidentified peak directly after fucose only appeared in the SF while the 

unidentified peaks before fucose and Gal only occurred in SL (Fig. 3.4).  Nevertheless, 

many of the unidentified peaks in the polysaccharide and H2O fractions from L. 

hyperborea were not found in hydrolysates of the commercial polysaccharides.  The 

commercial and L. hyperborea samples differ in their level of purity so remaining 

unidentified peaks in the L. hyperborea samples may be other types of metabolites 

which can also be detected by the pulsed amperometric detector (PAD).  The PAD is 

highly sensitive to electro-active compounds including sugars but could also detect 

sulphur species [191-193]. 
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Table 3.14: Relative total sugar identification rate (%) of L. hyperborea polysaccharide and H2O 

fractions.  Percentages from this table are averages obtained from n = 3 analysis 
 

Most of the unidentified peaks eluted after the uronic acids and were most prevalent in 

MBL SCP, SCP and Stipe, all of which were rich in fucoidan.  It is possible that these 

unidentified peaks might be sulphated sugars or oligomers derived from hydrolysis of 

sulphated fucoidans.  However, it is also possible that oligomers of uronic acids 

produced from incomplete hydrolysis of alginates would be more tightly retained on the 

anion exchange matrix and elute in this area.   

The PAD detector can be set up with different methods specific for the detection of 

different molecules with different potentials, delay times and patterns of reduction 

potential which affects how compounds interact with the detection electrode and 

thereby produce a signal.  Standard method I was used in this study as it is set up to 

detect carbohydrates.  Other PAD methods could be developed that will selectively 

detect sulphated sugars and re-running the hydrolysed samples with these PAD methods 

would highlight the sulphated components over the other sugars and provide some 

insight to the peak pattern observed right before the wash (Fig. 3.10) [193].  Further 

work, such as combining HPAEC with mass spectrometry could provide more useful 

data to putatively identify these unknowns. 
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In any case, the unidentified “sugar” peaks were discounted, and the data re-examined 

on the basis of identified sugars (Table 3.15) to pick out possible shifts of 

polysaccharide content between tissues, co-products and season. 

 

 
Table 3.15: Relative qualitative sugar profiles (%) of identified sugars in polysaccharide and H2O 

fractions of L. hyperborea samples between Winter (W) and Summer (S).  % figures do not always total 

100 due to rounding up and down of figures.  Percentages from this table are averages obtained from n = 

3 analysis 

 

Overall, this re-examination reveals considerable qualitative changes from W to S in 

both the polysaccharide and H2O fractions (Table 3.15).  The MBL LCP 

polysaccharide fraction in W was dominated by ManOH at 53 %, then fucoidan and 

alginate.  In S, the ManOH content dropped to 20 %, fucoidan was raised to over 60 % 

and alginate dropped from 20 to 10 % total.  Laminarin increased from 1 % in W to 6 

%.  The S MBL LCP H2O fraction was composed almost entirely of ManOH (> 99 %).  
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Due to the low recovery of the H2O fraction from W MBL LCP, there was not enough 

material for this assessment. 

The MBL SCP polysaccharide fraction, in both W and S, was dominated by fucoidan.  

From W to S fucoidan dropped from 87 to 78 %, laminarin increased by 12 % and 

alginate dropped from 4 to 1.7 % total (Table 3.15).  ManOH content was so low (< 0.5 

%) that any differences were negligible.  The MBL SCP H2O fraction was also 

dominated by fucoidans but with higher ManOH content than the polysaccharide 

fraction.  The shifts from W to S were similar in that ManOH dropped from 18 to 5 %, 

fucoidan levels increased from 63 to 73 % and there was an increase from 15 to 22 % in 

laminarin (Table 3.15). 

Like the related MBL SCP samples, the SCP polysaccharide fraction was also 

dominated by fucoidan (> 75 %) but had much higher content of ManOH (Table 3.15).  

However, some shifts from W to S were different.  All polysaccharides were lower 

(fucoidan, laminarin, alginate content lower by ~ 4, 4 and 1 %, respectively) due to the 

increase of ~ 9 % in ManOH (Table 3.15).  The H2O fraction was very different from 

the MBL SCP sample, having a trace of alginate but dominated by ManOH.  In S, 

ManOH increased from 71 to 89 % with relative losses of ~ 13 % fucoidan and ~ 5 % 

laminarin content (Table 3.15). 

The Stipe samples were the most changed by seasonality.  In W, the polysaccharide 

fraction was also dominated by fucoidan (64 %) with ~ 25 % alginate, 9 % ManOH and 

< 1 % laminarin.  In S, a large change occurred with an increase to 91 % fucoidan, a 

small increase in laminarin (3 %), a large reduction in alginate content to 1.5 % but with 

a small drop in ManOH.  The Stipe H2O fraction was completely different, with ~ 50:50 

between fucoidan and laminarin content in W, whereas in S there was a huge shift to ~ 

97 % of identified content being ManOH (Table 3.15). 

With the Lamina polysaccharide fractions, both W and S were dominated by laminarin.  

Yet, a large shift occurred between W to S where a gain of ~ 21 % of laminarin was 

accompanied by loss of ~ 16 % in fucoidan and ~ 6 % of alginate, with the ManOH 

content being stable (Table 3.15).  The H2O fraction was very different with dominance 

shared between ManOH and laminarin, with ManOH at 58 % compared to 37 % 

laminarin.  From W to S, the composition remained similar but with a loss of ~ 10 % 

ManOH which was compensated by a ~ 10 % gain of laminarin content (Table 3.15).  
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All these results are qualitative but reveal shifts in relative polysaccharide composition 

between the different seasons.  

To assess the quantitative changes in polysaccharide and mannitol content, the yield of 

each fraction (Table 3.3) was factored into the calculations (Table 3.16).  

 

 
Table 3.16: Quantitative profiles of polysaccharide and H2O fractions of L. hyperborea samples in 

Winter (W) and Summer (S).  All figures are in mg g-1 DW.  - = sample not analysed 

 

In the polysaccharide fractions, MBL LCP, from W to S, showed considerable loss of 

content, with a ~ 18-fold drop in ManOH, with only a slight gain in fucoidan and very 

little laminarin (Table 3.16).  MBL SCP was relatively stable but there were 1.5-fold 

and 3-fold increases in fucoidan and laminarin respectively between W to S (Table 

3.16).  Though, SCP presented little difference in ManOH and laminarin content, there 

was a 1.8-fold increase in alginate and a 3-fold increase in fucoidan from W to S (Table 
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3.16).  Stipe was similar to SCP, with similar ManOH and laminarin content between 

W and S but it also had increased fucoidan content, 3-fold to 6.93 mg g-1 DW, but 

reduced alginate content from W to S (Table 3.16).  Lamina contained the highest 

levels of polysaccharides and mannitol in W and S, especially in S were laminarin 

reached 192.32 mg g-1 DW.  From W to S, the increases in content were substantial; ~ 

6.-fold higher ManOH, ~ 4.5-fold higher fucoidan, ~ 14-fold higher laminarin and ~ 

3.5-fold higher alginate. 

For the H2O fractions, the polysaccharide and mannitol contents were very low in all W 

samples; a consequence of the very low recoveries registered (Table 3.3).  Due to 

allocation of the W MBL LCP sample to other work, it was not possible to analyse it 

by HPAEC-PAD.  However, this sample had one of the highest yield recoveries, even 

higher than H2O S MBL LCP (Table 3.3), which had a high content of ManOH (109.50 

mg g-1 DW).  The polysaccharide and mannitol contents of the S H2O samples, although 

much higher than in W, were still low and very similar to the ones found in their 

respective W polysaccharide fractions.  The exceptions were the S H2O SCP and S H2O 

Stipe fractions that had a much higher content of ManOH than their W polysaccharide 

fractions (11.16 and 46.61 mg g-1 DW respectively).  S H2O Lamina was also different 

in that it had much more ManOH content (21.53 mg g-1 DW) than the W and S 

polysaccharide fractions. 

Therefore, the composition and quantities of polysaccharides and mannitol change 

between different tissues and co-products obtained from L. hyperborea in Winter (W) 

and Summer (S).  There are also differences between the tissues and the co-products 

that originate from them.  For example, MBL LCP is the liquid pressed from peeled, 

milled stipe and MBL SCP is the peeled bark material produced by the industrial 

process and SCP is the same material but produced in the laboratory.  From W to S 

there was a small increase of content in MBL SCP, but with MBL LCP there was a 

large decrease. 

Qualitative data (results shown in Table 3.15) only reveals shifts in the relative 

distribution between the fucoidan, laminarin, alginate and ManOH components.  

However, the quantitative data (Table 3.16) gives the total amounts of ManOH, 

fucoidan, laminarin and alginate available in each sample and how these changed 

between the seasons, which reflect the actual shifts in carbohydrate metabolism of L. 

hyperborea. 
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There are various factors that may explain the changes in content noted between W to S.  

L. hyperborea undergoes seasonal changes in metabolism (see Chapter 1, section 

1.5.2.), where focus might be directed towards production and accumulation of specific 

carbohydrates, as laminarin and ManOH as energy sources and storage products in 

Spring/ Summer, when photosynthetic activity is highest [43].  Alginate is also known 

to be more accumulated in Summer [61] and this might be as a consequence of seaweed 

growth and tissue expansion, again due to higher light availability.  These might explain 

the shifts observed, especially in Lamina where accumulation of laminarin, ManOH 

and Alginate in Summer was obvious (Table 3.16).  However, similar seasonal changes 

were not observed for the other tissues and co-products. 

From literature, there is no information available on possible seasonality in fucoidan 

content, particularly in L. hyperborea, but from this work this carbohydrate is 

accumulated in all samples in S rather than in W.  The consensus is that fucoidan is a 

structural carbohydrate in brown seaweed (Ochrophyta–Phaeophyceae) [56, 57], besides 

a role in protection from desiccation [55], so this might mean that the increase in 

fucoidan content in S might be related to growth and tissue expansion of L. hyperborea. 

It must be emphasised that most of the Winter (W) and Summer (S) samples are not 

directly comparable as the seaweeds were harvested differently and came from different 

harvest locations, and, as mentioned before, they are probably from different biotypes 

due to their differences in morphology.  The exceptions are MBL LCP and MBL SCP, 

which were harvested in same place (see Chapter 2, section2.3.1.).  Also, there was no 

control in the age of the samples harvested, as the W and S L. hyperborea specimens 

were different in age, noted through ring count of the stipe.  As a perennial species, this 

will mean that the material will be at different developmental stages (as observed in 

Chapter 2, section 2.4.1.).  Therefore, it is difficult to determine if any changes noted 

are only due to seasonal factors.  Other factors such as seaweed age and geolocation 

might have high impact on this outcome and a next step would be to manage a better 

sampling method to discriminate between these factors. 

However, from an industrial point of view, comparison of W with S results is important 

as it defines the variation in raw material actually available for industrial use.  Using 

beach cast material in Winter comes at lower cost than harvested material but, from our 

data, may have lower yields of desired compounds.  Yet, production is justified due to 

the lower costs compared to harvesting and using higher amounts of raw material and 

may provide equivalent yields.  However, focusing on specific target areas where 
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known high quality L. hyperborea forests grow, such as where the S samples were 

harvested, might be worth the investment depending on on-going costs.  By managing 

these favoured locations sensitively, even though costs due to monitoring the ecosystem 

for impacts of harvesting activity may be higher, could bring more consistent raw 

material quality compared to storm-cast material.  This is important, especially if the 

intent is to diversify production and carry out multi-step extractions with secondary 

streams of product development from a primary stream of production. 

Although the considerable content of alginate and laminarin attributed to L. hyperborea 

is well documented [61, 102, 117, 194, 195], together with its potential capacity to 

exude fucoidan [115], this work is the first to explore and produce profiles of fucoidan 

content from different geolocation and tissues of L. hyperborea and from different 

seasons, indicating fucoidan content might vary in the whole seaweed. 

 

3.4.4. Fucoidan diversity in Laminaria hyperborea suggests an important role in 

cellular communication and regulation in seaweed 

 

This work suggests that the quantity and composition of fucoidans may be influential in 

deciding which tissues or co-products could be targeted for further exploitation to 

enhance value.  Qualitative profiles of their putative fucoidans were obtained (Table 

3.17, defined as monosaccharides not associated with alginate or laminarin) and this 

highlighted variation in potential fucoidan content and structure within the different 

tissues and co-products from different seasons. 

There were notable differences between the putative fucoidans in the polysaccharide 

fractions and the H2O fractions.  Xyl, Gal and Man content of all samples was low 

except in MBL SCP and SCP (Table 3.17).  Also, GalUA was not detected in the 

polysaccharide fractions but was detected in high levels in H2O fractions of most 

samples except W MBL SCP and W Stipe (Table 3.17).  Rha, which was a trace 

component in polysaccharide fractions, was as abundant as GlcUA in some S H2O 

fractions but was only a trace component in W samples (Table 3.17). 

As both the W and S samples of MBL LCP and MBL SCP originated from same 

location, this allows direct comparison of fucoidan composition.  Interestingly, in the 

polysaccharide fraction of MBL LCP, although Fuc, Xyl and Rha content remained 

fairly constant, there were big shifts in GlcUA content (loss of 23 % and gains of 9 % of 

Gal and 13 % of Man content) (Table 3.17).  The H2O fraction of S MBL LCP had a 
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totally different polysaccharide composition composed only of uronic acids, mainly 

GlcUA (81 %) and GalUA (19 %).  Indeed with no fucose content, it is difficult to think 

of this as a fucoidan, and its function and structure is not known (Table 3.17).  From W 

to S, MBL SCP polysaccharide fractions remained stable in their composition only 

showing changes in Man and Rha and a loss of some Xyl content (Table 3.17).  On the 

other hand, MBL SCP H2O fractions have a different composition.  In W, Gal was the 

dominant component, followed by Fuc and then GlcUA and Xyl and no GalUA was 

detectable (Table 3.17).  In S, Fuc became dominant, increasing by 5 %, followed by 

GlcUA (8 % increase) and GalUA increased, making up 7 %.  There were losses of Xyl 

and Gal content with Man and Rha content remaining stable (Table 3.17). 

 

 
Table 3.17: Relative monosaccharide composition (%) of L. hyperborea putative fucoidan from the 

polysaccharide and H2O fractions of MBL LCP, MBL SCP, SCP, Stipe and Lamina. 

 

The polysaccharide fractions of W samples of SCP, Stipe and Lamina contained 

different putative fucoidans.  The composition of W SCP fucoidan was very similar to 

W Lamina only differing in GlcUA and Gal (Table 3.17).  W Stipe fucoidan had 

GlcUA as the dominant component followed by Fuc (Table 3.17).  Remaining 
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components of W Stipe fucoidan were similar to W SCP and W Lamina except that 

Man was higher in W SCP and W Lamina (Table 3.17). 

The polysaccharide fractions of S samples SCP, Stipe and Lamina also had differences 

in their fucoidans which do not follow the same patterns noted in the W samples.  S 

SCP fucoidan had the most Man content (25 %) and an equal distribution of Fuc, 

GulUA, Gal and Man (Table 3.17).  The S Stipe fucoidan was mainly composed of Fuc 

and Gal (combined ~ 80 %) and had the highest Fuc content (63 %) compared to S SCP 

and S Lamina fucoidans.  The S Lamina fucoidan was rich in Fuc (57 %) and 

remaining content is well distributed between GlcUA, Gal and Man (Table 3.17). 

SCP, Stipe and Lamina fucoidans from H2O fractions were very different from the 

polysaccharide fractions.  In SCP, the monosaccharide composition was fairly equally 

distributed.  Fuc was dominant followed by GalUA and with S SCP fucoidan having 

more Gal, Man and Rha content.  W Stipe fucoidan was only composed of Fuc and 

GlcUA, with GlcUA dominant, though S Stipe fucoidan was fairly equally distributed 

between all monosaccharides but with GalUA as the dominant component and Gal not 

detected.  Both W and S Lamina fucoidans were dominated by GalUA and mainly 

composed of GalUA, Fuc, and GlcUA although S Lamina fucoidans also had Xyl, Man 

and Rha content. 

The apparent structural diversity of the putative fucoidans in L. hyperborea is an 

intriguing finding.  Particularly those from H2O fractions, as these components probably 

resist precipitation by ethanol due to higher polarity.  This polarity might be related to 

their degree of sulphation which would produce more charged molecules, also capable 

of interacting with cations.  However, the monosaccharide composition could also 

influence their three dimensional structure and bring higher solubility.  Moreover, the 

main inference is that they resist ethanol precipitation as they have lower molecular 

weights.  As mentioned before, the next steps would be to purify these putative 

fucoidans and discover their true monosaccharide composition along with an 

examination of their degree of sulphation and molecular size.  

There is clear evidence that the quality of the fucoidan varies among tissues, but also 

between seasons/ geographical regions (Table 3.17).  The full understanding of brown 

seaweed cell wall composition and functionality is still far from being realised due to its 

complexity (see Chapter 1, section 1.6.1).  Nonetheless, the situation has been changing, 

with rising investment in the seaweed industry bringing considerably more research in 

the seaweed field.  So far, it is understood that the brown seaweed cell wall is composed 
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of a crystalline phase, cellulose and hemicellulose, which is embedded in a matrix phase 

containing alginate and fucoidan, but also laminarin [56, 57].  Also, fucoidan seems to 

play a vital role in osmoregulation of seaweed.  There are canals on the surface of 

Laminaria spp. that exude fucoidan to protect against desiccation when removed from 

water (see Chapter 1, section 1.6.4) [55].  

However, fucoidan may have an important role in maintaining the structural integrity 

and architecture of the cell wall, especially due to its association to Gal, Man and Xyl, 

sugars which are common in plant hemicelluloses which play a supportive role in cell 

wall architecture [56-59].  In a seaweed with such complex morphology as L. 

hyperborea, with different tissues associated to different functions, the cell wall matrix 

needs to be adapted to the functionality of the individual tissues and behave accordingly 

to the local metabolic requirements.  L. hyperborea needs to sustain itself in difficult 

and stressed environments: strong currents, strong wave activity, and the need for 

sustained upward growth to reach the canopy to achieve more light absorption.  It is 

known that this seaweed in environments with greater wave and current stresses will 

have stipes containing alginates richer in GulUA compared to plants of the same species 

from other biotopes that grow without the same constant stresses.  This enrichment in 

GulUA is associated with higher rigidity and strength to endure stresses and it would be 

interesting to see if similar changes were apparent in fucoidan composition. 

Fucoidan is highly species-specific, with structural and bioactivity differences well 

established among fucoidans extracted from different species of seaweed [57, 70, 85, 

179, 196-198].  It is also well known that different fucoidans can be extracted from the 

same seaweed material by applying different extraction and purification methods, which 

influences final fucoidan structure and even its bioactivity [65, 152, 156, 157, 159].  

However, this work has shown that different tissues and co-products can yield different 

fucoidans when the same extraction method is applied.  This leads to the theory that 

there may be a connection between the metabolic activity of a tissue and its function, 

and the type of fucoidan produced in that tissue. 

Between MBL LCP (essentially the internal fluids or juice of the peeled stipe), MBL 

SCP and SCP (two examples of the peeled bark of the stipe), the peeled stipe (Stipe) 

and lamina (Lamina), there were very large differences in the composition of the 

putative fucoidans, which could reveal a considerable range of bioactivities [66, 69-72, 

75, 85, 106, 115, 130, 149, 168, 175, 179, 189, 190, 196, 197, 199-203].  Anticancer/ 

antitumor effects of fucoidans may operate through cell death mechanisms related by 
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upregulation or downregulation of cellular pathways [201, 203].  Indeed, fucoidan can 

reduce tumour expansion through antiangiogenic effects by interfering with the 

regulating mechanisms that modulate vascular formation [175, 200].  Interestingly, it 

can also have the opposite effect and favour angiogenic effects through modulation of 

gene expression [190]. 

Similarly, in vivo studies on immunomodulatory effects of L. hyperborea fucoidans 

show that they might be absorbed from the gut and trigger responses through significant 

simulation of phagocytosis, interleukin-2 expression and increases in specific antibody 

titres, and, from in vitro studies, induced cytokine expression in cultured human 

immune cells and specific metabolites related to immunomodulation pathways [115].  

There are other studies that also report fucoidan immunomodulation activity through 

interaction of various mechanisms [66, 75, 168, 200]. 

Fucoidan is known to produce anti-thrombotic effects through interference in the 

coagulation factors mediated by heparin cofactor II, and other coagulation factors [106, 

196].  It is also known for its antioxidant effects and has potential to modulate oxidative 

and/ or inflammation related issues by playing a role on factors that directly influence 

cell regulation, communication or modulation [66, 69, 70, 130, 149, 202]. 

There is also evidence of potential activity of fucoidan against human pathogenic 

bacteria and viruses [71, 72, 129, 130, 199].  Fucoidan may cause antimicrobial effects 

against bacteria by targeting membrane integrity and cause antiviral effects by reducing 

viral cell infection and not only reducing virus spread but also inducing antibody 

responses in in vivo models.  

All these findings are evidence of the versatile bioactivities that fucoidan can display in 

the biomedical arena.  Depending on its structure (i.e. monosaccharide composition, 

molecular weight, degree of sulphation and consequent structural conformation), 

fucoidan may exert bioactivities related to biological models such as inflammation, 

oxidative stress, immunity, cancer, etc.  It is possible that these biomedical potentials 

arise because fucoidans also play similar signalling roles within seaweeds and function 

in intercellular interaction and cellular transduction.  Their placement in the cell wall 

might express a role that potentially goes beyond cell wall integrity and desiccation 

protection.  

Previously mentioned therapeutic properties of fucoidans, how they have multilevel 

regulation capacity, influencing cascade of events that can go down to gene regulation 

[196], could be a secondary effect due to their role in cellular signal/ factor/ co-factor 
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binding, transport, regulation and metabolic modulation.  Fucoidan might be a key 

component in linking to metabolites and playing a role in seaweed metabolism, 

performing roles homologous to the ones proteins normally demonstrate in animal 

models or in terrestrial plant models. 

So far research has been more focused on the general effect fucoidan could have as a 

therapeutic tool, with observation of the involved chain of events and respective shifts 

that occur when fucoidan is introduced.  Yet, regarding how exactly these therapeutic 

properties occur, which components or cellular structures are involved, still needs to be 

further studied.  But there are already reports on mechanisms which support this 

“protein homologous role” suggested.  There is reported fucoidan anticoagulant activity 

as result of ternary complexes formation with antithrombin III-Xa, and direct binding to 

thrombin [196] and also confirmation, by Surface Plasmon Resonance, of high affinities 

of fractionated fucoidans to heparin binding proteins [189].  In immunomodulation 

effects, there is speculation that fucoidan binds to different receptors: Toll-like receptors 

on dendritic cells, macrophages and other monocytes; to achieve multi-channel and 

multi-level regulation of the immune system [196].  In antiviral studies, fucoidan 

inhibits virus attachment to host cells by interacting with the positively charged domain 

of viral envelope glycoproteins which are involved in virus attachment [196]. 

It is well known that anionic sulphate groups of fucoidans enhance non-specific binding 

to proteins [66] and binding to vascular endothelial growth factors [106].  Their overall 

structure affects the internalisation of low molecular weight fucoidan in human 

umbilical vascular endothelial cells in clathrin‐dependant endocytosis, which enhances 

its bioactivity [189] and influences cellular uptake through membrane fluidity and 

dynamics [189]. 

The different range of putative fucoidan structures (inferred from the different 

monosaccharide compositions discovered in L. hyperborea), Table 3.17, suggests that 

they may perform different metabolic roles in their specific tissues or sections.  It is 

difficult to envisage that all these different fucoidan structures would only be involved 

in roles related to cell wall integrity or desiccation prevention, and perhaps, given the 

complex bioactivites noted in human systems, roles in cell-to-cell interactions or 

signalling within the seaweed tissues are possible.  

Given the commercial potential of fucoidan, future work should continue to be 

developed on finding biomedical opportunities but uncovering the true role, or range of 

potential roles, that fucoidan performs within seaweeds should also be a priority. 
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3.5. Conclusions and future perspectives 

 

This work is the first attempt to examine the carbohydrate and polysaccharide diversity 

of the different tissues and co-products of L. hyperborea integrating seasonality and 

geographical factors.  It has provided a snapshot of the water-soluble polysaccharides 

and carbohydrates available from the different tissues and co-products of L. hyperborea 

at a Winter and Summer harvest. 

The method developed of acid hydrolysis followed by HPAEC-PAD analysis seems 

very promising to continue research on this subject and provide more precise 

information about the true constitution of the polysaccharides in these samples 

especially if the different polysaccharides are purified and assessed independently.  To 

proceed with this strategy, it is fundamental to design extraction methodologies specific 

to the target polysaccharide (e.g. laminarin, fucoidan or alginate) which gives the best 

yield from the tissue/ co-product examined.  This could be integrated in the same multi-

solvent extraction strategy used in this work (see Chapter 2, section 2.3.2.1.) as this 

method removes unwanted components (e.g. phenolics and pigments).  As long as the 

same harvest site is used to obtain the samples and that age of samples is always the 

same or very similar, polysaccharide profiles could be associated to specific biotopes of 

L. hyperborea and allow better understanding of the polysaccharide metabolism 

between different tissues or seasons. 

