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Abstract

:

More than 50% of the UK coastline is situated in Scotland under legislative jurisdiction; therefore, there is a great opportunity for regionally focused economic development by the rational use of sustainable marine bio-sources. We review the importance of seaweeds in general, and more specifically, wrack brown seaweeds which are washed from the sea and accumulated in the wrack zone and their economic impact. Rules and regulations governing the harvesting of seaweed, potential sites for harvesting, along with the status of industrial application are discussed. We describe extraction and separation methods of natural products from these seaweeds along with their phytochemical profiles. Many potential applications for these derivatives exist in agriculture, energy, nutrition, biomaterials, waste treatment (composting), pharmaceuticals, cosmetics and other applications. The chemical diversity of the natural compounds present in these seaweeds is an opportunity to further investigate a range of chemical scaffolds, evaluate their biological activities, and develop them for better pharmaceutical or biotechnological applications. The key message is the significant opportunity for the development of high value products from a seaweed processing industry in Scotland, based on a sustainable resource, and locally regulated.
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1. Introduction


Research and development efforts to harvest all forms of Scottish renewable resources are supported by many stakeholders. The potential advantage of seaweed harvesting as a renewable resource is an economic opportunity for Scotland given the importance of these seaweeds as a source of biopolymers, food supplements, minerals and vitamins, and their role as soil conditioners and composting accelerators and the devolved legislative and regulatory responsibility. In this review, we present an overview of an economically important group of the seaweeds: the brown seaweeds that live attached to rocks and are widely distributed in Scotland. Their harvesting, chemical derivatives, and uses will also be discussed. Macroalgae are organisms living in aquatic environments; they use the light to produce energy, and they are macroscopic, multicellular organisms [1] living independently or with other organisms. When they inhabit seas, they are resistant to harsh environmental conditions, and they can adapt themselves to live in different salinity, pH, and water depths [2,3,4,5].



Algae exist in multicellular forms, and where they can be seen by the naked eye, they are described as macroalgae, with less visible forms being known as microalgae. Macroalgae are a taxonomically diverse group that vary in morphology and pigmentation. They can be classified by colour into red (Rhodophyta), brown (Phaeophyta), and green (Chlorophyta or green algae) or by size into macroalgae and microalgae [3,6]. The pigments fucoxanthin, chlorophyll a and b, and phycobilins were isolated from brown, green, and red algae, respectively, and are considered to be responsible for the different algal colours [6,7].



Scotland has over 11,000 km of coastline which makes up more than half of the coastline of the whole of the UK and is one of the largest masses of deep water coast in Europe, with its depth reaching up to 30 meters [8,9,10,11]. This makes the marine industry a matter of high interest in Scotland’s economy, and the development of the aquaculture industry is crucial for creating new jobs, improving the social and environmental conditions in coastal areas, and future economic impact in Scotland [12,13].



Data recorded revealed that more than 90% of the UK aquaculture production is in Scotland, with fish farming supporting around 2300 jobs in Scotland [14]. The marine cultivation industry contributes to the food chain; it is an important pillar for commercial fisheries, conserves endangered species, and maintains the seashore’s community [15,16,17]. In the Scottish territories, the production from aquatic cultures is concentrated along the western shores and islands where favourable environmental conditions are present [18].



Herein, we discuss the distribution of the rock/brown seaweed in Scotland, the biodiversity in their habitat, and their ecological importance. The procedures, rules, and regulations embedded by the Scottish Government to control the irrational harvesting activities of the seaweeds in Scotland are explained. An important perspective on biotechnological applications of seaweed in waste management in the UK is also covered, with added emphasis given to the challenges of biomass treatment for the waste management sector. Additionally, we highlight the use of edible algae as food supplements and as successful alternatives to animal proteins. Finally, the phytochemical composition and some of the important secondary metabolites produced by seaweed are described and discussed.