From an industry perspective, especially regarding MBL’s production scheme, results 

from this work already suggest new directions to focus effort for new products from co-

products already present in the existing alginate extraction stream.  It is clear that MBL 

SCP could be interesting for fucoidan extraction, where, despite low yields found (1.94 

– 3.09 mg g-1 DW), the high apparent % fucoidan content could make purification 

simpler.  MBL LCP also provides an opportunity for fucoidan and ManOH recovery 

especially the H2O fraction which had high yields of ManOH (109.5 mg g-1 DW) and 

one of the highest yields of fucoidan (7.69 mg g-1 DW). 

The simple hot water extraction used in this work proved to be effective in retrieving 

relatively rich fractions of fucoidan from MBL SCP/ SCP, but there might be room for 

enhancement of fucoidan yields with more targeted extraction and purification methods. 

The Lamina also seems to be a promising tissue.  It contained the highest 

polysaccharide content (up to 426.51 mg g-1 DW), especially the S Lamina 

polysaccharide fraction which has potential for both laminarin (up to 192.32 mg g-1 
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DW) and fucoidan (39.85 mg g-1 DW) extraction.  If different fucoidans and laminarins 

are obtained and purified from these samples, they could be screened for bioactivity and 

other functionalities as these would increase their value to MBL. 

Finally, the discovery of the diverse range of putative fucoidans from L. hyperborea 

biomass in this work not only brings the potential for further isolation of valuable 

bioactive agents but also suggests that fucoidans may play specialised functional roles 

in different tissues that go beyond cell wall integrity and protection against desiccation. 
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4.1. Abstract 

 

Brown seaweeds, as demonstrated in Chapter 3, have a complex composition of 

polysaccharides which show great variation between species or even between different 

tissues or co-products of same seaweed.  With the quality of the raw material, L. 

hyperborea, known to vary with season or harvest location, having a quick method to 

assess quality of the raw material might allow adjustments to extraction methods, 

achieve higher efficiency and yields.  Such a quick qualitative assessment of the 

polysaccharide composition of a sample, representative of a harvest batch, or of a co-

product from mid-processing/ extraction would be of major advantage to support 

industry when trying to extract more than a polysaccharide from the same raw material 

but also to assess final product quality by comparing against a desired high quality 

standard. 

Fourier-Transform Infrared Attenuated Total Reflectance (FTIR-ATR) spectroscopy 

can produce spectra of samples, tissues and co-products that can be interpreted and 

compared against spectra of a desired standard to assess quality control.  In addition, 

new antibodies specific for brown algae polysaccharides have been developed, e.g. for 

detection of fucoidan, which could also be used as a quick tool for exploring 

development of extraction strategies to assess the degree of purity through Enzyme-

Linked Immunosorbent Assay (ELISA) methods. 

In this work, FTIR-ATR spectroscopy was explored as potential tool for the quality 

control of native polysaccharide fractions when compared against purified commercial 

samples to try and establish qualitative correlations. 

ELISA methods were tested to understand the feasibility of using antibodies specific for 

fucoidan as quick tools to develop downstream processing methods for purification of 

fucoidan from L. hyperborea. 
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4.2. Introduction 

 

With the findings achieved on previous Chapters, where some of the L. hyperborea 

samples had considerable quantities of fucoidan and laminarin in polysaccharide and 

H2O fractions (Chapter 3), some with considerable purity already (the relative fucoidan 

content of MBL SCP polysaccharide fraction was ~ 78 – 87 %), and that some of these 

fractions had considerable antioxidant activity (Chapter 2), there is interest in exploring 

these as new potential products from the main stream of alginate production of MBL. 

The next step into product development around laminarin and fucoidan from the L. 

hyperborea samples in this work would be the development of purification methods 

specific for these polysaccharides.  However, before this, there is a need to assess 

qualitative analysis that would follow the purification procedures and ideally these 

would be quick and readily accessible techniques.  Fourier-Transform Infrared 

Attenuated Total Reflectance (FTIR-ATR) spectroscopy is a quick assessment tool that 

can be used for seaweed polysaccharides.  It has been used as a promising non-

destructive method of providing qualitative information on dried powdered samples of 

seaweeds or dried extracts from seaweeds [169, 204-207].  Most work has focused on 

red seaweed (Rhodophyta) polysaccharides (especially carrageenan) [205, 206] but 

there has been little work on its potential application in brown seaweed (Ochrophyta-

Phaeophyceae) polysaccharides (e.g. alginate, laminarin and fucoidan). 

Research into the understanding of brown seaweed cell wall complexity has recently 

made new steps as antibodies against brown seaweed polysaccharide epitopes, 

specifically the BAM antibody series supplied from PlantProbes, have been developed 

to target fucoidan epitopes [171, 208].  These seem promising tools that could help 

identify and even quantify fucoidan in extracts and raw materials. 

The objective of this work is to develop methods to rapidly assess the quality of 

polysaccharide samples and would help follow polysaccharide purification and aid 

method development.  For this, FTIR-ATR will be used to understand its viability in 

analysing crude polysaccharide fractions of L. hyperborea, using purified commercial 

standards of alginate, laminarin and fucoidan as comparison sources.  Also, ELISA 

methods with antibodies from BAM series [171] will be applied to identify the 

possibility of using this method as a quick tool for identifying fucoidan in crude 

polysaccharide samples and perhaps follow purification steps. 
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4.3. Methodology 

 

4.3.1. Samples 

 

Samples used for the FTIR-ATR assessment were the polysaccharide fractions of 

Winter (W) and Summer (S) L. hyperborea tissue samples (Stipe and Lamina) and co-

products (MBL LCP, MBL SCP and SCP) (see Chapter 2, section 2.3.2.1., Table 2.1) 

along with some commercial standard samples: fucoidan (Sigma F8190), laminarin 

(Sigma L-9634 Lot 129H3784; Sigma L9634 Lot SLBP4829V) and alginate (Sigma 

A0682). 

For the ELISA assessment, commercially available samples of fucoidan (Sigma F8190 

and Sigma F5631) were used as fucoidan references.  Both samples were from Fucus 

vesiculosus but differed in their purity, product F8190 was ≥ 95 % pure whereas F5631 

was described as crude.  A commercial alginate sample (Sigma A0682) was used to 

assess if the antibodies had any affinity/ cross reactivity with alginate.  The 

polysaccharide fraction of W SCP from L. hyperborea was used as a crude fucoidan 

extract to test ELISA technique efficiency, having a predicted fucoidan content of ~ 80 

% by weight (see Chapter 3, section 3.4.3., Table 3.15). 

 

4.3.2. FTIR-ATR analysis 

 

All freeze-dried polysaccharide fractions were ground to a fine powder and were 

analysed by FTIR-ATR spectroscopy following the standard operating procedures 

(SOPs) in place in the FTIR facilities at The James Hutton Institute, Aberdeen, 

Scotland. 

The methodology applied was the same as in Palacio et al. 2014, where FTIR spectra 

were recorded on a Bruker Vertex 70 FTIR spectrometer (Bruker, Ettlingen, Germany) 

fitted with a potassium bromide beam splitter and a deutroglycine sulphate detector 

[209].  A Diamond Attenuated Total Reflectance (DATR) sampling accessory, with a 

single reflectance system, was used to produce ‘‘transmission-like’’ spectra with 

samples placed directly on a DATR/ KRS-5 crystal, and a flat tip powder press was 

used to achieve even distribution and contact [209].  Spectra were acquired by 

averaging 200 scans at 4 cm-1 resolution over the range 4000 – 370 cm-1 [209].  A 

correction was made to the ATR spectra to allow for differences in depth of beam 
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penetration at different wavelengths, using OPUS software (Bruker, Ettlingen, 

Germany, version 6.0) [209].  The spectra were also baseline corrected and no 

correction was required for water vapour and CO2 as the spectrometer was continuously 

flushed with dry air [209]. 

 

4.3.3. Enzyme-linked immunosorbent assays (ELISA)  

 

The ELISA method was replicated from the ELISA methods of Torode et al. 2015 [171] 

using the same materials and reagents.  Briefly, assays were performed in 96-well 

microtitre plates (Thermo Scientific Nunc MicroWell 96-Well Microplates – 

Maxisorp™) coated with 100 μL per well of antigen in phosphate-buffered saline (PBS, 

137 mM NaCl) overnight at 4°C [171].  Unbound antigen was washed out using tap 

water then 200 μL of blocking solution of 5 % milk powder (MP) (Tesco Instant Dried 

Skimmed Milk) in PBS (MP-PBS) was added per well [171].  After 1 h at room 

temperature (RT), plates were rinsed in tap water and 100 μL of the respective BAM 

Mab hybridoma cell supernatant in MP-PBS was added at desired dilution [171].  The 

BAM supernatants were used at 25-fold dilution, except for BAM1, which was used at 

50-fold dilution to generate equivalent signals [171].  Plates were incubated at RT for 

1.5h, washed with tap water, and then incubated with secondary antibody [rabbit anti-rat 

IgG, whole molecule, coupled to horseradish peroxidase (HRP)] at a dilution of 1:1000 

for 1.5h and at RT [171].  Plates were washed in tap water, and antibody binding was 

detected by the addition of 150 μL per well of HRP substrate [0.1 M sodium acetate 

buffer, pH 6.0, 1 % tetramethyl benzidine and 0.006 % (v/v) H2O2] and allowed to 

develop for 5 min before the reaction was stopped by the addition of 30 μL 2.5 M 

H2SO4 [171].  The absorbance (Abs) at 450 nm was read using a microtitre plate reader 

(Thermo Labsystems Multiskan Ascent). 

The BAM Mab hybridoma cell supernatants used are rat monoclonal antibodies that 

were derived subsequent to immunisation with a neoglycoprotein immunogen, prepared 

by coupling of fucoidan (Sigma-Aldrich F5631) to bovine serum albumin (BSA) by 

activation with 1-cyano-4-dimethylaminopyridium tetrafluroborate (CDAP).  These 

were produced by PlantProbes (Paul Knox Plant Cell Wall Biology Lab, University of 

Leeds) [171] and from the range of BAM antibodies available, BAM1 and BAM2 were 

selected for this work as these have been determined to be fucoidan specific 

independent of the existence of sulphation [171]. 
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A commonly used experimental design is shown in Fig. 4.1.  Each assay was done in 

duplicate for each dose of the samples tested (fucoidan, alginate and seaweed sample) 

and repeated at least three times.  A range of quantities between 2 – 20 µg of antigen 

was used to coat the wells.  Besides individual components, mixes of samples were also 

tested (e.g. fucoidan F8190 + alginate A0682) to check for interference in detection as 

these polysaccharides would be present in most crude brown seaweed extracts.  These 

were produced by adding one component to the well at a time and were alternated by 

row, for example, in one row, fucoidan would be first added to the well and, in the 

following row, alginate would be added first.  In these mixes, the fucoidan sample 

followed the range of concentrations between 2 – 20 µg, but alginate quantity was 

maintained at 10 µg in all wells.  The blank was the average of absorbance readings 

obtained from the uncoated wells that went through all the same steps as the antigen 

coated wells, from antibody addition to HRP substrate + H2SO4 development. 

 

 
 

Fig. 4.1: General experiment design of the ELISA assay.  Positive control (fucoidan F8190);  Negative 

control (alginate A0682);  Mixed polysaccharides: Row E – Fucoidan added first (F + A); Row F – 

Alginate added first (A + F);  W SCP crude polysaccharide extract;  Blanks (white colour); Range of 

concentration for antigen starts from 20 µg in wells from column 1 and dilution is reduced by 2 µg in 

each well until reaching final 2 µg in wells in column 10. 
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4.4. Results and Discussion 

 

4.4.1. FTIR-ATR spectroscopy analysis 

 

The FTIR-ATR spectra obtained were organised and prepared using the Thermo 

Scientific OMNIC™ FTIR Software.  

 

 
Fig. 4.2: FTIR-ATR spectra: A – W samples and co-products; B – W SCP and W MBL SCP against 

Alginate and Fucoidan. 
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When the FTIR spectra from W polysaccharide fractions of MBL LCP, MBL SCP, 

SCP, Stipe and Lamina were overlaid (Fig. 4.2A) it was clear that although each 

sample has its own spectra, they shared the main peaks at ~ 1600, 1400, 1250 and 1050 

cm-1 but with differences among the intensity of the signal.  The exception was W MBL 

SCP spectra which had a major absorbance at 1100 cm-1 and a sharp peak at 660 cm-1 

which was not seen in other samples. 

The polysaccharides from W MBL SCP and W SCP were previously shown to be 

putatively rich in fucoidan and to contain alginate (86.91 and 82.23 % fucoidan and 

4.01 and 9.34 % alginate respectively; see Chapter 3, section 3.4.3., Table 3.15).  

Therefore, these were compared to commercial samples of alginate and fucoidan (Fig. 

4.2B).  However, it was not easy to attribute peaks from the samples to the ones found 

in commercial samples.  W MBL SCP and W SCP share some of their main peaks with 

ones found in the alginate spectra (at 1600 and 1400 cm-1).  These peaks have higher 

intensity in the W SCP spectra peaks than that from the W MBL SCP sample (Fig. 

4.2B).  This fits with the higher predicted alginate content of the W SCP polysaccharide 

over the W MBL SCP sample. 

W SCP also has considerable absorbance peaks at ~ 1200, 1050 and 800 cm-1 which 

were not shared with the W MBL SCP sample.  The peak at 1050 cm-1 was found in the 

fucoidan commercial sample, but those around ~ 1200 and 800 cm-1, were neither found 

in alginate or fucoidan commercial samples used (Fig. 4.2B).  On the other hand, W 

MBL SCP had absorbance peaks at ~ 1100 and 600 cm-1 that were not shared with W 

SCP but were present in the fucoidan standard (Fig. 4.2B).  The predicted enrichment in 

fucoidan in MBL SCP and SCP was not apparent in the FT-IR spectra.  This may be 

due to the overlaying of absorbances due to alginate or possibly other materials (e.g. 

protein) which would not be detected by the acid hydrolysis and HPAEC method. 
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Fig. 4.3: FTIR-ATR spectra: A – W Stipe and W Lamina against Fucoidan, Laminarin and Alginate; B – 

W Lamina against Laminarin. 

 

The W Stipe and W Lamina polysaccharide samples gave very similar spectra, to the 

point where they could almost be overlaid, with main peaks at ~ 1600, 1400, 1250, 

1025, and 800 cm-1 which only differed in the intensity of the signal or distortion of the 

peak (Fig. 4.3A).  These spectra also had strong absorbance (i.e. ~ 1600 and 1400 cm-1) 

in common with alginate but these were also present in the laminarin spectra (Fig. 4. 

3B).  Therefore, it is difficult to assign absorbance peaks to the presence of either 

alginate or laminarin.  
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Fig. 4.4: FTIR-ATR spectra: A – W Stipe against S Stipe with Alginate; B – W Lamina against S 

Lamina with Laminarin (Lot 129H3784 and Lot SLBP4829V). 

 

The effect of seasonality was also examined.  When the spectra from W Stipe and S 

Stipe polysaccharides were compared, it was notable how similar they were to each, but 

also to the alginate spectra (Fig. 4.4A).  However, both the Stipe samples had a peak at 

~ 1250 cm-1 which was not seen in the alginate spectra together with a region between 

750 – 400 cm-1 that was also different from the alginate spectra (Fig.4.4A).  Also, the S 

Stipe polysaccharide sample had greater intensity in the region around 1250 cm-1 

compared to the W sample (Fig. 4.4A).  The absorbance in the area between 750 – 400 

cm-1 was also higher than the alginate. 



Chapter 4 – Using FTIR-ATR Spectroscopy and ELISA techniques for qualitative assessment of brown 
seaweed polysaccharide samples 

140 
 

The W and S Lamina spectra were similar to the spectrum from one laminarin standard 

(Fig. 4.4B), but laminarin L-9634 gave a different spectra with a maxima around 1150 

cm-1 and a sharp peak around 610 cm-1 which were not apparent in the other laminarin 

standard.  It is intriguing that the same commercial product derived from same raw 

material (Laminaria digitata) but from different production batches yielded such 

different spectra (Fig.4.4B).  Between W and S Lamina, the W Lamina spectrum had 

higher signal intensity in most areas but particularly around 1600 and 1400 cm-1, which 

may reflect the higher alginate content noted for the W over the S sample (Fig.4.4B). 

Spectra from W and S MBL SCP were compared with W and S SCP to check 

similarities between their spectra but also understand differences due to season (Fig. 

4.5).  The first observation was the similarity between W and S SCP spectra which had 

all the same maxima except that absorbances in regions ~ 1600 – 1300 and ~ 850 – 400 

cm-1 were more intense in W SCP.  However, W and S MBL SCP were very different, 

with the W spectra having maxima at ~ 1100 cm-1 compared to ~ 1000 cm-1 for the 

other samples.  W MBL SCP also had much lower intensity across most of the other 

peaks and had a very sharp peak at ~ 600 cm-1.  This strongly suggests that the W MBL 

SCP sample was different from S sample and from the laboratory produced SCP 

samples. 

The intention of subjecting samples to FTIR spectroscopy was to test if this method 

could provide quality control tests of raw material or mid-process products that allowed 

the better understanding of their quality without the use of expensive and destructive 

hydrolysis techniques.  This would allow monitoring of material quality through the 

industrial processing, allow tweaking of the procedures and assist with multi-extraction 

processes to retrieve the most value from the raw material.  

The FTIR spectra of the W samples of L. hyperborea showed that they all had their 

specific spectra, but they often differed in intensity of particular absorbance regions 

(Fig.4.2A).  From Chapter 3, this could be expected as these polysaccharide samples 

from different tissues and co-products were generally composed of different amounts of 

the same three major components, alginate, fucoidan, and laminarin. 

It was difficult to relate the qualitative polysaccharide profiles obtained in Chapter 3 to 

specific absorbances in the FTIR-ATR spectra.  From the composition data obtained in 

Chapter 3, W MBL SCP and W SCP had very similar profiles.  Yet, their FTIR spectra 
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Fig. 4.5: FTIR-ATR spectra: W SCP, S SCP, W MBL SCP and S MBL SCP. 

 

were very different (Fig. 4.2B).  On the other hand, W Stipe and W Lamina gave 

different polysaccharide profiles, but they had similar FTIR spectra.  Furthermore, W 

Stipe was predicted to contain a considerable proportion of fucoidan (~ 64 % total; see 

Chapter 3, section 3.4.3., Table 3.15) but its FTIR spectrum did not show any clear 

matches with the absorbance peaks in the standard fucoidan spectra (Fig. 4.3A).  Of 

course, there were similarities in the FTIR spectra of the standard polysaccharides as 

they contain similar C-O, C-C, C-H and O-H bonds which will absorb at similar 

wavenumbers (see Chapter 1, section 1.6., Fig. 1.13, 1.15 & 1.16 for molecular 

configurations).  This was clearly seen in the spectra of alginate and laminarin (Lot 

129H3784) (Fig. 4.3A). 

W MBL SCP yielded very different spectra (Fig. 4.5) to S MBL SCP, W SCP or S 

SCP, which were more alike.  This difference may be related to the storage of the W 

MBL SCP before processing and analysis and the possibility that it has degraded due to 

endogenous microbial action.  This is discussed in more detail in Chapter 6, section 6.4.  

Also, the higher intensity in signal in the spectrum of W SCP compared to S SCP (Fig. 

4.5) could be associated with the higher proportion of fucoidan predicted in W SCP.  

However, it was difficult to associate this increased intensity to specific spectral 

maxima of the fucoidan standards (Fig. 4.2B). 

Nevertheless, there was a clear similarity between the FTIR spectra of W Stipe and S 

Stipe with alginate (Fig. 4.4A), which might be expected since the predicted profiles 
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from Chapter 3 suggested a considerable quantity of alginate (8.85 and 5.84 % 

respectively) in these samples.  There was also an interesting observation where the 

peak at ~ 1250 cm-1 was much more intense in S Stipe than W Stipe (Fig. 4.4A), 

perhaps suggesting an increase in one component from W to S.  An increase in fucoidan 

content and decrease of alginate content was observed from W to S (Chapter 3).  

However the FTIR spectra showed no decrease in peaks associated with alginate but the 

increase in the peak at 1250 cm-1 (Fig. 4.3A) could be associated with a similar peak in 

the spectra of the fucoidan standard, sometimes assigned to a stretching vibration of the 

S–O bonds of sulphate groups [154]. 

Also, the FTIR spectra of the W and S Lamina samples showed considerable similarity 

with the laminarin standard L9634 (Lot SLBP4829V) (Fig. 4.4B) which is in line with 

the high proportion of laminarin predicted in these samples (Chapter 3).  Once again, 

there seemed to be a mismatch between the intensity of signal and the predicted 

polysaccharide profile.  The FTIR spectra from W Lamina had stronger absorbance 

signals throughout its spectra than S Lamina even though S Lamina had much higher 

predicted laminarin content (65.43 vs 85.14 %).  It should be noted that the laminarin L-

9634 (Lot 129H3784) standard gave a different spectra which did not closely match 

those of W and S Lamina polysaccharide fractions (Fig. 4.4B).  The reason for these 

spectral differences is unknown but it highlights that different batches of the same 

products (Sigma laminarin L9634), from same raw material (Laminaria digitata) can be 

sufficiently different to cause these issues.  The need for consistent standards is one of 

the drawbacks of the FTIR approach. 

In summary, using FTIR-ATR spectra as a way of following quality, through only 

comparing against purer commercial products, does not seem to be a successful 

strategy.  Brown seaweeds (Ochrophyta-Phaeophyceae) have a complex mixture of 

polysaccharides which makes it more difficult to interpret the FTIR spectra against 

composition which has been achieved, in part, for red (Rhodophyta) and green 

(Chlorophyta) seaweeds [205, 206, 210].  In some cases, there was a relationship 

between predicted polysaccharide composition and matches with the FTIR spectra of 

standards, e.g. between Lamina samples with laminarin and Stipe samples with 

alginate.  However, the MBL SCP and SCP samples, known to be enriched in 

fucoidan, were not well matched against spectral signals consistent with the standard 

fucoidan.  Also compounds in mixtures such as the polysaccharides in this study may 

provide different signal intensities.  Taking into account that all polysaccharides will 
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absorb at specific regions due to vibrations of their inherent C-C, C-O, C-O-C and O-H 

bonds, this may further obscure of spectral properties specific to particular structures in 

mixtures.  In addition, FTIR may also pick up signals from non-polysaccharide 

components that were not identified by the targeted acid hydrolysis and HPAEC 

method.  If more quantitative data is required, then spectra from set mixes of standard 

components at known concentrations may be constructed and compared with the 

biological samples and further work could be developed in spectral subtraction of 

individual polysaccharides, e.g. by subtracting alginate and laminarin from a sample, 

which could result in enriching the spectra of the remaining fucoidan.  However, this 

would take a considerable time and possibly achieve limited benefits and therefore was 

not attempted given the timescale and scope of this study. 

FTIR spectroscopy could find a more substantial role in following the purification of a 

component through an industrial process by enhancement of specific signals or the 

removal of contaminants.  Indeed, FT-IR spectroscopy has been applied in this 

laboratory to follow the successful extraction of specific components from other by-

products of L. hyperborea by showing diminution of specific signals, such as proteins, 

in the process residue. 

 

4.4.2. ELISA assay using BAM antibodies to assess fucoidan levels in Laminaria 

hyperborea samples 

 

The ELISA assay was first carried out using the BAM1 antibody.  From the absorbance 

readings obtained, no correlation was detected between the concentration of the 

standard fucoidan F8190 and signal intensity (Fig. 4.6A).  There was a low signal 

intensity (< 0.100 AU) which did not increase with increasing concentration of the 

fucoidan up to 20 µg/ well.  However, there was a correlation between the content of 

alginate (A0682) and signal intensity; starting from ~ 0.070 AU at 2 µg and rising to ~ 

0.470 AU at 20 µg/ well (Fig.4.6B). 

For the mixed samples, again no correlation was detected between concentration of 

fucoidan F8190 and signal intensity (Fig. 4.6C) but all samples gave absorbance values 

between ~ 0.170 and 0.270, independent of the increasing F8190 content.  It is notable 

that 10 µg/ well of alginate alone (Fig. 4.6B) gave an absorbance of ~ 0.25 – 0.30.  This 

suggests that the presence of the fucoidan up to 2X higher concentrations did not  
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Fig. 4.6: ELISA assay with BAM1 against standard polysaccharides.  Absorbance readings (Abs at 450 

nm) from one representative assay obtained with BAM 1 for Fucoidan F8190 and Alginate A0682, in 

duplicate (red and blue symbols).  The sample mixes in C were ♦ = F + A; ■ = A + F.  The negative Abs 

readings observed in the F8190 assay are the result of the subtraction from the average of all blank values. 
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Fig. 4.7: ELISA assay with BAM1 and BAM2 against standard polysaccharides and W SCP polysaccharide sample.  Absorbance readings (Abs at 450 nm) are from 

representative assays in duplicate red and blue symbols.  F5631 & F8190 = fucoidans;  A0682 = alginate;  Negative Abs readings observed in the F8190 assay are the result 

of the blank subtraction from the average of all blank values. 
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substantially interfere with the signal from the alginate.  These assays were repeated at 

least three times with essentially the same results.  The ELISA was also repeated using 

the standard fucoidan sample F5631, which was the preparation of fucoidan used to 

develop the BAM Mab hybridoma cell supernatants as reported in Torode et al. 2015 

[171].  In this case, there was much stronger response with absorbance of ~ 0.700 at 2 

µg/ well (Fig. 4.7D).  However, there was no increase in absorbance at higher doses up 

to 20 µg/ well of fucoidan F5631 which suggests saturation of response.  At first sight, 

these results suggest that BAM1 has a much higher affinity for the less pure fucoidan 

preparation F5631 than the purer fucoidan F8190 which was produced from the same 

seaweed source, Fucus vesiculosus.  This seems strange, and given the cross reaction of 

BAM1 with the pure alginate preparation A0682 (Fig. 4.6B), this raises questions about 

the specificity of this antibody.  The polysaccharide fraction from W SCP gave a 

similar response to BAM1 but with absorbance reaching between 0.570 and 0.670 but 

again with no correlation between the concentration of W SCP and signal intensity 

(Fig. 4.7E).  However, acid hydrolysis results (Chapter 3, section 3.4.3., Fig. 3.16) 

suggested that this preparation contained considerable amounts of fucoidan but with low 

alginate content.  To test these unexpected results, a new batch of BAM1 was obtained 

and the same assays were run using the same design, but the results obtained were 

essentially the same (results not shown). 

The use of BAM2 was assessed as this antibody was also reported to have affinity 

towards fucoidan [171].  The BAM2 antibody showed very little response to the pure 

fucoidan F8190 with maximum absorbance of 0.100 AU and with no apparent dose 

response (Fig. 4.7F).  This antibody also showed poor reactivity with alginate A0682 

although a dose response was apparent up to 20 µg/ well but with a maximum 

absorbance of 0.170 (Fig. 4.7G). 

The results produced during this work raised some questions about the use of the BAM1 

and BAM2 antibodies to assess fucoidan content in polysaccharide preparations from L. 

hyperborea.  BAM1 showed little reactivity against the pure fucoidan preparation 

F8190 (> 95 % pure) at 2 – 20 µg/ well.  On the other hand, it had considerable cross-

reactivity against the alginate preparation A0682 with increasing amounts from 2 – 20 

µg/ well showing a dose response.  However, BAM1 showed greater specificity against 

the crude fucoidan preparation F5631 (purity not defined) with good responses that 

apparently saturated at 2 µg/ well.  Previous work on specificity suggested that BAM1 

recognised a non-sulphated epitope on the fucoidan molecule as chemical de-sulphation 
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did not reduce binding and cross-reactivity [171].  Fucoidans are dynamic molecules 

and their composition varies between species, tissues, different locations and growth 

stages (see Chapter 3 and Chapter 1, section 1.6.4.).  However, it is difficult to 

understand why BAM1 would not recognise the more purified fucoidan but cross-react 

more strongly with a cruder preparation from the same source.  It seems unlikely that 

the purification of fucoidan would have so altered its inherent chemical structure that it 

lost important epitopes.  It is possible that the antibody has specificity for a non-

fucoidan component of the crude preparation from F. vesiculosus, possibly alginate as 

cross-reactivity was noted (Fig. 4.6C).  Indeed, initial acid hydrolysis has also shown 

that the crude fucoidan sample F5631 (the precursor for the purer F8190 sample) 

contains both mannuronic and guluronic acid arising from alginate (results not shown).  

However, it is possible that the antibody could be recognising another entirely different 

component of the crude fucoidan samples. 

BAM2 also showed no cross reactivity against the pure fucoidan preparation but 

showed a weak reaction with alginate AO682.  BAM2 has been suggested to be specific 

for fucoidan and fucans [171] but appears to be more sensitive to the level of sulphation 

as chemical de-sulphation reduced but did not abolish reactivity, unlike the related 

BAM4 antibody which showed an absolute requirement for sulphation.  Published work 

has used BAM1 and BAM2 antibodies to detect fucan and sulphated fucan epitopes in 

seaweed tissues [208] or even in animal tissues (cephalopods, sponges, and tunicates) 

[211].  As little information is available on the composition of the crude fucoidan 

preparation, further work, beyond this PhD, is required to correlate possible changes in 

fucoidan structure between the crude and purer preparations with their cross-reactivity 

with these antibodies. 

In summary, use of the BAM1 antibody to probe for the presence of fucoidan in 

polysaccharide samples (e.g. from the SCP co-product; Fig. 4.7E) did not provide 

confidence that the positive signals were due to the presence of fucoidan or were 

influenced by alginates or indeed other unknown epitopes.  However, the published 

ELISA procedure was followed very closely and did show the expected cross-reactivity 

with the fucoidan preparation (F5631) used for the original preparation of the 

hybridoma supernatants.  Due to lack of time and contradictory results, this approach to 

follow fucoidan content through the extraction procedures was not taken any further. 
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4.5. Conclusions 

 

In conclusion, FTIR-ATR spectroscopy did not provide the quick and easy comparison 

of polysaccharide composition envisaged.  However, there were some interesting 

possible relationships noted and the spectra produced can be further examined in the 

future to discern other useful information. 

The ELISA techniques developed with BAM1 and BAM2 did not produce the expected 

results necessary to support the goal of this work to provide a quick and easy means of 

following and quantifying fucoidan in the various extracts and co-products from L. 

hyperborea.  Further work is required to define the nature of the epitope recognised by 

these antibodies and validate a reliable detection method. 
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5.1. Abstract 

 

This chapter outlines research carried out to understand the lipid content and 

distribution of fatty acids in tissues and industrial co-products from L. hyperborea.  

Methods were developed to extract total lipid content and analyse the fatty acid 

composition after hydrolysis and trans-esterification using Gas Chromatography with 

Flame Ionization Detection (GC-FID).  Commercial standards were used to identify the 

different fatty acids from all tissue samples and co-products of L. hyperborea from 

different seasons. 

The total lipid content of the samples ranged between 0.23 to 0.80 % DW.  Each of the 

samples had a distinctive fatty acid profile which often differed between seasons and 

geolocation.  All samples were rich in monounsaturated and polyunsaturated fatty acids 

and two fatty acids, gadoleic acid and erucic acid, were identified for the first time in L. 

hyperborea.  The fatty acid profiles suggest that the metabolic pathways of L. 

hyperborea were in concordance with those recorded for microalgae and terrestrial 

plants, but L. hyperborea may have different metabolic pathways that lead to production 

of behenic acid, gadoleic acid and erucic acid.  Moreover, certain fatty acids appeared to 

be tissue specific and in some cases they may be accumulated in response to stresses, 

e.g. higher levels of eicosatetraenoic acid in sample W SCP. 

This work confirmed that the methods applied could contribute towards a better 

understanding of seaweed lipid metabolism.  It also demonstrated the lack of knowledge 

and supported the further need to continue research in this field, particularly on 

uncovering metabolic responses towards the control mechanisms for adaptation when 

subject to environment changes. 
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5.2. Introduction 

 

Lipids are of great importance in living organisms, acting as crucial components of 

cellular membranes and other lipid particles, they play essential roles in cellular 

functions (cellular barriers, membrane matrices and/ or signalling) and they are also 

known to be very dynamic, shifting to comply towards physiological responses [212, 

213].  Lipidomics as a discipline which studies the complex metabolism of lipids using 

analytical chemistry techniques has surged in recent years [212, 213]. 

In algae, lipidomics has been applied among microalgae, mainly on marine diatoms and 

their lipid bioprocessing mechanisms [214-230].  Most research on seaweed is 

commercially driven and lipid research is no different.  Therefore, most effort has been 

directed into the nutritional value of the lipids, mostly free fatty acid content.  Although 

lipid content tends to be low, seaweeds are normally rich in monounsaturated fatty acids 

(MUFA) and polyunsaturated fatty acids (PUFA), which brings value and research 

interest towards known edible seaweeds, due to the potential health benefits from 

consumption of MUFA and PUFA [92, 231-233]. 

This tendency for very low content of total lipids restricted commercial interest in 

exploring lipids from seaweed, however the rising awareness around waste reduction 

has encouraged companies to explore every part of seaweed biomass when it is used as 

raw material in a biorefining facility for production of high value compounds.  This 

means that during mainstream production co-products can occur that might concentrate 

other non-target biochemical components (see Chapter 1, section 1.6.8), which could be 

lipids.  Also, the continued global interest in seaweed as a raw material for targeted 

extraction and the rise of seaweed aquaculture production, has increased the number of 

lipidomic studies to better understand the effects of stress induced metabolic pathways, 

innate immunity and defence against pathogens [213, 224, 234-238].  In seaweed, there 

have been few significant studies into a better understanding of their lipid bioprocessing 

mechanisms and the inherent metabolic roles of some of the lipid components and these 

have been relatively recent [213, 234-238]. 

Laminaria hyperborea is a well-known wild raw material for the biotechnological 

extraction of different target components (see Chapter 1, section 1.1) and specifically 

alginate production is likely to continue for the coming decades.  Besides some work 

fatty acid profiling amongst different tissues of the whole thallus [92, 93, 239], there is 

little known about L. hyperborea lipids, or the possible biological roles of the known 
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fatty acids.  There is also little understanding about the effects of different geolocations 

or even different times of year.  Working with MBL brings an opportunity to explore 

the lipid content of some of the co-products which could reveal potential new value and 

applications for the company. 

The intent of this work is to explore the total lipid content and fatty acid profile of the 

different tissues and co-products of L. hyperborea: lamina, bark (SCP and MBL SCP), 

peeled stipe, and stipe “juice” (MBL LCP) using the samples obtained through the 

MBL harvests of December 2015 and September 2016 as explained in Chapter 2 (see 

section 2.3.2.1., Table 2.1).  To achieve this lipidomic survey, a modified Folch 

extraction method, Dobson et al. 2000 [240], for total lipid extraction was used and the 

fatty acid profiling used a commercially accredited Gas Chromatography procedure.  
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5.3. Methodology 

 

5.3.1. Samples and standards 

 

The main samples from Laminaria hyperborea, tissue and process co-products (MBL 

LCP, MBL SCP, SCP, Stipe and Lamina; see Chapter 2, section 2.3.2.1. Table 2.1) 

from both Winter and Summer were analysed for lipid content.  In particular, the Fatty 

Acid Methyl Ester (FAME) method was used to examine the fatty acid profile of these 

samples.  Reference standards used to identify fatty acid methyl esters (FAME) from 

samples were plasma FAME standard (GLC-68D from Mylnefield Lipid Analysis) and 

fish oil standard (MLA-201-ME from Mylnefield Lipid Analysis). 

 

5.3.2. Total lipid extraction 

 

The lipid extraction methodology used is based on the Folch method [241], referred to 

as one of the standard methods used in seaweed lipidomic studies [213], and as adapted 

by Dobson (2000) [240].  500 mg of sample was measured into 10 glass culture tubes 

and 2 mL of isopropanol [previously heated to 75 °C in a water bath] was added to each 

tube and incubated at 75 °C for 15 min.  Chloroform (CHCl3, 4 mL) was added to each 

tube and incubated in a rack shaker (2000 rpm) at 30 °C for 1h.  After centrifugation 

(3000 rpm, 30 min, room temperature), the supernatant was transferred into a single 

round bottom flask.  The pellet was re-extracted with 6 mL of CHCl3: MeOH (2:1) 

using the same procedure.  The combined solvents were evaporated to dryness on a 

rotary evaporator at 30 °C then re-suspended in CHCl3: MeOH (2:1) and transferred into 

a glass culture tube.  To maximize transfer, this procedure was carried out 3 times with 

a total volume of 8 mL. 

Saline (0.88 % potassium chloride in distilled water; 3 mL), was added to the mixture, 

vortexed and allowed to stand for separation of layers.  The upper aqueous layer was 

aspirated and discarded and MeOH: saline solution (1:1) was added at a quarter volume 

of the lower remaining layer.  After vortexing, the layers separated, the upper aqueous 

layers were discarded and the lower layers recovered into new pre-weighed glass culture 

tubes.  Finally, the chloroform extracts were evaporated to dryness using centrifugal 

evaporation (SpeedVac).  The dried lipid extracts were weighed and 0.5 mL of 
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isohexane containing 50 ppm of butylated hydroxytoluene (BHT) added before storage 

at - 20 °C. 

 

5.3.3. Sulphuric acid-catalysed esterification and trans-esterification for Fatty 

Acids Methyl Ester (FAME) preparation  

 

This methodology was adapted from Christie (1989) and is used for trans-esterification 

of fatty acids [242].  Triplicate lipid samples (2 mg) were weighed into quick-fit test-

tubes and re-suspended using CHCl3 : MeOH (2:1) to fixed final concentrations.  

Replicates A and B contained 0.082 mg of internal standard (IS) trycosanoic acid 

(C23:0) to allow quantification of the detected fatty acids in the samples.  Replicate C 

was processed exactly as A and B but without IS to check that trycosanoic acid was not 

naturally present in the samples. 

Toluene (1 mL) and 2 mL of 1 % sulphuric acid methanol solution were added, gently 

shaken and placed in an incubator at 50 °C overnight.  After cooling to room 

temperature, 5 mL of aqueous sodium chloride solution was added then 2 x 5 mL of 

isohexane.  After shaking, the hexane layers were removed to a new tube.  2 % aqueous 

potassium hydrogen carbonate solution (4 mL) was added and the solution was washed 

through a Pasteur pipette with a cotton wool plug and anhydrous sodium sulphate and 

recovered in a new tube.  The Pasteur pipette was washed with 2 mL isohexane and 

combined in the same vial.  The samples were dried using centrifugal evaporation 

(SpeedVac) at room temperature and re-suspended with isohexane + BHT in the 

proportion of 5 mg mL-1 and stored at - 20 oC. 

 

5.3.4. Gas Chromatography with Flame Ionization Detection (GC-FID) analysis 

 

Gas chromatography (GC) of FAME samples was adapted from del Castillo et al. 2004 

[243] and performed on an Agilent model 6890 gas chromatograph with ChemStation 

software (Rev B.04.03 Agilent, Stockport, UK) for data acquisition using the certified 

laboratory facilities at Mylnefield Lipid Analysis.  FAMEs were separated on a 

capillary column of fused silica coated with CP-Wax 52CB (0.25 mm I.D., 25 m long, 

0.2 µm film thickness; Chrompack UK Ltd., London) using hydrogen, at an initial flow 

rate of 1 mL min-1, as the carrier gas.  Initially the column was maintained at 170 °C for 

3 min, then increased at 4°C min-1 up to 220 °C, and held at this point for a further 15 
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min.  The detector and injector temperatures were at 300 °C and 230 °C, respectively 

and a split ratio of 50:1 was used.  

Instrument performance was monitored using a plasma FAME standard (GLC-68D 

from Mylnefield Lipid Analysis) and FAME were identified by comparison to those in a 

fish oil standard (MLA-201-ME from Mylnefield Lipid Analysis).  Only the duplicates 

with internal standard, A and B, were used to produce both the qualitative and 

quantitative profiles.  FAME composition was expressed as % peak area of individual 

FAMEs over the total FAME areas.  Individual fatty acids were quantified in terms of 

mg g-1 of oil using the n-23:0 methyl ester IS. 
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5.4. Results and Discussion 

 

5.4.1. Lipid and fatty acid content of Laminaria hyperborea samples  

 

The lipid content of Winter (W) and Summer (S) samples is shown in Table 5.1.  All 
data is expressed as an average of duplicate extracts and therefore the standard deviation 

(SD) only reflects the error of the repetition (method). 

 

 
Table 5.1: Total lipid yield (TL) (n = 2) and total fatty acid yield (TFA) (n = 2) of Winter (W) and 

Summer (S) samples of L. hyperborea (MBL LCP, MBL SCP, SCP, Stipe, Lamina), dry weight (DW). 

 

The total lipid (TL) contents ranged between 0.23 to 0.80 % DW.  Co-product MBL 

LCP had the lowest content at 2.94 ± 0.21 (W) and 2.28 ± 0.36 mg g-1 DW (S) and the 

Lamina had the highest content at 7.83 ± 0.65 (W) and 8.03 ± 0.84 mg g-1 DW (S) 

respectively (Table 5.1).  The TL contents of the L .hyperborea samples were very low 

(Table. 5.1) compared to microalgae (192 ± 16 g Kg-1 DW; Chlorella sp.) or other 

marine animals (133 ± 10 g Kg-1 DW; rotifers and 83 ± 4 g Kg-1 DW;  zooplankton) 

[244].  This is not surprising as it is well reported that seaweeds [green (Chlorophyta), 

red (Rhodophyta) or brown (Ochrophyta – Phaeophyceae)] have very low lipid contents 

(1 – 5 %) [92], which are mainly associated with the composition of cell membranes as 

seaweeds tend to store energy reserves through production of polysaccharides [55].  
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Nonetheless, TL contents in this work were lower than Mæhre et al 2014 reported for L. 

hyperborea (TL content of 11.4 – 14.2 mg g-1 DW) [90].  However, although Mæhre et 

al 2014 used a variation of the Folch method for total lipid extraction, they measured 

TL gravimetrically [90].  Also, their sampling of L. hyperborea was different from this 

work which may also contribute to the difference.  They sampled L. hyperborea from 

the coast of Norway and harvested in May or June (2010) and they used the whole 

seaweed (bark, stipe and lamina combined) for lipid extraction [90].  In this work, L. 

hyperborea was harvested in the UK, in December (2015) and September (2016) and 

was sectioned in different morphological samples and co-products.  The time of the year 

of harvest might affect total lipid content as each month will reflect a different phase of 

L. hyperborea metabolic development (see Chapter 1, section 1.5.2.).  Nonetheless, the 

fact that harvesting sites were from different regions of the globe may be more 

important.  As referred before (see Chapter 1, section 1.5.2.), the geolocation of L. 

hyperborea directly influences its metabolic behaviour which is reflected in its 

morphology and this might be the main factor in the different lipid contents.  Although 

the values were lower than total lipid content from Mæhre et al 2014 , they are probably 

representative of L. hyperborea from the UK, more specifically, the West coast of 

Scotland, during September and December. 

Overall, the lipid contents did not differ greatly between Winter and Summer, except for 

the Stipe where the content almost doubled in the Summer.  However, there were 

interesting differences in the TL between the different samples of L. hyperborea.  In 

Winter samples (W), MBL LCP had the lowest content followed by MBL SCP and 

Stipe, which were very similar, then SCP with Lamina having the highest content 

(Table 5.1).  The same tendency was observed for Summer samples (S) except for Stipe 

which had a higher content than SCP, but still lower than Lamina (Table 5.1).  These 

differences may not be solely due to season but also due to how samples were 

harvested.  Samples were obtained as representative sub-samples of two bulk harvests 

from different locations for MBL and had morphological differences (see Chapter 2, 

section 2.3.1. and 2.4.1).  L. hyperborea is known to form very complex biotopes (with 

18 different biotypes in the UK alone which are associated with reported morphological 

differences (see Chapter 1, section 1.5.4.) and might have different metabolic profiles.  

Therefore, it is possible that biotype may substantially influence this difference of TL in 

Stipe.  Few differences in TL were observed in remaining tissues and co-products 

between different seasons.  Repetition of analysis on more and new samples, from same 
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two different harvest points and at same time of the year (September and December), 

would hopefully clarify this subject whether the detected differences in TL were season- 

or biotope-associated.  In any case, this study established that this variation in TL 

content is present in the industrial raw material and subsequent co-products of the 

seaweed material used for the alginate extraction process. 

The total fatty acid (TFA) content (which is the sum of the amounts from all individual 

FAMEs) varied from 0.9 – 4.81 mg g-1 DW or 0.09 – 0.48 % DW with the lowest TFA 

content found in the S MBL LCP (0.09 ± 0.01 %) and highest from S Lamina (0.48 ± 

0.00 %) (Table 5.1).  Generally, the TFA content corresponded to around half of the TL 

content while the rest of the content might be due to different lipid groups (e.g. 

glycerophospholipids, saccharolipids, betaine lipids, pigments, etc.).  Though, MBL 

SCP had a similar TFA content to MBL LCP, it had around double the TL content.  S 

Stipe and S Lamina also had higher TFA content than in Winter, almost double for S 

Stipe.  These shifts obviously suggest a shift between lipid classes depending on the 

tissue or co-product or season analysed. 

The total fatty acid content from previous work on L. hyperborea (see Chapter 1, 

section 1.6.8.) gave a range of values.  Foseid et al. 2017 reported TFA content of 2.57– 

7.42 mg g-1 DW i.e. 0.26 – 0.74 % DW, from stipe and lamina respectively, in material 

harvested in October 2015, Norway [93], Schmid and Stengel 2015 reported TFA 

content values of 0.6 – 1.4 % DW from holdfast/ stipe and lamina respectively 

harvested in May 2013, Ireland) [239].  Ginneken et al. 2011 reported TFA content of 

18.1 mg g-1 DW (1.8 %) from whole seaweed harvested in September/ October 2013, 

France [92].  Both Foseid et al. 2017 and Schmid and Stengel 2015 examined different 

sections of the seaweed, though Foseid used a modified Folch extraction and Schmid 

and Stengel used direct transmethylation of the freeze-dried ground algal biomass [93, 

239].  There are also differences in geolocation, and season and year of harvesting and 

all these factors need to be taken into account as they all may influence in the seaweed 

lipid composition and content. 

In this work, focusing on Stipe and Lamina, depending on harvesting season (W or S), 

the TFA content range of Stipe was similar to that reported by Foseid et al. 2017, but 

Schmid and Stengel 2015 reported almost double that content [93, 239].  Of course, the 

Stipe samples used in this study had the outer bark removed ending up as SCP and 

therefore were different from whole stipe samples of other reported works (see Chapter 
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2, section 2.3.2.).  However, the SCP material had low TFA content and would not 

compensate for these differences if it was added to the Stipe TFA content. 

The TFA content range of the Lamina was ~ 35 % lower than reported by Foseid et al. 

2017 and ~ 65 % lower than reported by Schmid and Stengel 2015 [93, 239].  The 

highest TFA content in this study from S Lamina was also ~ 74 % lower than reported 

by Ginneken et al. 2011 for their analysis of whole thallus samples of L. hyperborea 

[92].  Nevertheless, our results reflect the TFA content and composition of the industrial 

raw material and co-products available in the seaweeds harvested and used for alginate 

extraction (Table 5.2). 

 

5.4.2. Fatty acid profiles of Laminaria hyperborea samples 

 

Almost all FA peaks from L. hyperborea samples could be identified against the 

reference standards (Table 5.2).  Only the peaks ≥ 0.5 % of the whole sample (% Area) 

were considered but if the value was ≥ 0.5 % in only one of the W or S samples then 

both samples were included.  A total of twenty four different fatty acids were identified: 

seven saturated fatty acids (C14:0, C15:0, C16:0, C18:0, C20:0, C22:0 and C24:0), six 

monounsaturated fatty acids [C16:1(n-9), C16:1(n-7), C18:1(n-9), C18:1(n-7), C20:1(n-

11) and C22:1(n-9)] and eleven polyunsaturated fatty acids [C18:2(n-6), C18:3(n-6), 

C18:3(n-3), C18:4(n-3), C20:2(n-6), C20:3(n-6), C20:4(n-6), C20:4(n-3), C20:5(n-3), 

C22:5(n-3) and C22:6(n-3)] (Table 5.2). 

Nearly all FAs reported in this study were previously noted by Ginneken et al. 2011, 

except C16:3(n-3), C16:4 (n-3) and C20:3(n-9) (see Chapter 1, section 1.6.8.).  All FAs 

detected by Mæhre et al. 2014 and Schmid and Stengel et al. 2015, and most of the FAs 

detected by Foseid et al. 2017 were also detected in this work, except C7:0 5-methyl, 

C8:0, C9:0, C10:0, C12:0, C13:0, C14:1 cis-9, C14:1 trans-9, C16:2 cis or trans-7,10 (n-

6), C17:0, C17:1 cis-9 and C26:0; (see Chapter 1, section 1.6.8.) [90, 92, 93, 239].  Both 

Ginneken et al. 2011 and Foseid et al. 2017 used GC-Mass Spectrometry (MS) 

techniques which combined co-chromatography using retention time together with 

library searches for MS properties to identify FAs [92, 93].  This might explain why 

Ginneken et al. 2011 could identify components that were not identified in this work, 

such as C16:3 (n-3) and C16:4 (n-3) (see Chapter 1, section 1.6.8.).  Also using GC-MS, 

Foseid detected other variants (e.g.: C14:0 13-methyl, C20:1 (n-9) and C20:4) not 
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identified in this work (see Chapter 1, section 1.6.8.).  But more importantly, Foseid 

analysed three different fractions produced from the total lipid extract (free fatty acids + 

acyl glycerides/ neutral lipids +polar lipids) [93] while in this work only fatty acids 

were targeted from total lipid extract. 