1.1. The Distribution of Brown Seaweeds in Scotland


One of the important seaweeds in the coastal areas of Scotland are the rockweeds, which are large brown seaweeds of the taxonomic order Fucales. Figure 1 illustrates the taxonomic order of these seaweeds. Fucus vesiculosus, or bladder wrack, is a brown seaweed that is distributed all over the rocky shores of the UK. This type of alga is usually collected from the middle tide zone or mid-littoral zone, where it grows at high density. The leaf or leaf-like part of F. vesiculosus can be found to grow up to 2 meters in length, particularly in the north-eastern rocky coastline of Maine, USA [19]. Its usual habitat is shared with Ascophyllum nodosum between Fucus serratus and Fucus spiralis in the higher shore [20]. The algae have binary branching growth stalks with air-filled pods and smooth fronds. The male and female plants grow to 20 cm length on average with a regeneration rate of 0.5 cm per week; its life span is 2–5 years. However, the growth rate varies from location to location but increases with warmer temperatures and more light, especially between June and August [21]. F. vesiculosus is used as a source of energy, food, and health supplement, and as skin care products. Its decoction produces a vapour with benefits in the treatment of rheumatoid arthritis and hypertension, and it can also be used as a tonic drink [22,23,24].



F. serratus, or toothed wrack, inhabits the lower shore around the rocky coast. It is around 60 cm long and has toothed fronds, with pinpoint white hairs. This brown alga has no air vesicles and it is distributed around most of the UK coastline [20]. The plant grows at a rate of 0.2 cm/week, which is higher in summer compared to other times, and they cover the shore at a higher density reaching 10–20 plants per m2. Its 2–5 years life span is comparable to that of F. vesiculosus. This alga is used as soil conditioner and is industrially processed for the production of alginate [25].



F. spiralis, or the spiral wrack, has twisted fronds and naturally inhabits the intertidal zone usually on the rock of the high tide, which is only flooded during high tide. The spiral rick is adapted to live in low moisture conditions and can grow up to 40 cm long; it does not have air bladders and lives for up to 4 years. It is distributed around all the UK coasts below the zone of Pelvetia canaliculata. The twisted fronds give this seaweed the name spiralis. F. spiralis prefers rocks with cracks that can effectively protect their zygotes [26,27,28].



Ascophyllum nodosum, or knotted wrack, that predominantly distributed in sheltered rocks. This seaweed has long fronds supported by air bulbs to support its floating. The fronds are relatively long and can reach up to 200 cm. An epiphytic algae Polysiphonia lanosa usually lives as clusters adhered to the fronds of A. nodosum. Knotted wrack often shares the habitant with F. vesiculosus [20]. As previously mentioned, the knotted wrack is distributed all over the shores of the UK. The var. mackayi is distributed in the west coast of Scotland; this has binary-branched fronds with few air sacs [29,30,31]. Mycosphaerella ascophylli is a fungus that lives attached to A. nodosum and has an important role not only in protecting the knotted wrack from dryness but also in mitigating the high salinity effect on it [32].



The holdfasts of A. nodosum are thought to persist for several decades from which new fronds regenerate [33]; the external cells’ layer is repeatedly stripped off in a phenomenon not detected in other seaweed [34,35]. A. nodosum prefers sheltered coasts, as high waves decrease its growth. A. nodosum can competitively eliminate F. vesiculosus from the natural habitat. The knotted rack usually lives longer than the genus Fucus with up to 10 years. The industries of alginates extraction, fertilisers from seaweeds, and seaweeds for dietary purposes in Scotland use A. nodosum as a main source. Data show that around 32,000 tonnes of A. nodosum is harvested in Scotland and Ireland, which threatens the rational use of natural resources and requires immediate interventions [36,37,38]. Pelvetia canaliculata, or the channelled wrack, is distributed in most areas of the UK and it can live up to one week out of water in the habitat in the high shore area just above its competitive seaweed, F. spiralis [39].