 
Lipid 

numbers 

 

Common name 

 

IUPAC 

   
C22:6(n-3) Cervonic acid/Docosahexaenoic acid 

(DHA) 
(4Z,7Z,10Z,13Z,16Z,19Z)-docosa-4,7,10,13,16,19-

hexaenoic acid 
C24:0 Lignoceric acid Tetracosanoic acid 

C22:5(n-3) Clupanodonic acid/n-3 
Docosapentaenoic acid (DPA) 

(7Z,10Z,13Z,16Z,19Z)-docosa-7,10,13,16,19-
pentaenoic acid 

C22:1(n-9) Erucic acid (Z)-docos-13-enoic acid 

C22:0 Behenic acid Docosanoic acid 

C20:5(n-3) Timnodonic acid/Eicosapentaenoic acid 
(EPA) 

(5Z,8Z,11Z,14Z,17Z)-icosa-5,8,11,14,17-pentaenoic 
acid 

C20:4(n-3) Eicosatetraenoic acid (8Z,11Z,14Z,17Z)-icosa-8,11,14,17-tetraenoic acid 

C20:4(n-6) Arachidonic acid (5Z,8Z,11Z,14Z)-icosa-5,8,11,14-tetraenoic acid 

C20:3(n-6) Dihomo-γ-linolenic acid (DGLA) (8Z,11Z,14Z)-icosa-8,11,14-trienoic acid 

C20:2(n-6) Eicosadienoic acid (11Z,14Z)-icosa-11,14-dienoic acid 
C20:1(n-
11) Gadoleic acid (Z)-icos-9-enoic acid 

C20:0 Arachidic acid Icosanoic acid 

C18:4(n-3) Stearidonic acid (6Z,9Z,12Z,15Z)-octadeca-6,9,12,15-tetraenoic acid 

C18:3(n-3) α-Linolenic acid (9Z,12Z,15Z)-octadeca-9,12,15-trienoic acid 

C18:3(n-6) γ-Linolenic acid (6Z,9Z,12Z)-octadeca-6,9,12-trienoic acid 

C18:2(n-6) Linoleic acid (9Z,12Z)-octadeca-9,12-dienoic acid 

C18:1(n-7) Vaccenic acid (E)-octadec-11-enoic acid 

C18:1(n-9) Oleic acid (Z)-octadec-9-enoic acid 

C18:0 Stearic acid Octadecanoic acid 

C16:1(n-7) Palmitoleic acid (Z)-hexadec-9-enoic acid 

C16:1(n-9) cis-7-Hexadecenoic acid (Z)-hexadec-7-enoic acid 

C16:0 Palmitic acid Hexadecanoic acid 

C15:0 Pentadecylic acid Pentadecanoic acid 

C14:0 Myristic acid Tetradecanoic acid 

Table 5.2.: Fatty acids identified in L. hyperborea samples (MBL LCP, MBL SCP, SCP, Stipe, and 

Lamina) using GC-FID. 

 

A representative example of a GC-FID chromatogram from the L. hyperborea samples 

is shown in Fig. 5.1.  The chromatogram is compact and some fatty acids were only 

separated by 0.1 min.  A quantitative lipid profile of the Stipe and Lamina samples 

from Winter and Summer are shown in Table 5.3.  All data expressed is an average of a 
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duplicate assay and therefore the standard deviation (SD) only reflects the error of the 

repetition (method). 

 

 
Fig. 5.1: GC-FID chromatogram, replica B, of fatty acids from S Stipe lipid sample. 
 

The GC-FID method used in this work only detected FAs and it was limited to the 

shortest FA C14:0 due to the standard operating procedures used by the Mylnefield 

Lipid Analysis certified laboratory facilities.  Yet, the method allows precise 

identification from retention time and compares against a fish oil reference standard 

with on-going calibration checks of the equipment through another standard plasma 

reference.  As only FA peaks ≥ 0.5 % of the whole sample (% Area) were reported, the 

following FAs could be detected but were not reported and their identification remains 

uncertain: C14:1, C16:1(n-5), C16:1(n-9), C16:2, C16:4, C17:0, C17:1, C20:1(n-7), 

C20:1(n-9), C20:2(n-9), C20:3(n-3), C21:5(n-3), C22:1(n-11), C22:4(n-6), C22:5(n-6), 

and C24:1.  From comparison with previous work [92, 93], it seems that some of these 

unreported FAs may be present in the L. hyperborea FA profile, albeit as very minor 

components. 

This work also identified two new additions to the fatty acid profile of L. hyperborea, as 

fatty acids C20:1(n-11) and C22:1(n-9) have not been reported before.  The FA 
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C20:1(n-11), eicosenoic acid, has not been detected in any seaweed.  C22:1(n-9) has 

been previously reported from red seaweeds (Rhodophyta) [245], and some brown 

seaweeds before [246, 247], but it has not been reported in Laminariales (Ochrophyta-

Phaeophyceae).  Therefore, this study is the first report of both FAs in L. hyperborea or 

Laminariales species.  C16:1(n-9) has been reported before in brown seaweeds 

(Ochrophyta-Phaeophyceae) and green seaweeds (Chlorophyta) [248].  However, as this 

was only found in MBL SCP, it will not be regarded as a new addition to L. hyperborea 

profile due to possible microbial contamination of this sample.  This matter will be 

discussed further. 

 

Lipid numbers 

 Stipe   Lamina 

 W   S   W   S 
 mg g-1   ± SD   mg g-1   ± SD   mg g-1   ± SD   mg g-1   ± SD 

                 
C22:5(n-3)  1.37   0.05   2.78   0.07   4.67   0.04   8.14   0.10 

C22:1(n-9)  0.56   0.05   2.61   0.07   0.56   0.05   4.28   0.02 

C20:5(n-3)  18.21   0.27   27.97   0.38   43.75   0.27   82.86   0.24 

C20:4(n-3)  2.46   0.04   3.45   0.04   1.89   0.01   3.15   0.02 

C20:4(n-6)  101.87   2.27   107.98   1.72   23.79   0.03   48.74   0.10 

C20:3(n-6)  4.35   0.05   4.67   0.15   -   -   -   - 

C20:2(n-6)  2.16   0.04   3.80   0.07   -   -   -   - 

C20:0  3.73   0.07   3.73   0.12   5.08   0.12   6.22   0.11 

C18:4(n-3)  2.27   0.02   2.92   0.02   15.32   0.04   39.91   0.09 

C18:3(n-3)  2.63   0.02   3.14   0.01   16.12   0.02   17.69   0.12 

C18:3(n-6)  2.52   0.07   2.97   0.02   -   -   -   - 

C18:2(n-6)  21.68   0.65   28.43   0.28   19.79   0.09   21.29   0.03 

C18:1(n-7)  -   -   -   -   3.43   0.04   2.16   0.01 

C18:1(n-9)  151.28   4.24   129.21   1.66   91.88   0.83   106.94   0.15 

C18:0  5.24   0.16   3.14   0.57   3.67   0.08   4.66   0.08 

C16:1(n-7)  19.31   0.73   34.79   0.47   33.91   0.12   36.28   0.12 

C16:0  95.85   2.70   91.64   1.05   98.43   1.20   95.62   0.47 

C14:0  17.86   25.2
5   38.34   0.42   41.85   0.59   37.66   0.21 

RT1  -   -   -   -   0.29   0.02   2.79   0.09 

RT4  6.03   0.48   2.47   0.01   -   -   -   - 

RT5  5.73   0.13   1.79   0.01   -   -   -   - 

RT6  5.25   0.62   3.60   0.11   7.09   0.07   13.31   0.06 

RT7  -   -   -   -   2.79   0.01   4.57   0.01 
                 

 

Table 5.3: The fatty acid composition of Stipe and Lamina samples of L. hyperborea (W vs S).  Fatty 

acid content is expressed as mg per g DW of total lipid content.  Unknowns are referred to as retention 

time numbers e.g. RT1. 
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However, bar charts better demonstrate the differences between the FA profiles of Stipe 

and Lamina, including differences between W and S (Fig 5.2).  The Stipe (Fig. 5.2) 

contained 18 identified FAs, with the most abundant being C16:0, C18:1(n-9), C20:4(n-

6), followed by considerable amounts (17 – 38 mg g-1) of C14:0, C16:1(n-7), C18:2(n-

6) and C20:5(n-3), being the rest being < 10 mg g-1.  There were few differences 

between W Stipe and S Stipe (Fig. 5.2) except for C18:1(n-9) which was ~ 20 mg g-1 

lower in the Summer (S) than (W).  C16:1(n-7), C18:2(n-6) and C20:5(n-3) were higher 

in S than W.  The high SD from C14:0 in W Stipe is because this FA was only detected 

in replica A.  There were also three unidentified compounds, RT4, RT5 and RT6, 

which were higher in W than S with RT4 and RT5 almost double in W.  Unidentified 

compounds are assumed to be fatty acid equivalents as they were also detected by the 

GC methodology applied but could not be identified against the standard used (fish oil) 

through comparison of RT. 

The Lamina (Fig. 5.2) contained 16 identified FAs, with the content more spread 

between the different FAs.  Two of its three prominent FAs, C16:0 & C18:1(n-9) but 

not C20:5(n-3), were shared with the Stipe.  Other FAs, C14:0, C16:1(n-7), C18:2(n-6), 

C18:3(n-3), C18:4(n-3), & C20:4(n-6), were present in considerable amounts (16 – 48 

mg g-1) and the rest were < 10 mg g-1.  Between W Lamina and S Lamina (Fig. 5.2), 

C18:4(n-3), C20:4(n-6) & C20:5(n-3) doubled their content, and there was also a small 

increase in C18:1(n-9).  Lamina also contained three unidentified compounds, RT1, 

RT6 and RT7 but contrary to Stipe, their content was higher in S, with RT1 10-fold 

higher and RT6 and RT7 showing double the content.  

The L. hyperborea co-product MBL SCP (Fig. 5.3) contained 21 identified FAs with 

two dominant components, C16:0 (52.3 ± 1.76 – 39.68 ± 0.07 mg g-1 W and S 

respectively) and C18:1(n-9) (59.38 ± 1.88 – 39.15 ± 0.14 mg g-1 W and S 

respectively).  There was a considerable amount (14 – 29 mg g-1) of C14:0, C16-1(n-7), 

C18-1(n-7), C20-4(n-6) and C20:5(n-3) with the remaining FAs at < 10 mg g-1.  

Between W MBL SCP and S MBL SCP, C16:0 and C18:1(n-9) were lower in the 

Summer (reduced by 10 and 20 mg g-1 respectively) whereas C16:1(n-7) increased by 

10 mg g-1.  Nine unidentified compounds were detected: RT4, RT6, RT7, RT8, RT9, 

RT10, RT11, RT12, and RT13.  Most of these had similar levels in W and S, but RT4, 

RT8, RT12 and RT13 were reduced by half in S. 
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Fig. 5.2: Fatty acid profiles of lipid samples from Stipe and Lamina of L. hyperborea (W vs S). 

Fatty acid content is expressed as mg per g DW of total lipid content; C23:0 – Internal Standard 

(trycosanoic acid); RTx – unidentified compounds detected by GC-FID that form ≥ 0.5 % of the whole 

sample in at least one of the seasons. 
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Fig. 5.3: Fatty acid profiles of lipid samples from co-products MBL SCP and SCP of L. hyperborea (W 

vs S).  Fatty acid content is expressed as mg per g DW of total lipid content;  C23:0 – Internal Standard 

(trycosanoic acid);  RTx – unidentified compounds detected by GC-FID that form ≥ 0.5 % of the whole 

sample in at least one of the seasons.  
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From SCP, 19 FAs were identified (Fig. 5.3) with three dominant components, C16:0 

(85.6 ± 2.73 – 74.31 ± 1.64 mg g-1 W and S respectively), C18:1(n-9) (123.86 ± 4.14 – 

103.29 ± 2.39 mg g-1 W and S respectively) and C20-4(n-6) (64.87 ± 2.34 – 53.23 ± 

1.16 mg g-1 W and S respectively).  C14:0, C16:1(n-7), C18:2(n-6), C20:4(n-3) and 

C20:5(n-3) were present in considerable amounts (12 – 53 mg g -1) with the remaining 

FAs at < 10 mg g-1.  The large SD for S SCP C14:0 was because it was only detected in  

replica A.  Between W SCP and S SCP, there was remarkable difference in C20:4(n-3) 

which was present at 53.3 mg g-1 (W) but only at 2.51 mg g-1 (S).  Also noticeable was a 

small reduction in content from W to S for C16:0, C18:1(n-9) and C20:4(n-6).  Four 

unidentified compounds were detected (RT4, RT5, RT6, & RT7), and RT4 & RT5 

were twice as abundant in W, although all were present at low levels (Fig. 5.3). 

The profile of MBL LCP (Fig. 5.4) contained only 12 FAs with three dominant 

components, C16:0 (111.2 ± 17.6 - 120.49 ± 19 mg g-1 W and S respectively), C16:1(n-

7) (103.02 ± 16.36 - 93.06 ± 14.62 mg g-1 W and S respectively), C18:1(n-9) (55.71 ± 

8.79 - 81.35 ± 12.92 mg g-1 W and S respectively).  Considerable amounts (10 – 52 mg 

g -1) of C14:0, C18:1(n-7), C18:2(n-6) and C20:4(n-6) were detected with the remaining 

fatty acids at < 10 mg g-1.  There were no noticeable differences between W MBL LCP 

and S MBL LCP, due to the relatively high SDs of these samples.  The MBL LCP 

samples had very similar FA profiles between Winter and Summer which suggests that 

the tissue is metabolically more stable or the “juicing” process used to form them limits 

their composition.  Indeed, the MBL LCP samples were visually different from the 

other lipid extracts lacking their green coloration. (Fig. 5.5). 

In order, from left to right in Fig. 5.5, a green organic phase was displayed by Lamina 

and MBL SCP but also SCP and Stipe (not shown).  However, MBL LCP had a clear, 

yellow organic phase sample (Fig. 5.5).  Also, Lamina and MBL SCP (including SCP 

and Stipe) had a middle phase where MBL LCP did not (Fig. 5.5). 

Among all L. hyperborea samples, C20:5(n-3), C20:4(n-6), C18:1(n-9), C16:1(n-7), 

C16:0 and C14:0 were the most expressed FAs, with C20:5(n-3) higher in Lamina than 

other samples; with C20:4(n-3) high in SCP; and C18:2(n-6) high in SCP and MBL 

LCP. 

There were tissue or co-product specific and season specific differences between the FA 

profiles observed.  Each of the tissues (Lamina and Stipe) and co-products (MBL 

LCP, MBL SCP, SCP) had their own profile with commonalities and differences 

(Table 5.3, Fig. 5.2, 5.3 and 5.4).  
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Fig. 5.4: Fatty acid profile of lipid samples from co-product MBL LCP of L. hyperborea (W vs S).  Fatty 

acid content is expressed as mg per g DW of total lipid content;  C23:0 – Internal Standard (trycosanoic 

acid);  RTx – unidentified FA compounds detected by GC-FID that form ≥ 0.5 % of the whole sample at 

least in one of the seasons. 

 

 
Fig. 5.5: Photograph of lipid extracts from L. hyperborea samples.  From left to right: Lamina, MBL 

SCP and MBL LCP samples after MeOH:saline solution (1:1) was added and mixture was vortexed (see 

section 5.3.2. of this chapter). The organic phase containing the lipids is the lower phase of the tube. 
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One observation was the differences in the content of individual FAs between the W 

and the S samples.  In Lamina, some FAs [C20:5(n-3), C20:4(n-6), C18:4(n-3) and 

C18:1(n-9)] were considerably higher in W than S with a small increase on the other 

FAs.  Only C16:0 and C14:0 had slightly lower Winter contents.  On the other hand, in 

Stipe only C20:5(n-3), C20:4(n-6), C18:2(n-6) and C16:1(n-7) increased slightly in 

Winter with C18:1(n-9) and C16:0 slightly lower.  For SCP (representative of bark 

from the stipe), there was a small increase in C20:5(n-3) and C16:1(n-7) but reduced 

levels of C20:4(n-6), C18:2(n-6), C18:1(n-9) and C16:0.  Only MBL LCP 

(representative of stipe “juice”) did not express considerable changes, and had stable 

individual FA content levels from W to S. 

Some FAs appeared to be specific for tissues and co-products.  C20:3(n-6), C20:2(n-6) 

and C18:3(n-6) only occurred in Stipe and C18:1(n-7) only occurred in Lamina.  

Furthermore, both samples tended to have higher FA content in S, though the increased 

FA content in Lamina was considerably greater and Stipe also exhibited some losses in 

S FA profiles: e.g. C18:1(n-9).  

MBL LCP had a unique profile compared to the other samples which could be 

expected due the different visual aspect of the sample (Fig. 5.5).  Some FAs (especially 

C16:1(n-7)) were present in at the highest levels in this sample.  The FA profile of 

MBL LCP was also quite stable between Summer and Winter. 

Regarding MBL SCP and SCP, the FAs, C24:0, C22:1(n-9), C22:0, C16:1(n-9) and 

C15:0 were only present in MBL SCP whereas C20:4(n-3), C20:3(n-6) and C18:3(n-6) 

were only present in SCP.  Both MBL SCP and SCP had lower levels of all FAs 

between W and S except for C20:5(n-3) and C16:1(n-7).  In addition, the overall 

content of individual FAs was considerably higher in SCP than MBL SCP, although 

MBL SCP had more identified compounds which reduced their apparent % FA content.   

The profiles in Fig. 5.3 show considerable differences between MBL SCP and SCP.  

The more dominant FAs, C18:1(n-9), C16:0 and C20:4(n-6) were lower in MBL SCP 

compared to SCP and MBL SCP contained a large number of unidentified components.  

MBL SCP and SCP are intriguing as they were produced in the same manner but were 

subjected to different storage conditions.  MBL SCP was produced at the MBL 

premises then stored for a few weeks at 4 ºC before it was transported to the James 

Hutton Institute (Dundee) to be frozen, freeze-dried, milled and stored at - 20 ºC.  SCP 

was produced from stipe in the laboratory, frozen (- 20 ºC) and then freeze-dried as 

soon as it was produced, then milled and stored at - 20 ºC.  It is possible that their 
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differences in FA profiles may be related to the storage of the samples prior to freezing 

and freeze-drying.  Degradation via oxidation may have occurred during storage of the 

MBL SCP sample [249] but alterations by the sample-associated microflora may also 

have occurred. 

Microflora on seaweed surfaces is well known and the bark of the stipe from L. 

hyperborea could be expected to host marine bacteria [250].  The differences in major 

FAs and the large number of unidentified components in MBL SCP may be the result 

of microbial action.  The unknown extra FA-like components detected on this sample 

(RTx) may arise from the action of endogenous microflora on seaweed FAs or be 

microbial FAs.  Storing wet MBL SCP at 4 ºC may slow the activity of this microflora, 

but it may not prevent microbial action on the lipids and other components.  Indeed, 

later metabolomic studies on MBL SCP (Chapter 6) suggest the presence of bacterial 

metabolites not apparent in SCP.  Re-analysing the FA profile of samples of MBL SCP 

stored for different periods and examining the inherent microbiome of the material 

would perhaps give insight on this subject. 

Due to the out of the ordinary results expressed in MBL SCP, they will not be taken 

into account for the next section on the perspective around L. hyperborea lipid 

metabolism (section 5.4.3. of this chapter). 

Although some suppositions could be made about the nature of the unidentified 

compounds (RTx) based on their elution order and neighbouring FAs, further work is 

required to identify them, perhaps using gas chromatography linked to mass 

spectrometry methods to obtain further structural information.  However, it is intriguing 

that RT8 through RT13 were specific to MBL SCP and may possibly arise through 

microbial action.  Also, RT2 and RT3 were only found in MBL LCP and these FAs 

may only become apparent as the “juicing” process to obtain this co-product enriches 

them to detectable levels.  

As the industrial sampling available only provided one bulk sample from Winter (W) 

and another from Summer (S), this means that the results cannot represent the biological 

variation of the seaweeds.  To address biological variation, the sampling procedure 

would require, at least, three random different samples from the whole bulk of W 

harvest season and another three random different samples from the whole bulk of S 

harvest season.  Also, a different sampling strategy would be required to account for the 

different biotypes of L. hyperborea (with different morphologies and possibly different 

metabolic profiles) that might be present at the sampling locations. 
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Yet results from this work are still an estimation of the diversity in lipid content and 

composition from the raw material available to the industrial partner, and representative 

of the L. hyperborea biomass from the West coast of Scotland.  Indeed, this work is the 

first to report the TL content and FA profiles of L. hyperborea across contrasting 

seasons, W and S, and in the different tissues and industrially-relevant co-products. 

 

5.4.3. The fatty acid profiles of Laminaria hyperborea and lipid metabolism 

 

Lipidomics is yet to be widely applied in seaweeds, but recent work among different 

seaweed species is beginning to provide new insights [231, 234-238].  Also, brown 

seaweed (Ochrophyta-Phaeophyceae) are taxonomically close to organisms such as 

diatoms (Ochrophyta-Bacillariophyceae), on which considerable development has been 

already achieved and lipid metabolic pathways were proposed with analogy to terrestrial 

plants and other microalgae [217, 218, 225, 251, 252].  Therefore, studies on lipid 

metabolism in diatoms may deliver considerable information towards FA metabolism in 

brown seaweeds (Ochrophyta-Phaeophyceae), including L. hyperborea. 

A recent review by Jónasdóttir (2019) brings together the consensus around microalgae 

FA biosynthesis and describes how the first steps occur in the chloroplasts as a direct 

result of photosynthesis and where elongation occurs until C14:0, C16:0 and C18:0 are 

formed [253].  These FAs can remain in the cytosolic FA pool or be further desaturated 

and elongated in the endoplasmic reticulum.  In the endoplasmic reticulum, C16:0 and 

C18:0 are converted into C16:1(n-7) and C18:1(n-9) respectively [253].  Then, C18:1(n-

9) is converted to C18:2(n-6) which can enter the n-6 pathway to form 18:3(n-6) and 

can then be elongated and/ or desaturated to C20:3(n-6), C20:4(n-6), C22:4(n-6), 

C22:5(n-6) in order [253]. 

C18:2(n-6) could also enter the n-3 pathway to produce C18:3(n-3) and then be 

elongated and/ or desaturated as follows to C20:3(n-3), C20:4(n-3), C20:5(n-3) and 

C22:5(n-3) [253].  There is also another elongation and desaturation pathway possible 

through the following order: C18:4(n-3), C18:5(n-3), C20:5(n-3) and C22:5(n-3) [253].  

Finally, C22:5(n-3) can be converted to C22:6(n-3) or it can form C24:5(n-3) followed 

by C24:6(n-3) which through oxidation can then produce C22:6(n-3) [253].  All these 

PUFAs will also be part of the FA pool that will be further utilised to form the lipid 

classes (e.g. glycerolphospholipids, saccharolipids, betaine lipids, fatty acyls, etc.) 

[253]. 
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Although a range of different fatty acids are observed in each L. hyperborea sample, 

some are more common, i.e. C14:0 myristic acid, C16:0 palmitic acid, C16:1(n-7) 

palmitoleic acid, C18:1(n-9) oleic acid, and C20:4(n-6) arachidonic acid.  C20:5(n-3) 

eicosapentaenoic acid (EPA) is more expressed in Lamina, with C18:2(n-6) linoleic 

acid has considerable expression in MBL LCP and SCP and C20:4(n-3) 

eicosatetraenoic acid has considerable expression in SCP (Fig. 5.2 – 5.4). 

Interestingly, the common higher levels of C14:0 myristic acid and C16:0 palmitic acid 

may suggest that these are part of the central lipid pool.  C16:1(n-7) palmitoleic acid, 

considerably expressed in some samples, is produced from C16:0 palmitic acid and its 

levels tend to around 1/3 of the levels of C16:0, except in MBL LCP where its 

expression is slightly below (Fig. 5.4).  On the contrary, the levels of C18:0 stearic acid 

were low and it may be directly converted into C18:1(n-9) oleic acid, which was the 

most abundant fatty acid across tissues and co-products (Fig. 5.2 – 5.4).  There was also 

high expression of specific FAs: C18:2(n-6) linoleic acid, C20:4(n-3) eicosatetraenoic 

acid, C20:4(n-6) arachidonic acid and C20:5(n-3) EPA; but with trace expression of 

fatty acids that would be building blocks of these high expression FAs (Fig. 5.2 – 5.4). 

By analogy with the consensus model for algal lipid metabolism [253], it appears that L. 

hyperborea has a n-3 and n-6 metabolic pathway for PUFA biosynthesis which leads to 

accumulation of PUFAs with low levels of intermediate building block FAs.  For 

example, C22:5(n-3) docosapentaenoic acid (DPA) accumulates as the end product of 

an n-3 pathway with low detectable levels of its previous building FAs [C18:2(n-6), 

C18:3(n-3), C20:3(n-3), C20:4(n-3) and C20:5(n-3)] (Fig. 5.2 – 5.4).  In SCP, an extra 

end product of this n-3 pathway is detected, C22:6(n-3) docosahexaenoic acid (DHA), 

specific to this sample and formed from an extra unsaturation reaction (Fig. 5.3).  Also, 

C20:4(n-6) arachidonic acid may be the end product of an n-6 pathway with lower 

levels of its metabolic FA precursors (e.g. C18:2(n-6), C18:3(n-6) and C20:3(n-6); Fig. 

5.2 – 5.4). 

However, there are FAs that do not fit in these pathways: C20:0 behenic acid, C20:1(n-

11) gadoleic acid and C22:1(n-9) erucic acid (Fig. 5.2 – 5.4).  C20:0 behenic acid could 

arise through an extra elongation step from C18:0 stearic acid.  C20:1(n-11) gadoleic 

acid could be produced by a desaturation from behenic acid and C22:1(n-9) erucic acid 

might be an elongation step from gadoleic acid.  There is no known pathway or 

enzymes identified so far from seaweed, microalgae, or in diatoms, that could catalyse 

the metabolic mechanism that delivers these FAs.  Nevertheless, these FAs have very 
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low levels in certain L. hyperborea samples (Lamina, Stipe, SCP and MBL LCP) and 

C20:1(n-11) gadoleic acid is only present in SCP and without C22:1(n-9) erucic acid 

detection (Fig. 5.3).  This may be explained if both gadoleic and erucic acid are 

biosynthesized by independent mechanisms and are products of metabolic specificity of 

the local tissue.  Erucic acid and behenic acid have been found in other known edible 

seaweed species from different taxonomic groups such as Porphyra dioica and 

Chondrus crispus (Rhodophyta), respectively, but always in very low levels (51.63 – 

76.75 mg g-1 of erucic acid) [234, 236].  Behenic acid was also reported in Ulva 

armoricana (Chlorophyta) and Solieria chordalis (Rhodophyta), but also at very low 

levels (0.1 – 0.4 % DW) [233].  Therefore, behenic acid and erucic acid have been 

found across the different three major groups of seaweed (green, red and brown 

seaweeds) [234, 236], yet, gadoleic acid may be more specific for L. hyperborea as it 

has not been reported in previous research.  In any case, the metabolic pathways that 

produce these FAs seem unknown and further work to identify them may be fruitful in 

L. hyperborea. 

It is important to note that if there is an intention to develop products from L. 

hyperborea for human consumption or animal feed, its erucic acid content should be 

monitored as it is a potential health hazard and its recommended dose should not exceed 

0.7 mg kg-1 body weight per day [254]. 

Of the seven different lipid groups referred to be present in seaweed 

(glycerophospholipids, saccharolipids, glycerolipids, betaine lipids, sphingolipids, fatty 

acyls and sterols), the fatty acids analysed in this work could have originated in the 

following five lipid groups: glycerolphospholipids, saccharolipids, glycerolipids, 

betaine lipids and fatty acyls; as sphingolipids have only been identified in red seaweed 

(Rhodophyta) so far [213].  Previous work on brown seaweed (Ochrophyta-

Phaeophyceae) lipids indicates that around half of the content is coming from 

glycerophospholipids (10 – 20 %) and saccharolipids (31 – 56 %) [213].  Yet, 

remaining lipid content can be highly unpredictable with glycerolipids (between 1 – 

59.3 %), betaine lipids (between 7.3 – 96.8 % of polar lipids) and fatty acyls also 

varying considerably in their content, depending on the species and tissue analysed 

[213]. 

Foseid et al. 2018 [93] reported which fatty acids might be distributed among different 

lipid fractions.  They found that C22:0 and C24:0 were not present in neutral lipids 

(triacylglycerols) or polar lipids (glycerophospholipids and betaine lipids) of L. 
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hyperborea stipe nor in the polar lipids of L. hyperborea lamina [93].  Also, C14:1 

trans-9 was not present in both polar lipid and neutral lipid samples of L. hyperborea 

stipe and lamina whereas C22:6(n-3) was not present in the neutral lipid samples of L. 

hyperborea stipe and lamina [93]. 

There were also some noteworthy findings identified which might point towards some 

FA being more tissue specific than others.  C20:3(n-6) was only present in Stipe and 

SCP, both in low quantities; C22:6(n-3) was only present in MBL SCP and SCP, also 

in low quantities; C20:1(n-11) was only present in SCP.  Additionally, Lamina was the 

only sample that did not contain C20:2(n-6); SCP the only sample without C22:1(n-9); 

Stipe the only sample without C18:1(n-7); and both Lamina and MBL LCP did not 

contain C18:3(n-6).  Also, MBL LCP was the only sample where C16:1(n-7) was 

produced in higher levels.  Further work could focus on identifying in which types of 

lipids the FAs tend to be present and their potential biological role. 

In a metabolic perspective, it is hard to assign shifts in the levels of individual FAs from 

W to S due to the different geolocations between the W and S industrial samples (see 

Chapter 2, section 2.3.1.).  Yet, one big difference that could not go unnoticed was the 

high levels of C20:4(n-3) eicosatetraenoic acid from W SCP compared to low levels in 

all other samples. (Fig. 5.3).  Given that the Winter bulk sample was obtained from 

beach cast material, it seems possible that C20:4(n-3) eicosatetraenoic acid might have 

been produced in response to stress.  W SCP is the bark tissue peeled from the stipes of 

Winter sample and is an important tissue that protects the stipe inner tissue from the 

external abiotic and biotic factors.  Interestingly, Küpper et al. 2007 had reported how 

FAs and their oxidized derivatives (oxilipins) in seaweed have a role in plant-pathogen 

interactions, which are analogous to those of microalgae and terrestrial plants, and he 

reported how C20:4(n-6) arachidonic acid was a key FA in triggering an oxidative burst 

in Laminaria digitata [237].  Could it be that C20:4(n-3) has the same homologous 

effect in L. hyperporea? 

The beach-cast Winter sample could have been exposed to more physical damage, 

osmotic stress, light but also to grazer action which could have triggered such a 

reaction.  It also might be produced in response to enhanced microflora colonization.  

From this work it is not possible to identify the specific trigger but this suggests that 

eicosatetraenoic acid in L. hyperborea might be an important FA in stress-induced 

reactions. 
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Lipidomics among diatoms has been revealing how FAs, in particular PUFA, have 

important roles in stress response triggered from biotic factors (grazing) to abiotic 

factors (light, temperature, nutrients) [214, 218, 222, 251].  Similarly, some findings 

were also uncovered with respect to seaweed where biotic factors, such as pathogens 

(bacteria and other endophyte macroalgae), and abiotic factors, such as temperature, 

shifts the FA profiles or particular FAs content, in particular those of PUFA [213, 235, 

237, 238].  But there is also evidence of such profile shift among different tissues of the 

same seaweed or different life cycle stages [234]. 

To clarify if C20:4(n-3) eicosatetraenoic acid really is a stress triggered response from 

L. hyperborea, work should be developed to attempt and identify which trigger factor or 

factors due activate C20:4(n-3) eicosatetraenoic acid production and what metabolic 

mechanisms are also activated with it. 

These findings put seaweed lipids at the centre of seaweed metabolic responses towards 

the control mechanisms for adaptation when subject to environment changes.  

Understanding better these processes could reveal insights into seaweed mechanisms of 

adaptation, especially now with the climate change and ocean warming.  Using L. 

hyperborea, but with better sampling method as mentioned before, among its different 

morphologic life stages and along at least a full year, would bring more information on 

how the FA profiles might change.  The total lipid content could be fractioned and the 

different lipid groups profiled by quantitative mass spectrometry to observe how this 

might change through seasonality, thus bringing a better understanding of lipid 

metabolism of L. hyperborea. 
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5.5. Conclusions 

 

As expected from previously reported in published literature, the L. hyperborea samples 

in this study had low content of TL (0.23 ± 0.04 % - 0.80 ± 0.08 % DW) and, as a 

consequence, TFA was also low (0.09 ± 0.01 % - 0.48 ± 0.00 % DW).  However, the 

FA profiles were rich in mono-unsaturated fatty acids (MUFA) and polyunsaturated 

fatty acids (PUFA).  Mindful of the drive to access the nutritive potential of co-products 

from the alginate industry, these unsaturated FAs have undoubted commercial value and 

MBL might choose to further explore its co-products for their MUFA and PUFA 

content.  However, the low overall yield might make this unprofitable especially when 

other sources, such as microalgae, are richer, with better developed technology that 

make them more easily available and cheaper for this purpose. 

This work brought greater understanding of the lipid content and fatty acid profile of L. 

hyperborea.  Due to the strategies adapted, from sample management to methods of 

analysis and process of results, FA profiles of different tissues and co-products of L. 

hyperborea, which include seasonality, were reported for the first time.  These FA 

profiles suggest potential FA metabolic pathways akin to those suggested for 

microalgae.  Furthermore, two more FAs [C20:1(n-11) and C22:1(n-9)] were detected 

and can be added to the known diversity of the FA profile of L. hyperborea. 
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6.1. Abstract 

 

In this chapter, the aim was to analyse the MeOH fractions of L. hyperborea samples 

using a Hydrophilic Interaction Liquid Chromatography – Photo Diode Array Detection 

– Mass Spectrometry (HILIC-PAD-MS) system to screen for their metabolic 

composition and understand how this differs between different tissues and co-products 

and also between different seasons.  

The method was adapted from plant metabolomic procedures with only slight changes 

to allow seaweed samples to be screened.  Metabolites were putatively identified using 

their MS data and matching with database and literature searches.  The work is the first 

analysis of the metabolic profiles from L. hyperborea and identified a range of known 

and novel components that varied in their tissue and co-product distribution across 

Winter and Summer samples. 
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6.2. Introduction 

 

Seaweed metabolomics is a latent research subject.  So far, most of the knowledge 

around the seaweed metabolome has relied on biochemical studies of seaweeds with a 

commercial utility often related to high value phycocolloids [77, 167, 198, 255-258].  

Yet, little is known on the full profile of carbohydrates between the different tissues of a 

seaweed and also how they change through developmental stages and through 

seasonality.  Thus, the current model of brown seaweed (Ochrophyta-Phaeopheceae) 

cell-wall is not fully understood and only recently new information has led to the 

development of new models [56-59, 208]. 

Use of brown seaweeds as foods extended our nutritional understanding of amino acid 

and mineral composition of potentially edible seaweeds [259-261].  Similarly, the fatty 

acid composition of seaweeds has been examined but mainly as a nutritional end-point 

and also mainly in edible seaweed, and rarely reveals the complexity of lipid profiles or 

how they alter under different biotic/ abiotic factors, at different developmental stages 

or through seasonality [90, 92, 93, 232, 233, 246]. 

Lately, work that established bioactivities amongst seaweeds has led to a focus on the 

characterization and identification of classes or individual putative responsible 

components.  However, little further research has been carried to understand which 

other components could interact with these putative bioactives or the role of these 

components in seaweeds. [135, 140, 247, 262-267].  Potential roles are often theorized 

from their tissue location and the bioactivity registered.  However, research with more 

targeted approaches applied in microalgae has unveiled how microalgal pathways can 

be affected by biotic/ abiotic factors and this has suggested that homologous pathways 

may also be affected in seaweeds, causing similar metabolomic changes [89, 217, 221, 

224, 229].  Studies on seaweed metabolomics have only more recently been published 

[62, 94, 235, 268-270] and there has been a considerable focus on lipidomics [213, 234, 

236]. 

Laminaria hyperborea has been an industrial raw material since the 19th century [16], 

yet the first metabolomic research on this species was published in 1982 which focused 

on understanding carbohydrate metabolism [271].  The continuing interest in the 

commercial potential of L. hyperborea, by companies like MBL, provides the 

motivation to discover new components, material availability, but also to make the best 

use of the harvested wild seaweed biomass while reducing potential waste streams.  
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Therefore, studies to further uncover its metabolome are key to its full commercial 

exploitation.  Also, as a perennial species with a complex morphology that goes through 

different developmental stages over the seasons, it is an interesting candidate to study 

changes in metabolome between different tissues.  Therefore, the aim of this work was 

to use samples of L. hyperborea from different harvest seasons and carry out an 

untargeted study on the general metabolome of its different tissues by applying 

Hydrophilic Interaction Liquid Chromatography – Mass Spectrometry (HILIC-MS) 

techniques.  This will uncover new metabolic components and help build metabolic 

profiles of L. hyperborea tissues across seasons and inform on the biochemical diversity 

of this seaweed available for further valorisation. 
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6.3. Methodology 

 

6.3.1. Samples  

 

The samples used in this work were freeze-dried methanol (MeOH) stock extracts 

produced from the tissues and co-products MBL SCP, SCP, Stipe and Lamina from 

Winter (W) and Summer (S) (see Chapter 2, section 2.3.2.1.).  MBL LCP was not 

fractionated using methanol so there was no MeOH fraction and was analysed as a 

whole. 

Dried samples were re-suspended in a 10 % acetonitrile (ACN) water solution at 1 mg 

mL-1 final concentration.  Samples were ultrasonicated for 5 min and vortexed before 

being centrifuged at 13200 rpm for 5 min (Eppendorf Centrifuge 5415D).  Supernatants 

were then filtered using Mini-UniPrepTM syringeless filter devices, (WhatmanTM PTFE 

Filter Media, 0.45 µm pore size) then transferred to amber HPLC vials for analysis. 

 

6.3.2. Hydrophilic Interaction Liquid Chromatography – Photodiode Array - Mass 

Spectrometry (HILIC-PDA-MS) analysis 

 

HPLC separations were performed using a Dionex U3000 UHPLC system coupled with 

a U3000 photodiode array detector (PDA) and a LTQ-Orbitrap XL mass spectrometer 

(MS) system (Thermo-Fisher Ltd. Hemel Hempstead U.K).  The MS and PDA systems 

were tuned and calibrated according to the manufacturers’ recommended procedures.  

The HPLC was operated at a flow rate of 300 µL min-1 and the column and guard 

column (Sequant ZicP HILIC 150 x 4.6 mm, 5 µm particle size PN 1.50461.0001; 

Sequant ZicP HILIC Guard 20 x 2.1 mm PN 1.50437.0001; Merck Ltd.) were 

maintained at a temperature of 30 oC.  Two solvents were used; solvent A was 20 mM 

ammonium carbonate prepared in HPLC grade water (J.T. Baker, Scientific Chemical 

Supplies Ltd.), and solvent B was HPLC grade acetonitrile (J.T. Baker, Scientific 

Chemical Supplies Ltd.).  Prior to sample analysis, a new HILIC column and guard 

column were conditioned with solvents A and B for a minimum of 40 min at a flow rate 

of 300 µL min-1.  A sample injection volume of 20 µL was employed in full-loop mode.  

Separation was achieved using a linear gradient of 80 – 20 % B from 0 to 30 min, and 

switch from 20 to 5 % B over 30 – 30.01 min and holding at 5 % B from 30.01 – 35 

min.  The column was then re-conditioned back to the starting conditions with a switch 
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from 5 – 80 % B over 35 to 35.01 mins then holding at 80 % B over 35.01 to 45 min.  

Autosampler syringe and line washes were performed with 8:2 HPLC grade water : 

acetonitrile.  The HPLC column eluent was first monitored by the U3000 PDA detector 

where spectra were collected from 200 – 600 nm with a filter bandwidth and 

wavelength step of 1 nm, filter rise time of 1 sec and sample rate of 5 Hz.  Additionally, 

three channel set points were employed: Channel A at 280 nm, Channel B 365 nm, 

Channel C 520 nm; with a bandwidth of 9 nm and a sample rate of 10 Hz.  

The PDA detector eluent was then transferred to a Thermo LTQ-Orbitrap XL mass 

spectrometry system operated under XcaliburTM software (Thermo-Fisher Ltd. UK).  

Mass spectra were collected with a primary full scan event (m/z 100 – 2000) at a mass 

resolution of 30,000 full width at half maximum defined at m/z 400) within the FT 

detector, and a secondary data-dependent analysis MS2 scan for the top 3 most intense 

ions within the LTQ-IT.  Helium was applied as a collision gas for Collision-Induced 

Dissociation at normalised collision energy of 45 %.  A trapping window width of 2 (± 

1) m/z was applied with an activation time of 30 ms and activation Q of 0.25.  Only 

singly charged ions were selected for DDA, isotopic ions were also excluded.  The 

preliminary full scan event within the FT generated 'profile' mode spectral data, whereas 

the LTQ-IT MS2 data were collected in ‘centroid’ mode.  A scan speed of 0.1 seconds 

and 0.4 seconds were applied in the LTQ-IT and FT-MS respectively.  The Automatic 

Gain Control was set to 1 x 105 and 1 x 106 for the LTQ-IT and FT-MS respectively.  

The following settings were applied to the electron spray interface (ESI): Spray voltage 

-3.5kV (ESI-) and +4.5kV (ESI+); Sheath gas 60; Auxiliary gas 30; Capillary voltage -

35V (ESI-) +35V (ESI+); Tube lens voltage -100V (ESI-) and +100V (ESI+); Capillary 

temperature 280oC; ESI probe temperature 100oC.   

The samples were analysed in a completely randomised order as two independent 

analytical blocks respective of ESI positive and ESI negative polarities.  For each 

analytical block, initially three injections of a mixed sample were performed for LC-MS 

system conditioning.  A control blank sample was analysed at the start and end of the 

analytical block. 

MS data in positive and negative mode was obtained using the Thermo XcaliburTM 

software.  The m/z values obtained from the Orbitrap MS were accurate to 4 decimal 

places and were used to obtain predicted molecular formulae for compounds using a 

cut-off of < 5 ppm error.  These formulae were then checked against online databases 

[mainly Pubchem - https://pubchem.ncbi.nlm.nih.gov/; Lipid MAPS - 

https://pubchem.ncbi.nlm.nih.gov/
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https://lipidmaps.org; ChemSpider - http://www.chemspider.com and CHEBI (Chemical 

Entities of Biological Interest) - https://www.ebi.ac.uk/chebi/)] to provide possible 

matches.  The MS2 fragmentation data was used to assess if the putative identifications 

were likely to be valid, e.g. did they contain the expected or reported MS2 fragments.  

Further literature searches were carried out to find if the predicted compounds had been 

previously reported in seaweeds (e.g. Google Scholar and Web of Knowledge) or other 

marine organisms. 

Representative MS traces were obtained from the XcaliburTM software then copied and 

edited in Microsoft Word and Powerpoint to produce figures.  The peak areas for the 

major MS peaks in positive and negative mode were quantified using the QUAN mode 

facility in XcaliburTM.  The peaks were quality checked in each replicate sample and 

subtracted from baseline m/z signals present in the blank runs.  The peak areas were 

exported to Excel, expressed as averages of replicates ± standard error and suitable 

graphs were produced and exported to Word using in-house derived macros. 

 

https://lipidmaps.org/
http://www.chemspider.com/
https://www.ebi.ac.uk/chebi/
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6.4. Results and Discussion 

 

The samples under study were either tissues of L. hyperborea (Stipe and Lamina) or 

industrial co-products derived from the stipe material (MBL LCP, MBL SCP and 

SCP).  The co-products SCP and MBL SCP are the peeled bark from stipe with 

differences in their post processing storage.  The co-product MBL LCP is the pressed 

fluid or “juice” of the peeled stipe.  Sectioning the whole seaweed into different tissues 

(see Chapter 2) gave the opportunity to explore the theory that different tissues of a 

seaweed with such complex morphology as L. hyperborea, will express different 

metabolic activities and these might also change throughout the different seasons of a 

year.  This idea was already confirmed in the analysis of fatty acids and carbohydrate 

profiles in previous chapters (Chapter 3 & 5 respectively). 

For targeted analysis of components such as fatty acids and carbohydrates, there are 

established methods of analysis and literature from previous studies to aid in data 

interpretation.  However, to our knowledge, metabolic profiling of L. hyperborea has 

not been reported before and there is very little background data on the types of 

metabolites likely to be present.  Therefore, this is an exploratory study that adapts 

HILIC-MS based metabolomic methods developed for plant tissues to these seaweed 

samples. 

It is important to state that because this study was made from one industrial bulk sample 

from Winter (W) and another from Summer (S), there is no biological replication.  To 

address biological variation, the sampling procedure would require, at least, three 

random different samples from the whole bulk of W harvest season for the industry and 

another three random different samples from the whole bulk of S harvest season for the 

industry.  Therefore, the results are not strictly representative of L. hyperborea biology 

but only indicative of the variation found between W and S.  Also, the fact that the W 

and S samples were not obtained from same place of harvest (see Chapter 2, section 

2.3.1.) brings the possibility that different biotopes of L. hyperborea were sampled.  

However, the samples illustrate the diversity in raw material available to the industrial 

partner from the West coast of Scotland. 

The dry weight yield of the MeOH fractions and the MBL LCP H2O fraction obtained 

using the extraction method previously detailed (see Chapter 2, section 2.3.2.1.) are 

shown in Table 6.1. 
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Table 6.1: Winter (W) and Summer (S) L. hyperborea samples yields (mg g -1 DW and % DW). 

 

The lowest yield was obtained from the MeOH extract from the W MBL SCP sample 

(10.04 %) and the highest from the S Lamina sample (24.28 %).  Overall, the dry 

weight yields of most MeOH samples increased from W to S with a rise of ~ 4 % for 

MBL SCP, 12 % for Stipe and 8 % for Lamina, whereas SCP decreased by ~ 2 %.  

However, the MBL LCP H2O sample had the highest dry weight yield reaching > 85 % 

in both W and S with only a slight decrease from W to S.  However, this high yield was 

obtained because the MBL LCP co-product was freeze-dried before extraction and its 

original dry weight yield, as a liquid product, was 60.21 g L-1. 

The yield of MBL SCP increased between W and S but SCP did not change markedly.  

Lamina and Stipe had considerable changes with Lamina increasing its yield by 1.5-

fold and Stipe more than doubling.  With higher photosynthetic activity in S, the 

increases in dry matter yield in Lamina and Stipe are not surprising.  Still, it is 

surprising that Stipe had a greater increase than Lamina as one might expect the 

Lamina to be the more photosynthetically-active tissue, accumulating more metabolites 

and energy reserve substances (including laminarin). 

Major peaks could be observed in the MS traces of the samples at specific retention 

times (RT).  These gave m/z values in positive (POS) or negative (NEG) mode and 

their presence differed between the different tissues and co-products and between 

Winter and Summer samples.  To allow comparison of samples, efforts were initially 

focused on comparing the presence of the major MS peaks in the samples.  This 

provided a variety of different metabolites depending on the tissue, season and mode of 
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analysis (NEG or POS).  The following peak lists of putatively identified metabolites 

produced for both POS and NEG modes (Table 6.2 & 6.3, respectively) were compiled 

from the Summer data.  These showed the major metabolites that dominated in specific 

tissues/ co-products and an idea of their distribution.   

Contrary to many LC-MS analyses that employ reverse phase chromatography to 

separate components, Hydrophilic Interaction Liquid Chromatography (HILIC) elutes 

the less polar components first and retains more polar components longer so they elute 

later in the gradient [272].  Therefore, the first eluting peak contained a mixture of 

relatively apolar components which had limited interaction with the HILIC column.  

These included fatty acids (palmitic, oleic and trihydroxy octadecanoic acids), fatty acid 

derivatives such as triadylglycerol and diacylglycerol-phosphocholine and the 

carotenoid, fucoxanthin.  The presence of these apolar components may also be 

influenced by the extraction method as the MBL LCP sample, which was not extracted 

using methanol, had lower levels of these components.  The later eluting, more polar 

components include amino acids, betaines, sugars and organic acids. 
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Table 6.2: L. hyperborea samples putative metabolites in negative mode.  RT – retention time;  m/z [M-

H]- – main mass in negative mode;  MS2 – main fragments;  a – all formula are shown as M-H- forms;  b – 

these are major components in these tissues, but low levels may be present in other tissues;  figures in 

bold are major MS2 fragments;  multiple – more than 6 fragments;  NF – no formula could fitted with an 

error of < 5 ppm. 

 

3.30 819.5 563, 537, 281 819.5272 C47H82NO8P; Diacylglycero-phosphocholine All except MBL LCP
3.67 255 237 255.2326 C16H31O2; Palmitic acid All except MBL LCP
3.67 283 none 283.2637 C18H35O2; Oleic acid All except MBL LCP
3.94 329 311, 201, 199, 181 329.2690 C18H33O5; Trihydroxy-octadecenoic acid All except MBL LCP
4.43 323 291, 263, 247, 223, 221 323.0403 C14H11O9, Unknown SCP
6.38 206 188, 166, 162, 144, 129, 114 205.9946 NF; Unknown All except MBL SCP
8.13 169 151, 125 169.0140 C7H5O5; Gallic acid Lamina
8.90 355 238 355.1615 C17H25NO7; Amino sugar Lamina
9.66 89 71, 59 89.0241 C3H5O3; Glyceraldehyde MBL LCP
10.13 128 84, 82 128.0351 C5H6O3N; Pyroglutamate SCP
10.71 178 116, 61 178.0718 C6H12O5N; Glucosamine/ Kanosamine MBL SCP,  MBL LCP
10.76 327 238 327.1300 C15H21O7N; Riboflavin-like compound Lamina, not MBL SCP
11.11 455 366, 238 455.1880 C32H25O2N; Unknown Lamina
11.29 202 157, 111 202.1797 C8H16N3O3; Glycyl-Lysine Stipe, MBL LCP, Not MBL SCP
11.56 210 62 209.9483 C4H4O6P2; Unknown SCP, MBL SCP

127 none 126.9048 I- ; Iodide All
189 none 188.9049 CH2IO3; Methyl iodate All
381 127 380.7129 I3

-; Tri-iodide All
13.85 181 multiple 181.0712 C6H13O6; Mannitol All except MBL SCP
14.46 217 181 217.0479 C6H13O6Cl; Mannitol HCl All except MBL SCP
14.66 165 121 165.0191 C8H5O4; 1,2-Benzene dicarboxylic acid MBL SCP
15.02 250 232, 188, 134 250.0575 C8H12NO8; Unknown SCP
15.35 117 99, 73 117.0189 C4H5O4; Succinic acid MBL LCP
15.52 317 225, 207, 165 317.0539 C15H11NO7; Unknown All except MBL SCP
15.58 343 181 343.1236 C12H23O11; Mannitol + glucose (maltitol) Lamina
16.42 145 101 145.0139 C5H5O5; Ketoglutarate MBL LCP
16.47 133 115, 71 133.0140 C4H5O5; Malic acid All
18.88 191 173, 101 191.0193 C6H7O7; Citric acid Lamina
20.57 217 173, 137, 97 216.9805 C7H5O6S; Sulphosalicylate All except MBL SCP
21.16 197 153, 125 197.0085 C8H5O6; Dihydroxyterephthalic acid SCP, Lamina
32.04 185 167, 141, 123, 109 184.9676 NF; Unknown All
33.57 161 117, 73 160.9492 NF; Unknown All

RT MS2 Exact mass Formulaa & Putative Identity Tissue distributionbm/z    
[M-H] -

12.72
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Table 6.3: L. hyperborea samples putative metabolites in positive mode.  RT – retention time;  m/z 

[M+H]+ – main mass in positive mode;  MS2 – main fragments;  a – all formula are shown as M+H+ 

forms;  b – these are major components in these tissues, but low levels may be present in other tissues;  

figures in bold are major MS2 fragments;  multiple – more than 6 fragments;  NF – no formula could 

fitted with an error of < 5 ppm. 