Himanthalia elongata, or thongweed, has strap-like long fronds, which may grow up to 200 cm. This seaweed can live up to two years and survives in most areas of the UK except the south east of England. It lives in the low shore area just below F. serratus and above Laminaria. Thongweed starts its life cycle as small button fronds then produces from 2–4 long strips reach up to 2 m in length. H. elongata is edible seaweed that is eaten in Ireland as fresh salad, dried herb, or pickled herb [24,40].




1.2. The Biodiversity of the Brown Seaweed Habitat and Their Ecological Importance


The importance of seaweeds is prominent, and they have a great impact on inshore and offshore areas, and coastlines of Scotland. They modify the marine climate and preserve the biodiversity. Laminaria hyperborea and other macroalgae play an essential role in the protection of life. These seaweeds can store more carbon and alleviate its free levels, and also diminish global warming’s negative effects such as higher acidity and lower oxygen levels. It is frequently observed that the global warming is one of the greatest threats to life on earth [41,42,43].



Seaweeds are an important link in the food chain as they serve as food and residence for a variety of organisms and many marine species [44,45]. The living organisms which grow on others such as plants and animals are detected on the surfaces of the algae fronds or blades and take their essential nutrients from the environment around them [46].



The structure which holds or anchors the algae as a sessile structure to the seabed is known as the holdfast, which is a habitat for a diversity of species of marine organisms such as invertebrates [47]. Different marine organisms have been detected living around the holdfast and other parts of algae, providing diversity, adding to the biomass of the ecosystem, and participating in the food cycle in aquatic media [48]. A single kelp can host about 8000 individual macroinvertebrates [47], and the diversity of the hosted organisms increases with the increase in volume of the algae as a larger area of habitat is offered [49]. Starfish, sea cucumbers, crabs, shrimp, and snails are examples of these invertebrates [47].



The species of algae can affect the number and diversity of organisms which are hosted near to their holdfast; if we compare L. hyperborea with Laminaria digitata, another kelp which is widely distributed in the UK [50], the former has longer and harder strips which protect their inhabitants more and are less affected by their blades, a property makes them more favourable than L. digitata [51,52]. To summarise, these simple differences in the structures of the kelp markedly affect the types and numbers of organisms hosted and the solidity of the seabed which holds the kelp, affecting both their distribution and their associated understorey gathering [53].



Algae provide an excellent protection strategy for several marine species, defending them against their natural predators [54]. The interaction between organisms (micro and macro) themselves and with their surroundings creates a dynamic ecosystem. Some studies revealed that the biochemical compounds produced by the seaweeds have antimicrobial effects in addition to their innate effect against herbivorous organisms [55,56,57]. Other studies documented that the microorganisms associated with some algae produce natural compounds that have antimicrobial effects [58,59].



The Water Frame Directive (WFD), which is an EU directive, commits its members to a highly standard code of practice during their activities in aquatic areas [60,61]. The WFD uses the status of seaweeds, their abundance, and the diversity in their habitat as an indicator of the marine ecological condition [62,63]. As the UK (and Scotland) withdraws from the EU, the consequence for detailed environmental considerations is unclear at the time of writing, but complex interdependencies on the regulation of marine resources exist (REF SG report in comment link). Large quantities of carbon are part of the dissolved CO2 content of surface aquatic systems and algae absorb a good proportion of that, making them play an important role in carbon sequestration; in addition, 50% of the photosynthesis processes are carried out by algae, and a lab experiment showed that algae showed a daily CO2 uptake equal to 159 mg per litre [64,65,66,67,68]. Other services provided by the seaweed to the ecosystem are protection from strong waves and stabilising the coastal sediments [62]. Taking the role and importance of seaweeds in controlling the marine ecosystem into account, the Scottish government and their civil service directorates performed a comprehensive study of the current environmental conditions and what the effect may be in disturbing the biomass of natural seaweeds in the Scottish coastal zone. Marine Scotland suggests that the uncontrolled harvesting of the seaweeds could lead to severe environmental problems and should be accomplished in a sustainable way [62].