 

871.5 811, 593, 533 871.5718 C50H97NO8P; Diacylglycero-phosphocholine All except MBL LCP
838.5 none 838.7050 C54H93O6; Triradylglycerol All except MBL LCP
659 multiple 659.4293 C42H59O6; Fucoxanthin All except MBL LCP
406 multiple 406.1338 C24H39NO4; Unknown All except MBL LCP

3.83 391 multiple  391.2839 C24H37O4; Dihydroxy-pentadecyl-chromone Lamina
4.51 156 58, 83 156.1380 C9H18NO; Isobutyl-piperidone MBL SCP
4.89 288 270, 244, 106, 102, 88 288.2890 C17H38O2N; Heptadeca-sphinganine All
6.73 161 144 161.0919 C6H13O3N2: Dialanine Lamina
7.65 202 146, 102 202.1801 C11H23NO2; 2-Hydroxy-N-(7-methyloctyl) acetamide MBL SCP
7.69 232 173, 144, 85 232.1541 C11H22NO4; Butyryl carnitine MBL SCP
7.78 180 165, 162, 160 180.1018 C10H14NO2; Fusaric acid Stipe
8.58 130 74, 57 130.1586 C8H20N; Methyl heptanamine All except MBL LCP
8.97 150 132, 114, 88 150.1122 C6H16NO3; Triethanolamine All except MBL LCP
9.08 241 196, 168, 144, 128, 84 241.1546 C12H21O3N2; Unknown Not MBL SCP or MBL LCP
9.62 204 158, 134, 117, 88, 71 204.1337 C8H18N3O3; Glycyl-lysine All except MBL SCP
10.11 144 98, 84 144.1014 C7H14NO2; Proline betaine All
10.20 329 312, 311, 240 329.1454 C13H21O6N4; Eisenin (PyroGlu-Glu-Ala) All
10.71 118 59, 58 118.0859 C5H12NO2; Glycine betaine All
10.93 160 143, 142, 100, 90, 71 160.1078 C6H15O2N3; Unknown Lamina, Stipe, MBL LCP
11.11 138 110, 94 138.0545 C7H8NO2; Aminobenzoic acid Lamina, Stipe, MBL LCP
11.29 204 158, 134, 117, 88, 71 204.1337 C8H18N3O3; Glycyl-lysine Not MBL SCP
12.33 116 70 116.0702 C5H10NO2; Proline All
12.58 146 87, 60 146.1171 C7H16NO2; Aminobutyric acid betaine All
12.68 162 103, 102, 85, 60 162.1118 C7H16NO3; Carnitine All
12.96 174 128 174.0756 C7H12NO4; Piperidine dicarboxylic acid SCP
13.83 258 104 258.1096 C12H16O6; Unknown Lamina, SCP, Stipe
14.16 120 102, 74 120.0652 C4H9NO3; Threonine Not MBL SCP
14.30 159 141, 117, 113 159.0762 C6H11O3N2; Hydroxyectoine MBL SCP
14.40 148 130, 102, 84 148.0599 C5H10NO4; Glutamic acid MBL LCP
14.58 212 168, 123, 90, 72 212.0947 C13H11ON2; Penicinoline E SCP, MBL SCP
14.77 146 87, 60 146.1171 C7H16NO2; Butyrobetaine MBL LCP
14.88 147 130 147.0760 C5H11O3N2; Glutamine All
14.93 104 87, 86 104.0702 C4H10NO2; Aminobutyric acid MBL LCP
14.95 130 102, 85, 84 130.0495 C5H8NO3; Pyroglutamate All
15.62 362 238, 196, 183 362.1655 NF; Unknown Lamina
16.36 158 140, 123, 102, 58 158.1537 C9H20NO; N -Propyl hexanamide MBL SCP
20.33 131 114 131.1174 C6H15ON2; Leucinamide All except MBL SCP
21.29 131 114 131.1174 C6H15ON2; Leucinamide All except MBL SCP

RT MS2 Exact mass Formulaa & Putative Identity Tissue distributionbm/z 
[M+H] +

3.42
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A total of 32 major metabolites were noted in the NEG mode data (Table 6.2) and 38 

from the POS mode data (Table 6.3).  It was apparent that some putative metabolites 

were present in all tissues and co-products, others were present in most of the samples 

but others seemed to be exclusive to a specific tissue or co-product.  For example, 6 

metabolites in NEG mode and 9 in POS mode were present in all tissues and co-

products. 

Lamina had the most putative metabolites, 9 in total, specific to a tissue or co- product, 

with 5 in NEG mode and 4 in POS mode.  As the lamina is the main photosynthetic 

tissue in Laminariales, this is not surprising.  As well as being the primary source of 

fixed carbon, the lamina is the major source of storage components (i.e. mannitol and 

laminarin) and the active tissue for reproduction (spore production and dispersal) [35, 

55, 151, 273-276].  The exclusive metabolites for this tissue were gallic acid, a 

proposed amino sugar, mannitol + glucose (maltitol), citric acid and an unknown 

metabolite in NEG mode (Table 6.2), and dihydroxy-pentadecyl-chromone, dialanine, 

leucyl-glycyl-glycine and an unknown metabolite in POS mode (Table 6.3). 

6 putative metabolites appeared to be exclusively present in MBL SCP, 1 in NEG 

mode and 5 in POS mode.  These were 1,2-benzene dicarboxylic acid in NEG mode 

(Table 6.2) and isobutyl-piperidone, 2-hydroxy-N-(7-methyloctyl) acetamide, butyryl 

carnitine, ectoine, hydroxyectoine and N-propyl hexanamide in POS mode (Table 6.3).   

The sample tissue with the next most exclusive compounds was SCP with 4 apparently 

exclusive compounds, 3 in NEG mode, two unknown compounds and pyroglutamate 

(Table 6.2), and 1 in POS mode, piperidine dicarboxylic acid (Table 6.3). 

However, both MBL SCP and SCP only had 2 apparently unique metabolites in these 

two samples, an unknown component in NEG mode, and penicinoline E in POS mode.  

Stipe had only 1 exclusive metabolite, fusaric acid, noted in POS mode (Table 6.3) 

The MBL LCP sample is different and exclusive compounds apparently associated 

with this sample might be more related to its origin as a H2O fraction rather than a 

MeOH extract and be influenced by the different polarity of extractant.  Thus, it is not 

directly comparable with the MeOH fractions of the other tissues and co-products.  

However, some H2O fractions of other samples were also analysed by HILIC-MS and 

these showed similar profiles to the MeOH extracts (results not shown).  In fact, there 

were 6 putative metabolites in NEG and POS mode that were shared among all tissues 

and co-products but were apparently absent in MBL LCP.  Despite this difference, this 

sample shared putative metabolites with all the other tissues in both NEG and POS 
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modes.  Nevertheless, MBL LCP had 6 exclusive putative metabolites, 3 in NEG 

mode, glyceraldehyde, succinic acid and ketoglutarate (Table 6.2), and 3 in POS mode, 

glutamic acid, butyrobetaine and aminobutyric acid (Table 6.3).  

The overall variation of the metabolite profile, between different tissues and co-products 

along different seasons, can be observed through the MS traces displayed in Figs. 6.1 – 

6.8. 

There were clear similarities in the MS traces of W Stipe and W Lamina (Fig. 6.1).  In 

NEG mode, W Lamina had more detectable metabolites, but most were shared with W 

Stipe (mannitol, I-, SulSA, m/z 327 and the two late eluting peaks at RT 32 and ~ 33), 

except the peaks at m/z 145 (Stipe) and m/z 191 (Lamina).  Nevertheless, some major 

peaks were present in higher quantities in W Stipe than W Lamina (mannitol and 

SulSA and the two late eluting peaks at RT 32 and ~ 33).  On the contrary, the m/z 327 

peak was higher in W Lamina but the levels of iodide (I-) were similar in both samples. 

In POS mode, the W Lamina and W Stipe samples showed more peaks than in 

negative mode but also showed similarities, although W Lamina again had more 

detectable metabolites than W Stipe.  All of W Stipe peaks were also present in the W 

Lamina traces.  Fucoxanthin (FX) was much more apparent in POS mode, and this 

preferential ionisation has previously been reported for this compound [277].  

Comparing the MS traces from W Stipe, W SCP and W MBL LCP in NEG mode 

(Fig. 6.2), it becomes clear that many putative metabolites were shared between the 

different tissues and co-products and only varied in their relative levels.  Iodide (I-), 

mannitol, sulphosalicyate (SulSA), α-ketoglutarate (aKG; m/z 145) and the peaks at RT 

~ 32, RT ~ 33 and RT ~ 34 were present in m/z W Stipe, W SCP and W MBL LCP 

(Fig. 6.2).  All of these metabolites were also shared with W Lamina except for the 

peak at RT ~ 34 and aKG (m/z 145) (Fig. 6.1). 
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Fig. 6.1: Comparison of HILIC-MS traces of W Stipe and W Lamina.  Shared MS peaks are denoted by 

retention time.  Certain peaks are denoted with either putative metabolite identifications (e.g. Mannitol or 

abbreviations i.e. FX = fucoxanthin, SulSA = sulphosalicylate and I- = iodide) or their m/z values. 
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Fig. 6.2: Comparison of HILIC-MS traces of W Stipe, W SCP and W MBL SCP (NEG mode).  Shared 

MS peaks are denoted by retention time.  Certain peaks are denoted with either putative metabolite 

identifications or m/z values. 
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Fig. 6.3: Comparison of HILIC-MS traces of W Stipe, W SCP and W MBL SCP (POS mode).  Shared 

MS peaks are denoted by retention time.  Certain peaks are denoted with either putative metabolite 

identifications or m/z values. 
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MBL SCP and SCP are both peeled bark from stipe of L. hyperborea which differed in 

their storage conditions after peeling and therefore could be expected to have similar 

metabolite profiles.  However, differences in their profiles were readily noted (Fig. 6.4).   

In NEG mode, the W MBL SCP sample has a much simpler profile than W SCP, and 

only shared the peaks at m/z 819, m/z 210, iodide (I-), RT ~ 32 and ~ 33.  Notably, the 

peak for mannitol appears to be absent (Fig. 6.4).  Also, a new metabolite with m/z 165, 

was apparent in W MBL SCP but not in W SCP (Fig. 6.4). 

In POS mode, further differences between these two samples were evident.  Again, 

there were more peaks identified in W SCP than in W MBL SCP (Fig. 6.4).  Many 

peaks in W SCP were absent or reduced in W MBL SCP e.g. FX, m/z 204, 116 and 

146/ 162 (Fig. 6.4).  The peak at m/z 118 was increased and a new peak with m/z 144 

became apparent (Fig. 6.4).  Yet, the W MBL SCP profile was dominated by new 

peaks at m/z 143, 159 and 202.  The possible nature of these new metabolites is 

discussed below (Fig. 6.4). 

When S samples were compared against their respective W samples, seasonal 

differences in the metabolic profiles were observed (Fig 6.5, 6.6, 6.7 and 6.8).  When 

looking at Stipe in NEG mode (Fig. 6.5), there was a small drift in retention time but 

overall the major difference was a loss in the variety of peaks observed from W to S, 

though a new compound appeared in S Stipe with m/z 217. 

In Lamina, the NEG mode traces (Fig. 6.5) showed a similar pattern as the Stipe 

samples, with the same peaks observed in both W and S.  However, in S Lamina most 

metabolites were present in higher amounts, but there was one more peak detected at 

m/z 217, which was also noted in the NEG mode S Stipe trace. 

There was considerable variation in the metabolic profile of SCP from W to S in NEG 

mode (Fig. 6.6).  In this case, the W sample had higher levels of all peaks, especially 

the early eluting peak at RT = 3.53 mins.  On the other hand, the traces from MBL LCP 

in NEG mode (Fig. 6.6), there was no great variation of the metabolic profile, which 

suggest that this sample (basically the pressed “juice” from the peeled stipe) may be 

metabolically quite stable from W to S. 
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Fig. 6.4: Comparison of HILIC-MS traces of W SCP and W MBL SCP.  Shared MS peaks are denoted 

by retention time.  Certain peaks are denoted with either putative metabolite identifications or m/z values. 
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Fig. 6.5: Comparison of HILIC-MS traces of Stipe and Lamina between the seasons (W vs S).  Shared 

MS peaks are denoted by retention time.  Certain peaks are denoted with either putative metabolite 

identifications or m/z values. 
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Fig. 6.6: Comparison of HILIC-MS traces of SCP and MBL LCP between the seasons (W vs S).  Shared 

MS peaks are denoted by retention time.  Certain peaks are denoted with either putative metabolite 

identifications or m/z values. 
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MBL SCP showed considerable changes in profile from S to W in NEG (Fig. 6.7) and 

POS mode (Fig. 6.8).  Notably the peak at RT ~ 3.6 found in W MBL SCP was absent 

in S (Fig. 6.7).  Also, peaks with m/z 210 and m/z 165 were more abundant in S MBL 

SCP but were reduced in W (Fig. 6.7).  Iodide (I-) was much more abundant in the S 

MBL LCP sample than W (Fig.6.7).  Curiously, in POS mode (Fig. 6.8), the W and S 

samples of MBL SCP showed the same peaks but the levels were much higher in W, 

especially the peaks at m/z 202, 158 and 130. 

Simple comparisons of the MS traces in both modes (NEG and POS) of the samples 

(Fig 6.1 to 6.8) provided a quick assessment of their different profiles, and between W 

and S.  Using this approach, W Lamina obviously had more m/z peaks than Stipe in 

both NEG and POS mode and not all metabolites were shared between these two 

samples (Fig. 6.1).  Similar differences were observed when W Stipe, W SCP and W 

MBL LCP were compared (Fig. 6.2 & 6.3) and when W SCP and W MBL SCP in 

NEG and POS mode were also compared (Fig. 6.4). 

The traces also showed differences when seasonality was a variable for Stipe and 

Lamina samples (in NEG mode; Fig. 6.5) but also for SCP and MBL LCP samples (in 

NEG mode; Fig. 6.6) and MBL SCP (in NEG and POS mode; Fig. 6.7 & 6.8). 
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Fig. 6.7: Comparison of HILIC-MS traces of MBL SCP between the seasons (W vs S) (NEG mode).  

Shared MS peaks are denoted by retention time.  Certain peaks are denoted with either putative 

metabolite identifications or m/z values. 
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Fig. 6.8: Comparison of HILIC-MS traces of MBL SCP between the seasons (W vs S) (POS mode).  

Shared MS peaks are denoted by retention time.  Certain peaks are denoted with either putative 

metabolite identifications or m/z values. 
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Besides visually comparing the metabolic profiles of the sample through their MS 

traces, the MS data retrieved from the HILIC-PAD-MS runs was also processed and 

peak areas quantified.  The peak areas of the putative metabolites were plotted, and this 

reveals in which tissues the main compounds were detected, with an indication of their 

relative quantity but also the relative levels in W and S. 

In these graphs, the content of putative metabolites are shown labelled by the detection 

mode used (NEG or POS), the RT and name of putative metabolite, or unknown if 

unidentified.  They were also organised by their content in the different tissues and co-

products, but also to illustrate how metabolites changed between W and S (Fig. 6.9 – 

6.17). 

Fig 6.9 shows the following components identified which were mainly present in 

Lamina (although they might be present in small amounts in other samples): m/z 169 

(RT 0773-NEG; gallic acid); m/z 355 (RT 0852-NEG; putative amino sugar); m/z 455 

(RT 1068-NEG; unknown); m/z 343 (RT 1529-NEG; mannitol-glucose); m/z 191 (RT 

1842-NEG; citric acid); m/z 391, 313 (RT 0383-POS; dihydroxy-pentadecyl-chromone 

+ unknown); m/z 161 (RT 0828-POS; dialanine); m/z 246, 388 (RT 0925-POS; 

unknown + unknown) and m/z 362, 354 (RT 1511-POS; unknown + unknown).  Some 

of these components show considerable shifts in levels between W to S and the 

component at m/z 391, 313 (RT 0383-POS; dihydroxy-pentadecyl-chromone; unknown 

compound) appeared to be present as two isomers which are shown as two different 

graphs, showing that one was only expressed in the Summer and the other in the Winter 

(Fig. 6.9). 
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Fig. 6.9: Relative abundance of putatively identified metabolites in different samples between W and S.  

These components mainly occurred in Lamina but were present in smaller amounts in other samples.  

Peaks are ordered by retention time (RT).  Peaks with multiple m/z values may be due to co-elution of 

different components or the formation of in-source fragments from the higher m/z values.  N – NEG 

mode.  P – POS mode. 

 



Chapter 6 – Profiling metabolites from L. hyperborea using HILIC-MS 

202 
 

 

 
Fig. 6.9 continued: Relative abundance of putatively identified metabolites in different samples 

between W and S.  These components mainly occurred in Lamina but were present in smaller amounts in 

other samples.  Peaks are ordered by retention time (RT).  Peaks with multiple m/z values may be due to 

co-elution of different components or the formation of in-source fragments from the higher m/z values.  N 

– NEG mode.  P – POS mode. 
 

 

In Fig. 6.10, components which mainly occurred in MBL LCP are shown: m/z 89 (RT 

0930-NEG; glyceraldehyde); m/z 117 (RT 1529-NEG; succinic acid); m/z 145 (RT 

1588-NEG; ketoglutarate); m/z 148 (RT 1440-POS; glutamic acid); m/z 146 (RT 1477-

POS; butyrobetaine); and m/z 104 (RT 1493-POS; aminobutyric acid).  Also, some of 

these components showed considerable shifts in levels between W to S. 

Fig. 6.11 shows components which were mainly present in SCP, mostly in W except for 

m/z 174.  These were present in other samples, but at much lower levels: m/z 323 (RT 

0490-NEG; unknown); m/z 128 (RT 1009-NEG; pyroglutamate); m/z 871, 639, 406, 

391 (RT 0368-POS; unknown; diacylglycero-phosphocholine; triacylglycerol, 

fucoxanthin); (RT 0368-POS; diacylglycero-phosphocholine); and m/z 174 (RT 1241-

POS; piperidine dicarboxylic acid). 

 



Chapter 6 – Profiling metabolites from L. hyperborea using HILIC-MS 

203 
 

 

 
Fig. 6.10: Relative abundance of putatively identified metabolites in different samples between W and S.  

These components were abundant in MBL LCP but are often present in smaller amounts in other samples.  

Peaks are ordered by retention time (RT).  Peaks with multiple m/z values may be due to co-elution of 

different components or the formation of in-source fragments from the higher m/z values.  N – NEG 

mode.  P – POS mode. 
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Fig. 6.11: Relative abundance of putatively identified metabolites in different samples between W and S.  

These components were abundant in SCP but were also present in smaller amounts in other samples.  

Peaks are ordered by retention time (RT).  Peaks with multiple m/z values may be due to co-elution of 

different components or the formation of in-source fragments from the higher m/z values.  N – NEG 

mode.  P – POS mode. 

 

 

Fig. 6.12 shows components that were mainly present in W MBL SCP: m/z 165 (RT 

1483-NEG; 1, 2-benzene dicarboxylic acid); m/z 156 (RT 0450-POS; isobutyl-

piperidone); m/z 232, 202 (RT 0772-POS; butyryl carnitine + 2-hydroxy-N-(7-

methyloctyl) acetamide); m/z 202 (RT 0794-POS; 2-hydroxy-N-(7-methyloctyl) 

acetamide); m/z 143 (RT 1228-POS; ectoine); m/z 159 (RT 1406-POS; 

hydroxyectoine); and m/z 158 (RT 1774-POS; N-Propyl hexanamide). 
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Fig. 6.12: Relative abundance of putatively identified metabolites in different samples between W and S.  

These components were abundant in W MBL SCP but were often present in small amounts in other 

samples.  Peaks are ordered by retention time (RT).  Peaks with multiple m/z values may be due to co-

elution of different components or the formation of in-source fragments from the higher m/z values.  N – 

NEG mode.  P – POS mode. 
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The compound with m/z 212 (RT 1345-POS; penicinoline E) was mainly detected in W 

MBL SCP and W SCP but was slightly higher in MBL SCP (Fig. 6.13A).  The 

compound at m/z 180 (RT 0778-POS; fusaric acid) was mainly found in W Stipe but 

with low levels in other samples (Fig. 6.13B). 

 

 

 
Fig. 6.13: Relative abundance of putatively identified metabolites in different samples between W and S.  

A: This compound mainly occurred in W MBL SCP & SCP but was present in smaller amounts in other 

samples.  B:  This compound is mostly found in W Stipe.  Peaks are ordered by retention time (RT).  

Peaks with multiple m/z values may be due to co-elution of different components or the formation of in-

source fragments from the higher m/z values.  N – NEG mode.  P – POS mode. 

 

 

In Fig. 6.14, components are shown which were either distributed among all samples or 

are major components of only a few samples, but their common observed behaviour 

was a decrease in content between W and S: m/z 819, 743 (RT 0351-NEG; 

diacylglycero-phosphocholine + unknown); m/z 819, 588, 281 (RT 0351-NEG; 

diacylglycero-phosphocholine + unknown + unknown); m/z 251 (RT 0371-NEG; 

unknown); m/z 255, 277 (RT 0388-NEG; palmitic acid + unknown); m/z 255, 283 (RT 

0396-NEG; palmitic acid + oleic acid); m/z 329 (RT 0404-NEG; trihydroxy-

octadecenoic acid); m/z 133 (RT 1647-NEG; malic acid); m/z 838, 871, 659, 391 (RT 

0342-POS; triradylglycerol + diacylglycero-phosphocholine + fucoxanthin + 

dihydroxy-pentadecyl-chromone); m/z 838, 659, 391 (RT 0352-POS; triradylglycerol + 

fucoxanthin + dihydroxy-pentadecyl-chromone); m/z 130 (RT 0766-POS; methyl 

heptanamine); m/z 150, 130 (RT 0858-POS; triethanolamine  + 
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Fig. 6.14: Relative abundance of putatively identified metabolites in different samples between W and S.  

Components were either distributed among all samples or were major components of only a few samples 

but the common behaviour was a decrease in content from W and S.  Peaks are ordered by retention time 

(RT).  Peaks with multiple m/z values may be due to co-elution of different components or the formation 

of in-source fragments from the higher m/z values.  N – NEG mode.  P – POS mode. 
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Fig. 6.14 continued: Relative abundance of putatively identified metabolites in different samples 

between W and S.  Components were either distributed among all samples or were major components of 

only a few samples but common behaviour was a decrease in content from W and S.  Peaks are ordered 

by retention time (RT).  Peaks with multiple m/z values may be due to co-elution of different components 

or the formation of in-source fragments from the higher m/z values.  N – NEG mode.  P – POS mode. 
 

 

methylheptanamine); m/z 116 (RT 1233-POS; proline); and m/z 184, 212, (RT 1456-

POS; unknown + penicinoline E). 

In Fig. 6.15 components with m/z 217 (RT 1386-NEG; mannitol HCl) and m/z 288 (RT 

0426-POS; heptadeca-sphinganine) were present in all samples and both increased in 

content from W to S, except in MBL LCP were they did not change between seasons. 
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Fig. 6.15: Relative abundance of putatively identified metabolites in different samples between W and S.  

Components are present in all samples and content increase from W and S except in MBL LCP.  Peaks 

are ordered by retention time (RT).  Peaks with multiple m/z values may be due to co-elution of different 

components or the formation of in-source fragments from the higher m/z values.  N – NEG mode.  P – 

POS mode. 
 

 

In Fig. 6.16, components which changed between W to S are shown, but their levels in 

the different tissues/ co-products remained in proportion (i.e. they all increased or 

decreased): m/z 206 (RT 0610-NEG; unknown); m/z 327 (RT 1029-NEG; riboflavin-

like compound); m/z 210 (RT 1100-NEG; unknown); m/z 127, 189, 381 (RT 1193-

NEG; iodide + methyl iodide, tri-iodide); m/z 181 (RT 1353-NEG; mannitol); m/z 250 

(RT 1450-NEG; unknown); m/z 317 (RT 1506-NEG; unknown); m/z 217 (RT 1964-

NEG; sulphosalicylate); m/z 197 (RT 2008-NEG; dihydroxyterephthalic acid); m/z 161 

(RT 3350-NEG; unknown); m/z 241 (RT 0901-POS; unknown); m/z 118 (RT 1051-

POS; glycine betaine); m/z 160 (RT 1078-POS; unknown); m/z 204, 138 (RT 1097-

POS; glycyl-lysine + aminobenzoic acid); m/z 138 (RT 1100-POS; aminobenzoic acid); 

m/z 146, 162 (RT 1241-POS; aminobutyric acid betaine + carnitine); m/z 258 (RT 

1349-POS; unknown); m/z 120 (RT 1416-POS; threonine); m/z 131 (RT 2061-POS; 

leucinamide); and m/z 131 (RT 2129-POS; leucinamide). 
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Fig. 6.16: Relative abundance of putatively identified metabolites in different samples between W and S.  

Components increased or decreased their content from W to S but kept same proportion between different 

tissues/ co-products.  Peaks are ordered by retention time (RT).  Peaks with multiple m/z values may be 

due to co-elution of different components or the formation of in-source fragments from the higher m/z 

values.  N – NEG mode.  P – POS mode. 
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Fig. 6.16 continued: Relative abundance of putatively identified metabolites in different samples 

between W and S.  Components increased or decreased their content from W to S but kept the same 

proportion between different tissues/ co-products.  Peaks are ordered by retention time (RT).  Peaks with 

multiple m/z values may be due to co-elution of different components or the formation of in-source 

fragments from the higher m/z values.  N – NEG mode.  P – POS mode. 
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Fig. 6.16 continued: Relative abundance of putatively identified metabolites in different samples 

between W and S.  Components increased or decreased their content from W to S but kept the same 

proportion among different tissues/ co-products.  Peaks are ordered by retention time (RT).  Peaks with 

multiple m/z values may be due to co-elution of different components or the formation of in-source 

fragments from the higher m/z values.  N – NEG mode.  P – POS mode. 
 

 

In Fig. 6.17, a final group of metabolites that showed a more random behaviour between 

W and S with no particular increase or decrease are displayed: m/z 178 (RT 1052-NEG; 

glucosamine/kanosamine); m/z 202 (RT 1129-NEG; glycyl-lysine); m/z 217 (RT 1964-

NEG; sulphosalicylate); m/z 197 (RT 2008-NEG; dihydroxyteraphtalic acid); m/z 185 

(RT 3204-NEG; unknown); m/z 144 (RT 0988-POS; proline betaine); m/z 118, 329 [RT 

1060-POS; glycine betaine + eisenin (pyroGlu-Glu-Ala)]; m/z 147, 130 (RT 1455-POS; 

glutamine + pyroglutamate); m/z 133 (RT 1845-POS; unknown). 
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Fig. 6.17: Relative abundance of putatively identified metabolites in different samples between W and S.  

Components showed no particular pattern in their content from W to S between different samples.  Peaks 

are ordered by retention time (RT).  Peaks with multiple m/z values may be due to co-elution of different 

components or the formation of in-source fragments from the higher m/z values.  N – NEG mode.  P – 

POS mode. 
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Fig. 6.17 continued: Relative abundance of putatively identified metabolites in different samples 

between W and S.  Components showed no particular pattern in their content from W to S between 

different samples.  Peaks are ordered by retention time (RT).  Peaks with multiple m/z values may be due 

to co-elution of different components or the formation of in-source fragments from the higher m/z values.  

N – NEG mode.  P – POS mode. 
 

 

An interesting aspect was the differences in metabolic profile found between MBL SCP 

and SCP, which only differed in their storage conditions.  SCP was peeled from the 

stipe in the laboratory and was frozen and freeze-dried immediately.  On the other hand, 

MBL SCP was prepared at MBL and stored for some time at 4 °C after peeling, before 

transport to the James Hutton Institute and freeze-drying. 

Two major components were apparent in MBL SCP but were absent in SCP, ectoine 

and hydroxyectoine.  Although, ectoine has been noted in a previous LC-MS study of 

brown seaweed samples from Turbinata species in Indonesia [278], ectoine and 

hydroxyectoine were first noted as osmoregulatory metabolites produced by the 

halotolerant marine bacteria, Ectothiorhodospira halochloris [279] and subsequentially 

noted in other halotolerant species.  

Allied to the reduced levels of other components in MBL SCP (e.g. mannitol, Fig. 6.9, 

Table 6.2 component m/z 181-RT1351N and Chapter 3) and the differences in fatty acid 

composition noted (see Chapter 5), the accumulation of these bacterial metabolites 

suggests substantial metabolic transformation of the SCP tissue by the endogenous 

microflora.  This is also supported by the accumulation of 2-hydroxy-N-(7-methyloctyl) 

acetamide (m/z 202) in MBL SCP as this compound has been noted as a metabolite of 

Streptomyces species [280].  Ectoine and hydroxyectoine have some value as cosmetic 

ingredients [281] and this is discussed further in Chapter 7.  
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Some of the putative metabolites tend to be more specific to particular tissues or co-

products.  This way, Table 6.4 highlights the gathered information on these in relation 

to their potential metabolic role.  It is evident that there is a lack of information 

available on the metabolic profiles of seaweeds.  Most of the information available 

around potential metabolic roles of some of the components identified in seaweed 

comes from the homologous components in terrestrial plants and further investigation 

would clarify if such putative metabolites would also perform a similar function/ role in 

seaweeds (e.g. dihydroxy-pentadecyl-chromone, glutamic acid, pyroglutamate, 

aminobutyric acid, butyrobetaine) (Table 6.4).  Other components have not been 

identified in seaweed before and further work is required to determine their origin as 

some have no available information or others have previously been reported in 

microbial species (e.g. dialanine, dihydroxyterephthalic acid, fusaric acid, aminobutyric 

acid, penicinoline E) (Table 6.4).  Of course, these are putative identifications and 

would require further work to substantiate them but penicinoline E was originally 

isolated from a marine-derived fungus (Penicillium spp,) [282] and fusaric acid is an 

antimicrobial metabolite that has been noted in Fusarium isolates from mangroves 

[283].  Considering the evidence for other microbial metabolites (ectoine, 

hydroxyectoine, etc) in certain samples, this suggests that some components might arise 

from the endemic microflora of the tissues.  However, fusaric acid was much more 

abundant in Stipe (peeled stipe) and effectively absent from SCP (peeled bark from the 

stipe).  If it was originated from endemic microflora, it would be more probable to find 

in the bark of the stipe rather than from the inner stipe tissues.  Of course, it is possible 

that it was produced by endemic microflora present in this inner tissue.  Most research 

has focused on surface microflora in seaweeds [284] but specific endophytic behaviour 

is known to be present (see Chapter 1, section 1.5.4.1.) when endophytic filamentous 

macroalgae (e.g. Streblonema sp., Ectocarpus sp., Laminariocolax tomentosoide; 

Bolbocoleon spp., Acrochaete spp., Enteromopha spp and Mikrosyphar zosterae) 

invade the intercellular spaces of tissues of L. hyperborea (Laminariales), but also 

reported in other seaweed, e.g. Chondrus ocellatus (Gigartinales) [40, 43, 285].  This is 

evidence that seaweed can be susceptible to tissue invasion with endophytic behaviour 

and that seaweed’s endophytic microorganisms might be a reality and, if so, this could 

be in a parasitic only behaviour or it could even be mutualistic. 
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Compound 
  

Main tissue 
  

Observations 
  

Metabolic role/ function 
  

Possible Applications 
  

Reference 
          

      

  

              

Gallic acid 

  

Lamina A phenolic compound identified in 
seaweed. 

  Possible structural role due to being a primary  
constitute of cell-wall; Potential chemical defense 
against herbivores and bacteria; Potential antioxidant 
protection against UV radiation and oxidative stress. 

 Commercially  known and used as an antioxidant standard. 

  

[128]     
 

  

    
 

  

Maltitol  (mannitol + glucose) 

  

Lamina 
A carbohydrate identified in 
seaweed; Potential indication of 
the start of laminarin biosynthesis. 

  Mannitol is the main carbohydrate derived from 
photosynthesis; Potential base carbohydrate for 
biosyhtesis of more complex molecules; 
Osmoregulation and antioxidant role in seaweed; Might 
be attached in the end chain of laminarin (storage 
carbohydrate). 

  

Mannitol is used as a pharmaceutical; Laminarin has potential 
application in pharmaceutical, food, agriculture industry . 

  

[55, 62, 
63, 131]  

        
        
        

        

Dihydroxy -pentadecy l-
chromone 

  
Lamina A chromone alkaloid identified in 

seaweed. 
  Unknown in seaweed; Chromone alkaloids are 

secondary  metabolites and nitrogen reservoires in 
plants. 

  These type of components are extensively  explored in 
pharmaceutical research for new drug development. 

  
[286, 287] 

        

Citric Acid 
  

Lamina An organic acid identified in 
seaweed. 

  Intermediate of the citric acid cycle/dark respiration 
process. 

  
Known food and cosmetic preservative. 

  [55, 288, 
289]         

        

Succinic acid 
  

LCP 
An organic acid identified in 
seaweed; Normally  derived from 
citric acid. 

  Intermediate of the citric acid cycle/dark respiration 
process. 

  Wide range of applications in consumer products, 
pharmaceuticals, cosmectics, food industry, resins, fine chemicals 
and adhesives. 

  
[288-290]         

        
Dialanine (L-Alany l-L-alanine)   Lamina A dipeptide.   Unknown in seaweed.   None found.   - 

Dihydroxy terephthalic acid   Lamina + SCP An organic acid   Unknown in seaweed.   Reagent in organic chemistry  synthesis.   [291] 

Fusaric acid 

  

Stipe An alkaloid. 

  
Unknown in seaweed; Mainly  associated to endemic 
microflora; Potential defensive tool with a protective 
role against microorganisms. 

  
Dicovered in Fusarium spp. species as a phy totoxin (wilting 
agent); Also known as therapeutic tool not yet fully  explored but 
with antibiotic properties; Known to inhibit quorum sensing. 

  

[292, 293]         
        
        

Piperidine dicarboxy lic acid   SCP A piperidine identified in seaweed.   Unknown in seaweed.   Reagent in organic chemistry  synthesis.   [292, 294] 

Glutamic acid 
  

LCP An amino acid identified in 
seaweed. 

  Unknown in seaweed; Key  metabolite in signaling 
transduction of various roles in plants: in growth, 
development, adaptation to environmental stress. 

  
Food enhancer; Umami taste active compound. 

  [264, 295, 
296]          

Py roglutamate  (L-
py roglutamic acid) 

  

SCP 

A L-Alpha-Amino acid anion 
(cyclic lactam) identified in 
seaweed; Normally  derived from 
glutamic acid (glutamate). 

  Unknown in seaweed; Known intermediate metabolite 
in terrestial plants; Percursor for more complex 
alkaloids in plants; Percursor and source of glutamate in 
plants. 

  
Potential antifouling agent and antimicrobial agent; Potential 
chiral template for alkaloids synthesis. 

  
[264, 297-
299] 

        

        

Aminobuty ric acid   LCP 
An amino acid; Normally derived 
from Glutamic acid and also 
known as GABA. 

  
Unknown in seaweed; Known to be an important 
intermediate metabolite in plants; Acts in various 
different pathways, particularlly  in stress regulation. 

  GABA or derivates are applied as pharmaceuticals.   [300-302] 
        

Buty robetaine 

  

LCP 

An amino acid betaine identified 
in seaweed; Normally  derived 
from Aminobuty ric acid; 
Previously  reported in L. 
hyperborea. 

  
Unknown in seaweed; Application in plants developes 
an osmoly te role and/or affects gene expression and 
bringing more resistance against environmental stress. 

  

Lowers plasma cholesterol; Main component of seaweed extracts 
for crop growth improvement in agriculture. 

  
[261, 265, 
267, 268, 
292] 

        
        

        

Penicinoline E   SCP An alkaloid; Previously  isolated 
from Penicillium sp. 

  Unknown in seaweed.   Potential antimalaria compound.   [282, 303, 
304]         

Glyceraldehyde 

  

LCP 

A monosaccharide (triose); 
substrate of enzyme identified in 
seaweed: glyceraldehyde-3-
phosphate dehydrogenase. 

  Potential intermediate compound in carbohydrate 
metabolism; Component of glyceraldehyde-3-phosphate 
dehydrogenase which is an intermediate in the 
photosyntethic mannitol pathway . 

  

Cosmetic, organic chemistry  and pharmaceutical applications. 

  
[62, 292, 
305, 306] 

        
        
        

Ketoglutarate 
  

LCP 
An organic acid (Glutarate) 
identified seaweed; Normally  
derives from glutarate. 

  
Intermediate of citric acid cycle/dark respiration. 

  
Applied as a pharmaceutical. 

  [269, 292, 
307, 308]           

          
                      

Table 6.4: Tissue and co-product specific components and their potential metabolic roles or functions. 
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Also, although fusaric acid was recognised as being more specific to Stipe, this was 

mainly for W Stipe (Fig. 6.13B).  W Stipe was produced from a beach-cast sample 

with apparent damage due to the storm weather events at the time of its harvest (see 

Chapter 2, section 2.3.1.).  Injuries/ damages observed on the stipe would have 

definitely allowed microflora invasion into the stipe, thus the possible explanation for 

finding fusaric acid of this peeled stipe sample.  Further work should be carried to try 

and understand the origin of fusaric acid, thus, doubt still remains on its origin. 

Dialanine and piperidine dicarboxylic acid are both amino-acid derivatives and could 

function in osmoregulation akin to the betaines identified in the samples [294].  In fact, 

piperidine dicarboxylic acid has been identified as an imino acid component of the red 

seaweed, Porphyyra tenera [294]. 

Other components identified in positive mode included the peak with m/z [M+H]+ 391 

which matched MS data with dihydroxy-pentadecyl-chromone, a relatively hydrophobic 

pigment which may be involved in light harvesting for photosynthesis previously 

identified in the brown seaweed, Zonaria tournefortii [287].  However, this component 

was only present in the W Lamina sample, which does not suggest a central role in 

photosynthesis.   

As could be expected the positive mode MS profiles were dominated by nitrogenous 

compounds, which ionise more readily in this mode.  These included the quaternary 

ammonium betaines (proline betaine, glycine betaine, aminobutyric acid betaine, butryl 

carnitine and butryobetaine), amino acids (carnitine, glutamic acid, glutamine, proline, 

threonine, and pyroglutamate), peptides (dialanine, glycyl lysine (2 isoforms), leucyl-

glycyl-glycine and eisenin) and a range of amino-derivatives. 

The various betaines have previously been identified in L. hyperborea and are thought 

to function as osmoregulatory components in the seaweeds [309] but also to contribute 

to the biostimulant effectiveness of seaweed extracts in plants [265].  As would be 

expected for components involved in osmoregulation of deep-water seaweed, they were 

present in most tissues and co-products and varied only slightly between S and W.  Yet, 

butyrobetaine was more specific in MBL LCP (Table 6.4). 

Of the putatively identified metabolites noted in Tables 6.2 and 6.3, many are central 

metabolites which would be expected to be present in seaweeds.  For example, 

glyceraldehyde, succinic acid, malic acid, ketoglutarate and citric acid were detected in 

negative mode.  Notably, most of these central components were present in most 
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samples but abundant in the MBL LCP sample, except malic acid which was least 

abundant in this co-product.  

Iodide was present in all tissues and co-products but was most enriched in SCP and 

MBL SCP.  It presented as iodide, methyl iodide and tri-iodide molecular species in 

negative mode.  Laminariales are well known to accumulate iodide from sea water [310] 

but this is the first report of the relative amounts of iodide in different tissues and co-

products using MS-based methods.  Other work at the James Hutton Institute has 

provided evidence that free iodide is present at mM levels in water extracts of MBL 

SCP (results not shown). 

Mannitol (m/z 181- RT1353 NEG) was detected in all tissue and co-product samples 

using the HILIC-MS method.  It was most abundant in Lamina and LCP in both S and 

W, which agreed with the data obtained using the Dionex HPAEC method (reported in 

Chapter 3).  In many S samples, there was also a major shoulder with m/z 217, 

identified as mannitol hydrochloride which may arise due to altered chloride content in 

the S samples.  

Other components ionised more effectively in positive mode. Fucoxanthin m/z [M+H]+ 

= 659 [277] was noted in all samples apart from MBL LCP, which may reflect the 

water-soluble nature of this fraction.  This may also explain why MBL LCP had low 

antioxidant activity in previous antioxidant screening work (Chapter 2) compared to 

other samples, as fucoxanthin is well-known for its antioxidant activity [89].  It eluted 

in the early peak in the break-through peak with other apolar components, which should 

be expected due to its lipidic carotenoid nature.  Fucoxanthin is extremely important in 

its role of energy transferring pigment that binds to several proteins and chlorophyll a, 

forming fucoxanthin-chlorophyll-protein complexes in the thylakoid [84].  Its higher 

content in W samples (Fig. 6.11 and 6.14) was unexpected, because one might expect it 

to accumulate during the Summer, when the seaweed would have greatest need for 

photosynthetic activity (between June and September, see Chapter 1).  Further efforts 

will be required to confirm the seasonal variation of this component. 

Eisenin is a peptide of pyroglutamate-glutamate-alanine which has been reported in the 

brown seaweed, Eisenia bicyclis [311] and has reported immunological activity and 

probably has other bioactivities as suggested in available patent applications [312].  

This tripeptide was present in all tissues and co-products and was slightly more 

abundant in the W samples.  It has not been previously identified in L. hyperborea or 

other Laminaria spp..  The amino acids, glutamic acid, glutamine, possibly 
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pyroglutamate and Eisenin, can contribute to umami flavour and have been associated 

with this flavour of other Laminaria spp. consumed as Kombu (Table 6.4) [313]. 

The peak at m/z 343 (RT1529-Fig. 6.9) was almost exclusive to the Lamina, was 

identified as mannitol-glucose (or maltitol) by exact mass formula and MS2 data.  This 

could represent the first intermediate in the biosynthesis of M-chain laminarin 

oligosaccharides and ultimately laminarin polymers (Table 6.4) (see Chapter 1, section 

1.6.5.).  A limited number of H2O extracts were also examined using HILIC-MS 

including the Lamina (W) samples.  As can be seen in Fig. 6.18, the MeOH and H2O 

extracts gave very similar MS traces in negative mode.  It is notable that the H2O extract 

had a slightly higher yield of most peaks, reflected in the higher full scale deflection.  

As could be expected, the MeOH extract had higher levels of the early eluting, less 

polar components but there were a few other differences in relative composition.  

Overall, the compositions of the H2O and MeOH extracts of the various tissues and co-

products were similar (results not shown) so the comparison of the MeOH extracts 

probably captured the metabolic diversity available across the sample set.  However, 

further work could examine in the differences in extractability of the various 

metabolites under these different extraction conditions. 

The mannitol peak was dominant in both types of extracts and it gave MS data and 

exact mass data that yielded the expected molecular formula of C6H13O6 as the [M-H]- 

form (Table 6.2).  In fact, when the MS data was searched at relevant m/z values, a 

series of peaks equivalent to sequential addition of glycosidically linked glucose 

(C6H10O5; + 162) groups could be discerned.  As noted on Fig. 6.18, the peak with m/z 

343 gave MS and exact mass data consistent with a molecular formula of C12H23O11, 

which was identified as a mannitol group with an added hexose/ glucose group (Table 

6.2).  These eluted in order of apparent size with larger oligosaccharides eluting later in 

the gradient.  Their exact mass data predicted molecular formula consistent with the 

presence of laminarin oligomers consisting of a mannitol (M) with lengthening chains 

of attached glucose (G) units with the largest being MG4.  Oligosaccharides of larger 

chain length may be present, but as their abundance diminishes with chain length, they 

were not detectable in these samples. 
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Fig. 6.18: Comparison of HILIC-MS traces from MeOH and H2O extracts of W Lamina. 

 

This example highlights that once new components are suspected, the MS data can be 

mined for the presence of lower intensity peaks that may reveal further metabolic 

diversity.  However, further targeted analyses, such as Dionex HPAEC methods 

targeted at oligosaccharides, would need to be performed to confirm the identity and 

levels of these new compounds and gain a better understanding of their variation across 

the samples and seasons. 

There were several peaks that could not be convincingly identified even though they 

were major components and yielded MS data in positive and negative mode which gave 

predicted molecular formula with low errors (< 2 ppm).  There were 5 examples in 

positive mode and 8 in negative mode.  Leaving aside the possibility that the searches 

failed to pick up existing matches, the main reason for this number of unknowns is the 
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paucity of metabolomic studies in seaweeds.  Basically, these compounds have not yet 

been identified.  This allied to the known skewed nature of databases towards 

mammalian, human and microbial metabolites, means that the compounds are unlikely 

to be identified unless further research is undertaken. 

In future, the MS data could be subjected to other data handling methods to discern 

other lower intensity peaks or components that are partly hidden by other more 

abundant peaks.  Also, due to time-constraints, this study only focused on the major 

peaks in the HILIC-MS traces and focused on components that could be at least 

putatively identified.  However, the MS data is rich and non-targeted analysis using 

various data-handling software techniques (e.g. using XCMS data deconvolution and 

use of multivariate statistics, e.g. McDougall et al., 2014 [314]) could compare the 

abundance of all peaks and pick out those which showed similar trends of tissue 

abundance (e.g. abundant in “lamina” or “stipe and LCP”) to those identified peaks 

shown above.  The XCMS technique can also automatically fit the MS data to formula 

by systematically and interactively examining a wider range of elements, which could 

identify new classes of compounds.  The non-targeted approach was not possible within 

this thesis but could be carried out for future publications.  This would provide a 

powerful means of identifying other, previously unknown, but possibly related 

compounds present in the tissues and co-products of L. hyperborea. 

Nevertheless, this work is a first step into general seaweed metabolomics, although 

specifically into the Laminariales (Ochrophyta-Phaeophyceae) order.  The method 

successfully provided valuable data that is yet to be further explored by different 

approaches (e.g. the XCMS data mining) but has not only already revealed previously 

unknown components in seaweed but has unveiled evidence for the metabolic assembly 

of components, in the discovery of accumulation of intermediates of laminarin 

production. 
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6.5. Conclusions 

 

In summary, this work represents the first attempt to explore the metabolic richness of 

L. hyperborea, beyond the major carbohydrates and fatty acids which have previously 

attracted the most attention.  The methodologies applied here are also the first attempt to 

apply HILIC-PAD-MS in L. hyperborea and this seems to be a promising metabolomic 

approach which could be applied to other seaweeds.  A list of 70 putative metabolites 

has been obtained which includes some expected central metabolites (amino acids and 

organic acids), some known components of L. hyperborea (e.g. mannitol and betaines) 

but also a number of previously unknown components.  Also, the variation of these 

components in the different tissues and co-products and across the seasons was 

examined.  This is the first attempt to understand the variation of the metabolic profiles 

of L. hyperborea and relate them to their industrial value by tissue of origin and time of 

the year. 
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7.1. Abstract 

 

This PhD has provided results which have improved our understanding of the biology of 

L. hyperborea, which could be applied in new research opportunities and product 

development but are also applicable to other brown seaweeds.  In particular, knowledge 

was acquired regarding the raw material and co-products that are produced from the 

bespoke alginate production designed by MBL that can be explored to develop new 

products and bring more value to the company. 

This chapter summarizes these findings and makes data-supported suggestions on where 

to focus attention in future work. 
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7.2. Potential for new products  

 

This PhD project, although industry focused due to the involvement of MBL, has 

developed a fractionation cascade approach where sectioned parts of Laminaria 

hyperborea (tissues and co-products) were further fractioned by polarity through a 

multi-solvent extraction process.  This approach, combined with targeted analysis of 

specific groups of metabolites (e.g. carbohydrates and fatty acids) and a metabolomic-

based profiling of the polar metabolites, allowed mapping the metabolic profiles of 

different tissues of L. hyperborea and revealed how these varied through seasonality.  

Using the knowledge obtained, future work could focus on the metabolites discovered 

and more targeted work could focus on optimal extraction conditions and quantification 

of levels. 

This project revealed the variation in metabolic profiles between the different tissues 

and co-products.  For example, the carbohydrate profiling uncovered great diversity in 

the fucoidans available in L. hyperborea (with 18 sub-sets with differing 

monosaccharide composition) and this raises questions about their role in the 

physiology of this seaweed. 

The fatty acid composition work also uncovered fatty acids not previously reported in L. 

hyperborea and the variation in fatty acid composition between the tissues and co-

products suggested differences in metabolism and function. 

The HILIC-MS based metabolic profiling provided a major advance as it is the first 

glimpse of the diversity in metabolism between the tissues and co-products of L. 

hyperborea.  The list of putative metabolites uncovered was combined with a 

comparison of their variation between seasons. 

In the end, the metabolic variation in the co-products produced by MBL’s bespoke 

alginate processing method was characterized, together with seaweed tissues not yet 

fully exploited by MBL, which reveal potential interest for further research and possible 

product development.  These opportunities will be discussed in detail through following 

sections of this chapter, along with some other opportunities that have not been covered 

so far. 
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7.3. Opportunities to exploit the tissues and co-products produced during 

processing of Laminaria hyperborea 

 

Marine Biopolymers Ltd (MBL) is a company that is focused on using multi-component 

extraction methods to develop high valuable products from L. hyperborea [1].  

However, its current main focus is the production of high quality alginates from the 

stipe, with a high yield of guluronic acid-rich high-gelling alginates. 