Macroalgae have been harvested for many years for use as primary materials or as a source for bioactive materials by many pharmaceutical and food industries. Currently, in Scotland, this marine industry is small; however, expansion in the future is anticipated as industrial interest rises and a proposal to harvest large quantities of Laminaria hyperborea has been submitted to the Scottish Government. In [62], however opposition to this plan initiated by change.org is presented [69]. Therefore, what are the effects of seaweed harvesting on the natural seabed and shores of Scotland? To answer this question, we need to consider the following factors: the type of the seaweeds identified for harvesting, the method used for collection (manual or mechanical), the quantity taken, the timing of extraction, the geographical location, and the period of time left between harvests for regrowth [62,70]. The Scottish authorities considered all the points of discussion surrounding the subject of seaweeds harvesting and decided to implement a policy to relieve the negative impacts of seaweed harvesting on Scotland’s marine ecosystem [71].



To alleviate the negative outcomes of seaweed harvesting, several measures have been adapted to protect some areas from industrial harvesting and to ensure the sustainability of the resource. One of these measures is the restriction of harvesting in the following areas: wave-sensitive areas, areas of specific biological communities, hauling-out areas, wrecks areas, historical areas, and areas saved for crofters [62,70]. To ensure that industrial harvesting is performed appropriately to let the seaweed regrow and alleviate and negative ecological impacts, a concept of licencing is confirmed to protect Scotland’s marine environment, and to protect the rights of the harvesters, and other stakeholders [62,70].





2. Some of the Important Uses of the Seaweeds


2.1. Seaweed as Food Supplements


Seaweed are used as food for human beings, feed for animals, or as additives after collection, cleaning, and packing. Different processing stages of seaweed leads to the production of raw extracts or primary materials which enter the supply chains of pharmaceutical and cosmetics industries [3,72].



Algae have nutritional benefits and have been used for long time [72]. In western countries, the use of algae as food is limited, but it is in continuous development [73], and its use is focusing on the isolation of polymers for biotechnological and pharmaceutical applications [74]. Meanwhile, in East Asia, seaweed was used for a long time as a food, due to the high levels of proteins, vitamins, and minerals [75]. They are good candidates for animal feeding, and as food additives and supplements. The brown seaweed, A. nodosum, was incorporated in animal feed by a Canadian company to increase their immunity and combat microbial invasion [76,77,78].



Alginates and other polymers derived from algae find a place in the food, pharmaceuticals, and cosmetics industries. Usually, alginates and other polysaccharides polymers are used as emulsifying agents, thickening agents, gelling agents and food stabilisers in food industries [79,80,81]. Hydrocolloids such as alginates have the ability to stabilise oil in water emulsion by adsorption on the oil surfaces to prevent flocculation [82]. Propylene glycol alginate is an emulsifier of choice in the food industry and sometimes, it is preferred over methylcellulose [82]. The use of alginates and alginate derivatives is well represented in biotechnological applications and their use in drug delivery and the microencapsulation of pancreatic islets’ beta cells (β cells) is widely researched [83,84,85,86]. Alginate has interesting properties, as it is flexible, absorbs tensile stress, and it is edible. These properties have identified it as a green alternative to non-biodegradable food packaging [87]; unfortunately its porous texture makes it permeable to humidity and oxygen, which cause food deterioration [87]. These shortages in alginate’s role as food packaging is monitored by the incorporation of safe and food friendly antimicrobials to decrease the effects of microbes, minimise food deterioration, and prolong food life [88,89,90,91]. Additionally, the use of algae as a biofuel cannot be ignored [62]. Laminaria sp., and A. nodosum contain massive quantities of alginate, a property which makes them the first choice of alginate extraction for industrial purposes [92,93,94].