The MBL process of alginate extraction from L. hyperborea (Fig. 7.1) produces 4 co-

products, the solid co-product (MBL SCP or SCP), the liquid co-product (MBL LCP),  

 

 

Fig. 7.1: Potential new MBL alginate extraction process from Laminaria hyperborea. 

In present process, from the whole seaweed along the production stream to high quality alginates (blue), 

four co-products are produced (green): Solid co-product (MBL SCP); Liquid co-product (MBL LCP); 

Alginates process co-product; Final residue.  In the future MBL might consider integrate Lamina (yellow) 

as a co-product used for further extraction of new products 
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the final residue and some alginate process co-products.  The alginate process co-

products are not always produced, and the final residue was not studied in this project.  

Therefore, this study focused on the solid co-product and the liquid co-product which 

are integral to the alginate production method.  The final alginate yield from wet L. 

hyperborea is ~ 4%.  In addition, there are two main tissues that are currently unused or 

under-used in the MBL process: the holdfast and the lamina. 

During harvesting, MBL have to comply with Scottish and UK law and directives 

around the protection of marine resources.  In the case of L. hyperborea, this means that 

the holdfast cannot be removed when the seaweed is harvested by contracted divers.  

Therefore, L. hyperborea should be manually cut above the holdfast so that MBL obtain 

most of the stipe but the holdfast remains in situ.  This reduces the ecological impact on 

the local benthos that makes use of the seaweed holdfast as a substrate.  Some holdfast 

material is obtained from beach-cast material used in the processes, but this is a small 

amount of material and could be left on-site. 

Also, the lamina is also often cut during harvesting and left at the harvest site, which 

can provide sustenance for the local ecosystem instead of ending up as waste if brought 

onshore and not used.  Currently, the harvesting of L. hyperborea and other kelp species 

is effectively banned as the Scottish Government has imposed a moratorium on all 

forms of marine seaweed harvesting until a systematic review has been undertaken of 

the environmental and ecological effects of the marine harvesting of seaweeds around 

the coast of Scotland [29].  Although this seriously affects MBL’s ability to harvest 

around the Scottish coast, the company could continue through import of seaweed from 

other countries or it could move its production facilities out of the UK. 

However, if the lamina was harvested and brought onshore then it could have some 

commercial possibilities and this is why it was now integrated in the extraction process 

strategy of MBL (Fig. 7.1).  Lamina from other European species of Laminariales (such 

as Saccharina latissima and Laminaria digitata) already service an appreciable demand 

for the commercial product known as “Kombu” [313].  Sold fresh or dry, used cooked, 

raw, or pickled, Kombu is a very much appreciated food in East Asia.  There is no 

background on the use of lamina from L. hyperborea in European cuisine, but there is 

no apparent reason why it could not find such use or potentially be exported to the far 

East markets.  Work in this PhD has shown that the lamina has a nutritionally valuable 

fatty acid composition and contains substantial amounts of soluble polysaccharides (e.g. 

alginate, laminarin and fucoidan) which can act as natural water-soluble fibres, some of 
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which are also known to be bioactive and could bring positive health benefits (see 

Chapter 1, section 1.7).  Although iodine is important for health, the iodide content 

suggested in the lamina in the HiLiC-MS work (Chapter 6) may raise concerns for its 

use as a food source.  Therefore, lamina may find a direct market as a food source, 

perhaps as “Scottish Kombu”, if markets can be established and customers found.  

However, moving to supplying a food-grade material may raise further development 

and set-up costs for MBL and this would have to be checked against other benefits. 

There is also a possibility that this raw material could be used for animal feeds or 

aquaculture feeds.  In relation to fish feeds, there is a strong drive for using ingredients 

that are more closely related to the natural feeding situation.  However, further research 

would be needed to establish the nutritional value and efficacy of lamina for these uses.  

In all applications based on selling the entire lamina tissue, a balance has to be found 

between the costs of harvesting, transporting, processing and packaging (to food 

standard levels) and the value obtained.  Therefore, it is unlikely that low value 

agricultural uses such as fertilisers or mulches would provide sufficient value to make 

harvest sustainable. 

Nevertheless, this PhD has suggested L. hyperborea lamina may has considerable 

potential for higher value commercial applications.  In Chapter 2, the MeOH extract 

from Lamina (in both W and S) had one of the highest antioxidant activities from all 

the extracts.  Chapter 6 provided evidence for the presence of fucoxanthin in MeOH 

extracts of Lamina, a well-known bioactive compound (see Chapter 1, section 1.6.7.; 

[89]) with high value in the market.  Indeed, the annual market size for fucoxanthin in 

2015 was estimated at $600 million with a predicted market growth of 6 % per annum 

working from a price of $40 – $80 000 per kilogram (Global Fucoxanthin Market 2015 

Industry Trend and Forecast 2020, QY Research, Oct 2015).  It is possible that 

fucoxanthin contributes to this high antioxidant activity but only fractionation of the 

extract and re-testing of the originated fractions would clarify if the antioxidant activity 

arises mainly from fucoxanthin.  If it is, it would be interesting to know how much of 

this compound can be retrieved from Lamina and further work would be on targeted 

extraction of fucoxanthin, perhaps using specific extraction procedures [315] to enhance 

recovery may be justified, especially if this extraction could be combined with 

extraction of other high value components.  A better understanding of other carotenoids 

present in the Lamina may also be of value. 
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However, multi-component extraction would give greater value, over the extraction of 

one component, and utilise a greater proportion of the biomass.  From Chapter 3, 

Lamina also had an interesting carbohydrate profile.  The polysaccharide fraction was 

rich in laminarin (approaching 20 % of the dry weight in Summer; i.e. max. 192.32 mg 

g-1 DW) and with considerable fucoidan (up to 39.85 mg g-1 DW, ~ 0.4 % yield) and the 

H2O fraction was rich in mannitol (21.53 mg g-1 DW; > 2 %).  These are all compounds 

with existing interest (see Chapter 1, section 1.6.2., 1.6.4., 1.6.5.), especially laminarin 

and fucoidan, which make the Lamina of L. hyperborea a raw material with potential 

commercial interest for polysaccharide exploration. 

In Chapter 1, the soluble polysaccharides, fucoidan and laminarin, were discussed with 

regard to their bioactivities which might lead to a diverse range of commercial 

applications.  Indeed, fucoidan and laminarin are already high value products sold as 

crude material, higher purity extracts or even pure products, with prices varying 

depending on seaweed species and seller.  Laminarin found online mainly comes from 

L. digitata and prices vary from £153/g, at Merck, to £258, at Carbosynth.  Fucoidan 

from Merck ranges from £284/g, if produced from Macrocystis perifera, or £380/g from 

Fucus vesiculosus or Undaria pinnatifida.  Carbosynth has the most variety of 

fucoidans, currently selling fucoidans from 11 different species (Laminaria digitata, 

Laminaria japonica, Macrocystits pyrifera, Lessonia nigrescens, Alaria sp., Fucus 

serratus, Fucus vesiculosus, Ascophyllum nodosum, Durvillea sp., Ecklonia sp., and 

Cladosiphon sp.) with price ranges between £4.1 – £492/g depending on purity and 

species. 

These prices are for the product on its own, without any regards about potential 

bioactivity.  However, the seller might allude to bioactivities supported by published 

literature.  Nonetheless, the global market for these two polysaccharides is substantial 

and growing, especially if we consider how recently they started to be industrially 

commercialized.  All Markets Insight estimates a global market for fucoidan of US$ 2M 

by 2024 from a US$ 1M global market in 2019 due to a rising demand of natural and 

plant origin alternatives from food & beverages, feed and pharmaceutical industries 

[316].  MarketWatch estimated the global fucoidan market in 2019 at US$ 30M with 

growth to ~ US$ 37M by 2024 [317].  This includes all sorts of fucoidan products 

available: pure extracts or high purity extracts to crude extracts, delivered as powder, 

capsules or as liquid for the pharmaceutical, health care products and cosmetic market 

segments [317]. 
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In Chapter 2, extracts rich in fucoidan had the highest antioxidant capacity and from the 

monosaccharide data in Chapter 3, it is clear that the composition of fucoidan-like 

polysaccharides vary greatly depending on the tissue, fraction and season (see Chapter 

3, section 3.4.4, Table 3.17). 

To summarise, extraction of laminarin and fucoidan from lamina, perhaps as a mixture, 

might provide a high value product from this currently under-used tissue.  However, 

MBL have previously used the lamina to extract alginates and if the laminarin and 

fucoidan extractions were combined, perhaps as a pre-step to alginate extraction, this 

may improve profitability.  Further work to determine the quality and potential 

bioactivity of the laminarin and fucoidan would be required to assess the economic 

value of this process and determine the potential markets.  

It is well known that the total lipid amount of seaweed, as previously reported (see 

Chapter 1, section 1.6.8.) tends to be low.  The results from Chapter 5 confirm this low 

content from L. hyperborea samples (0.23 – 0.80 % DW).  Yet, Lamina was the sample 

with the highest lipid content (~ 8 mg g-1 DW), and the highest total fatty acid content 

(TFA) (0.48 % DW).  Overall, the fatty acid profile of Lamina was rich in 

monounsaturated and polyunsaturated fatty acids (MUFA and PUFA), some of which 

are known to be commercially valuable, e.g. eicosapentaenoic acid (EPA), arachidonic 

acid, stearidonic acid and palmitoleic acid.  However, it is very unlikely that lipids from 

the Lamina or other tissues/ co-products would find commercial uses as a product as 

their yield is too low and the composition is not different enough to compete against 

existing and inexpensive sources, such as fish oils.  However, even if current sources of 

these fatty acids became ecologically or economically unsustainable then microalgae 

rather than macroalgae (seaweeds) would likely be the first call as a substitute source. 
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7.4. MBL Solid co-product 

 

The MBL Solid Co-Product (MBL SCP) is also always produced during the unique 

alginate production process used by MBL.  This consistent co-product accounts for 

approx. 5 % of the dry weight of the stipe.  For this discussion, we must also compare 

the homologous co-product produced in the laboratory, the Solid Co-Product (SCP).  

These only differ in that SCP was immediately processed after production, being stored 

frozen and then freeze-dried, whereas MBL SCP was stored at 4 ºC with original water 

content still present, before transport to the James Hutton Institute (Dundee) and being 

frozen and freeze-dried.  This means that any differences found between these two were 

most probably due to the differences in storage.  Along with the longer wet storage in 

which oxidation and other degradation processes could occur, MBL SCP was exposed 

to the continuing metabolic processes of the tissue and the influence of endogenous 

microorganisms. 

Nevertheless, MBL SCP and SCP are very interesting products that revealed 

interesting findings for possible industrial applications.  These two co-products had the 

highest antioxidant capacity (Chapter 2).  All the fractions, MeOH, polysaccharide and 

H2O, had high antioxidant activity, in particular those from S SCP.  The HILIC-MS 

analysis revealed that the MeOH fractions of these co-products contained fucoxanthin, 

which probably contributed to the antioxidant activity. 

When the polysaccharide and H2O fractions were explored (Chapter 3), MBL SCP and 

SCP polysaccharide fractions contained ~ 3 and 6 mg g-1 DW of fucoidan, respectively, 

while MBL SCP and SCP H2O fractions contained ~ 1 and 2 mg g-1 DW of fucoidan.  

Although these quantities are low (< 1 % DW), fucoidans were the dominant 

polysaccharides, making up 87 % of the total polysaccharide pool.  Therefore, these 

fractions may be suitable for purification of the fucoidans as they seem different to what 

is usually found in other seaweeds.  From the polysaccharide fractions, MBL SCP and 

SCP fucoidans had almost as much glucuronic acid as fucose but also galactose and 

mannose in their composition, with MBL SCP having much higher rhamnose levels 

(see Chapter 3, section 3.4.4, Table 3.17.).  In the H2O fraction, MBL SCP fucoidan 

had a similar composition to the polysaccharide fraction but with some galacturonic 

acid.  However, the H2O SCP fucoidan had lower levels of glucuronic acid and higher 

levels of rhamnose and galacturonic acid (see Chapter 3, section 3.4.4, Table 3.17).  

These are very different to the composition of other seaweed fucoidans, especially when 
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compared to Fucales which tend to have higher fucose and galactose content, with less 

glucuronic acid, galacturonic acid, mannose or rhamnose in different proportions (see 

Chapter 3, section 3.4.2., Table 3.9). 

From work developed in this thesis, in particular Chapter 5 and 6, it is apparent that 

MBL SCP needs particular attention regarding a long term preservation method so it 

keeps its value as a raw material.  From the HILIC-MS results, it was clear that MBL 

SCP had a different metabolic profile than the laboratory produced SCP with MBL 

SCP being dominated by components that seem to have been produced by endogenous 

marine microorganisms (Chapter 6).  In particular, ectoine and hydroxyectoine were 

produced in large amounts with a corresponding drop in various metabolites (including 

mannitol) found in the SCP, presumably because they had been utilised by the 

microbes.  Both of these osmoregulatory components [318] are high-value products 

with considerable markets in the cosmetic markets [319].  Despite high levels of iodide, 

the microbes appeared to metabolise the inherent components of the SCP and produce 

these microbial products.  However, it is possible that the controlled incubation of SCP 

could be optimised to allow the endogenous microflora to complete this metabolic 

transformation to a more optimal level.  The Summer MBL SCP had much lower levels 

of ectoine and hydroxyectoine than the Winter MBL SCP sample.  This could occur 

because the Summer MBL SCP was not as suitable for the microorganisms, or the 

composition of the Summer microflora was different, or the conditions of storage were 

different and less conducive.  Whatever situation applies, there seems to be room to 

experiment, to discover more controlled conditions that would allow production of these 

high value microbial components from the MBL SCP as a substrate.  This requires 

further research and to evaluate if the start-up costs and re-tooling required could be 

carried out by MBL. 
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7.5. MBL Liquid co-product 

 

The MBL Liquid Co-Product (MBL LCP) is another of the main and consistent co-

products as it is always produced during the unique alginate production process used by 

Marine Biopolymers Ltd.  This highly concentrated liquid co-product (i.e. yield of up to 

60 g L-1 DW) is rich in mannitol (up to ~ 109 mg g-1 DW; 10.9 %) (see Chapter 3, 

section 3.4.3, Table 3.15 and 3.16).  It also has a reasonable content of fucoidan (up to ~ 

8 mg g-1 DW in S H2O fraction = 0.8 %) which has an interesting composition, rich in 

glucuronic acid, and mannose besides fucose and galactose.  Indeed, this already soluble 

fucoidan may be relatively easy to purify as other polysaccharides such as alginates are 

present in low amounts.  Separation from mannitol and other components could be 

achieved by membrane filtration with different molecular weight filters or by selective 

precipitation. 

Mannitol is a well-established commercial product, with biomedical and food uses and 

is expected to continue to grow over the next decades (see Chapter 1, section 1.6.2.).  If 

suitable purification steps can be integrated into MBL procedures, then mannitol could 

be a reasonably high value and consistent secondary product for the company.  

However, the amount of mannitol would be limited by the volume of seaweed 

processed and investment in specialised equipment would be required to reach the levels 

of purity required by the market.  Whether this investment would be recovered by the 

value of the mannitol, even after other high-value components such as the fucoidans had 

also been recovered, is not known. 

However, there may be another more bespoke use for the mannitol-rich LCP, even after 

fucoidan recovery.  Following on from the discussion on the microbial production of 

extoine and hydroxyectoine in MBL SCP, there may be scope to use LCP as a more 

effective liquid medium to selectively cultivate the endogenous marine microbiota to 

produce these specific metabolites.  MBL LCP could provide a more suitable liquid 

growth medium packed with mannitol and amino acids, a small amount of fatty acids, 

betaines and minerals to support the growth of the required microorganisms.  Further 

studies would be required to discover if MBL LCP could support the production of the 

same metabolites from the endogenous microflora or perhaps the LCP would need to be 

inoculated with ectoine producing bacteria, e.g. Ectothiorhodospira halochloris.  

Perhaps re-combining the MBL SCP with the LCP (after fucoidan removal) would 

provide both the correct microbiota from the SCP and the LCP would provide a better 
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medium for microbial growth.  Once again, the start-up costs and re-tooling required for 

such an approach would have to be compared against potential value and may not be 

commercially feasible. 
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7.6. Exudate from Laminaria hyperborea 

 

There was also another polysaccharide discovery made, not mentioned before, which 

can also provide another development opportunity.  A clear gel-like product was found 

on the surface of the L. hyperborea raw material sourced by MBL from the Summer 

harvest.  After storage at 4 ºC for 12h in the dark, thick clear gel-like deposits were 

detected along stipes and laminas or digitates of the seaweed.  A sample was recovered 

from the lamina, to avoid possible contamination from the organisms fixed on the bark 

of the stipe, then frozen and freeze-dried.  It was then processed as the other 

polysaccharide fractions in Chapter 3, for assessment of its carbohydrate composition.  

The results of this assessment can be seen in Fig. 7.2 and Table 7.1. 

This exudate found on the surface of L. hyperborea lamina samples was mainly 

composed of fucoidan (85.5 ± 7.92 %).  Also, it was notable that this fucoidan had the 

highest fucose content (76 %) of the fucoidans examined in this PhD. 

This material was probably produced by specialized secretory cells (as described by Lee 

2008; see Chapter 1, section 1.6.4.) [55] which exude fucoidan as response to 

dehydration after being removed from sea water.  This physiological response has been 

explored by FMC Corporation who developed a patented method of extracting and 

purifying fucoidans from L. hyperborea [320].  After harvest, L. hyperborea is left in 

specially designed tanks so that exuded fucoidan can be recovered and purified.  

However, according to Halling et al. 2015, the fucoidan recovered by the FMC 

Corporation method has a slightly different carbohydrate composition from the exudate 

sample explored here, possibly because the material from this work has not been 

purified.  They reported ~ 88 % of Fuc, 7 – 10 % Gal and remaining carbohydrates at < 

2 %, including glucose and mannose but with Ara, Xyl and Rha below detection limits 

and no signs of uronic acids [115].  It is odd that arabinose (Ara) is reported in FMC 

Corporation L. hyperborea fucoidan as it was not identified in the HPAEC-PAD 

analysis in this work or previously reported for brown seaweed in literature.  If the 

fucoidan noted in this thesis can be confirmed to have different composition from the 

commercial fucoidan then it may be a possible future product for MBL as its extraction 

may not violate the FMC corporation patent, especially if different methods of 

extraction and purification are used.  However, the costs for this confirmation and 

upscaling of production may not be economically acceptable if the patent was to be 

robustly defended. 



Chapter 7 – Final discussion and opportunities for product development from L. hyperborea 

236 
 

 
Fig. 7.2: Relative monosaccharide (A) and polysaccharide (B) profile of exudate from S L. hyperborea. 
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Table 7.1: Summary of the carbohydrate composition from L. hyperborea exudate.  Monosaccharides, 

Polysaccharides and putative Fucoidan composition with Total sugar identification rate, obtained from 

acid hydrolysis and followed by HPAEC-PAD analysis (%). 
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7.7. Potential new emulsifier from Laminaria hyperborea? 

 

During the extraction of the apolar fractions of L. hyperborea samples for the 

exploration of total lipid and fatty acid content (chapter 5), issues were apparent for two 

samples (SCP and Lamina) regarding the separation of the upper apolar isohexane 

fraction from the polar fraction (Fig. 7.3 A & B).  A large intermediate layer formed 

between the apolar and polar fractions and was not dispersed by re-extraction with 

saline. 

 

 
Fig, 7.3: Emulsifier. A - Emulsion (left tube); B - Emulsifier (precipitated). 

 

Suspecting emulsifying components were present, efforts were made to separate them 

by washing in chloroform : MeOH until they precipitated (Fig. 7.3 B) and the full apolar 

extract was recovered.  After precipitation, the emulsifiers recovered, EMU I (SCP) 

and EMU II (Lamina), were no longer soluble in water, methanol, or chloroform.  

They were suspended in water, frozen, and freeze-dried for further analysis. 
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The monosaccharide and polysaccharide composition of these emulsifiers was assessed 

by the methods outlined in Chapter 3.  The HPAEC chromatogram traces revealed their 

monosaccharide compositions (Fig. 7.4). 

 

 
Fig. 7.4: HPAEC-PAD traces of emulsifier samples. 

EMU I;  EMU II;  NaOAc effect – effect generated in the Pulse Amperometric Detector (PAD) when 

sodium acetate (NaOAc) is added to the gradient;  Wash – effect of change of gradients (removal of 

NaOAc and addition of NaOH) to wash the column;  ? – unidentified peaks 

 

 

With peak areas retrieved, monosaccharide and polysaccharide profiles were produced 

for EMU I and EMU II (Fig. 7.5) and details of their predicted carbohydrate 

composition are shown in Table 7.2. 
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Fig. 7.5: Relative monosaccharide (A) and polysaccharide (B) profiles of EMU I and EMU II. 

Dried hydrolysed samples (methods from Chapter 3, section 3.3.2. and 3.3.4.) solubilized in 1 mL pure 

water, filtered and diluted (1:10 fold) for HPAEC-PAD analysis; n = 3. 
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Table 7.2: Carbohydrate composition of EMU I and EMU II.  Monosaccharides, Polysaccharides and 

putative Fucoidan composition with Total sugar identification rate, obtained from acid hydrolysis 

followed by HPAEC-PAD analysis (%). 
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It is clear that these emulsifying agents were a mixture of different carbohydrates.  

EMU I from SCP had a higher fucoidan content whereas EMU II from Lamina was 

dominated by mannitol.  However, as both EMU I and EMU II had emulsifier activity, 

it is difficult to assign the active components responsible for this effect. 

It is well known that alginates can act as emulsifiers [321], yet, EMU I and EMU II 

had total alginate contents of < 10 % and much higher contents of fucoidan and 

mannitol respectively.  In addition, the Stipe sample showed no apparent emulsifying 

effects and it had much higher apparent alginate content.  The emulsification 

effectiveness of alginates tends to be related to their ManUA content rather than GulUA 

due to the viscosity enhancing (thickening) ability of ManUA blocks (see Chapter 1, 

section 1.6.3.) so compositional differences in alginates may play a part.  Although the 

data suggests that the ManUA content of these samples is higher than the GulUA 

content, the doubts over the effectiveness of GulUA liberation in the acid hydrolysis 

process (see Chapter 3, section 3.4.2.) means that the GulUA/ ManUA ratio may be 

relative, but not reliable. 

Mannitol is listed as having emulsifying properties by the FAO [322] so it could be the 

major contributor to the emulsifier effect of EMU II.  Also, fucoidans can have 

emulsifying effects [182] and they could be the main contributor to the overall effect of 

EMU I.  

The emulsification might indeed arise through the interaction of more than one 

carbohydrate working together.  Therefore, additional work needs to be developed to 

clarify what components are responsible for the emulsification ability.  It is also crucial 

to ascertain if other non-carbohydrate components play a role in the emulsification 

activity. 

Both EMU I and EMU II were screened for antioxidant activity using the FRAP assay, 

as in Chapter 2.  The results obtained are shown in Table 7.3.  The IC50 values of EMU 

I and EMU II were low compared to other L. hyperborea samples tested (see Chapter 2, 

section 2.4.3., Table 2.2).  Indeed, EMU I and EMU II had the second highest 

antioxidant activity of the samples assessed in this work.  The high standard deviation 

noted was due to the very low water solubility of the samples and without constant 

mixing of the solutions the samples dropped out of solution which caused variation in 

readings. 
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Table 7.3: IC50 values for EMU I and EMU II samples in the FRAP assay.  Values are averages of 

amount of sample (mg.mL-1 DW) necessary to reduce 50 % of the Fe III in the FRAP assay from six 

independent assays (n=6) ± SD.  Ascorbic acid IC50 = 0.33 ± 0.02 µg mL-1 (n = 6). 

 

 

In summary, the discovery of these emulsifiers could be of commercial importance.  

Emulsifying agents with inherent antioxidant activity could have opportunities in the 

food industry for processed food, particularly in preservation of oil-rich foods and food 

products.  However, there may also be opportunities in the cosmetic, biomedical and 

pharmaceutical industries.  

Further work is required to establish the active ingredients and to establish their value in 

oil-water systems and their effectiveness as oil-phase antioxidants, perhaps using 

Rancimat methods [323].  It is also crucial to establish the safety of such food grade 

additives with respect to other components, e.g. components such as iodine or 

components which could influence flavour. 
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7.8. Final residue 

 

Another consistent co-product of the alginate production scheme designed by MBL is 

the final residue (see section 7.3, Fig. 7.1 of this chapter).  This component is enriched 

in cellulose along with small amounts of unextractable alginate and fucoidan.  For 

operational reasons, this component was not included in the original research 

programme of the PhD.  However, during the PhD, other research 

(https://www.zerowastescotland.org.uk/content/circular-economy-investment-fund-past-

projects) has shown that this cellulosic-rich fraction has unique properties conducive to 

the production of high quality nanocellulose, which could have substantial market value 

and profitability.  This research provides further confirmation that co-products from L. 

hyperborea can be valorised and delivers further support for the multi-component 

extraction strategy that is at the heart of MBL’s approach. 

 

 

https://www.zerowastescotland.org.uk/content/circular-economy-investment-fund-past-projects
https://www.zerowastescotland.org.uk/content/circular-economy-investment-fund-past-projects
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