East Asian countries were recorded as the largest consumers of seaweed worldwide [95]. For example, the average consumption in Japan is around one and half kilograms per adult of dry seaweed annually [74,96]. The Japanese use more than one hundred species of seaweed [97]. A. nodosum is incorporated into a diet of overweight people to reduce the energy intake after consumption [98]; alginate has a unique characteristic of gel formation on contact with acids and calcium ions at low temperature. This property is utilised to induce glut after the ingestion of alginate [99,100]. Algae have high fibre contents, which make the digestion process in humans a complex process, while the ruminant animals’ digestive system has the required enzymatic machinery and it can digest the high fibre contents in the algal meal and increase the availability of nutrients [101]. The monogastric animals need preliminary digestive processing to obtain benefits from the proteins of seaweed [102]. In general, the proteins of red seaweed are digested better than brown seaweed and are comparable in levels to fruits and vegetables [103].



It is widely known that animal proteins make up the main contribution to human food protein intake. However, it is increasingly debated that the production of protein from animals could be reduced because of the ethical and environmental impacts of this part of the food chain [104]. However, the safety of using seaweed as food and animal feeding is under debate [105]. To mitigate the effects of the production of animal protein and prepare resilient strategies for future food supply shortages [106], we need to identify alternatives to the modern technologies introduced to intensify food production from plant and animal sources, thus helping to reduce output of greenhouse gases and detrimental impacts on the natural habitats and diversity of other species [107]. The identification of algae as a safe protein source can mitigate the negative impacts of protein production from animals and terrestrial plants [105] as the high levels of proteins, abundant in algae, are comparable to that in animal products such as meat and eggs [108].



Seaweed do not need fresh water, land for cultivation, or even special agricultural techniques, which make their cultivation, and harvesting more feasible [109,110,111]. This promotes the rational consumption of fresh water which is typically used to irrigate the crops with high protein contents [112]. Green microalgae (Chlorella spp.) have been cultivated for commercial use since 2004 [113,114]. Other studies were also interested in the cultivation of seaweeds for alginate production [115,116]. The main purpose of these cultivation activities is to find a suitable protein source which is safe and sustainable, and protein quantities in algae vary significantly depending on the species, geographical distribution, temperature, and time of the collection [117]. The collection of Ulva lactuca in August is preferred to collection in April as the proteins level is higher [118]. The highest quantities of proteins were recorded from the red macroalgae and the lowest levels from brown seaweeds [74].




2.2. Seaweeds Used in Green Waste Management


Compost, meeting the regulatory quality standard (e.g., PAS100) is an end of waste product produced from waste organic matter, and is formed by the decomposition of the biomass due to metabolic processes of the microbiota in situ [119]. The composting process for seaweed has been investigated as a way to limit the negative impact of excessive growth or accumulation of seaweed on tourist beaches and on trade at seaports where excessive growth may limit the movement of ships, etc. [120,121]. Strong performance over conventional compost media was observed, highlighting the speed to reach and duration of the thermophilic phase, stabilising waste within 4 months.



The use of seaweed-derived extract in the composting of solid bio-waste materials appears to enhance the production of useful microbiota (bacterial and fungal colonies). These microorganisms are the primary players in the composting process as they break down the organic biomass to a rich nutrient-enhanced compost. The composting process aids carbon sequestration and reduces methane release from landfills, reducing its carbon footprint. The potential use of seaweed in composting processes for green waste management would improve the sustainability of algae in Scotland and provide the beneficial application of material causing nuisance (on beaches and affecting water transport). However, we need to remember that the harvesting process must be undertaken in a controllable and well-designed manner as seaweed provides a significant ecosystem service. In addition, the use of algae in the composting of the green waste could reduce the time of composting, improving the productivity of the process. Other researchers revealed that the effect of the phosphorus and potassium provided by seaweed, in addition to the slightly alkaline media produced by algae, and better aeration of the soil improved the production of Licopersicon esculentum (Tomato) [121].



Algae have a relatively low C/N contents so the ideal composting process can be achieved by mixing a material with high carbon content such as trees, shrubs, etc. to reach the required 30 C/N mixture and kick off the composting process. Aerobic metabolism consumes the carbon of the biomass, the stabilisation stage of the compost is achieved at 15 C/N mixture [122]. Higher carbon contents in the waste biomass extends the time of composting; hence, the stabilisation process and achievement of higher fungal contents in the compost takes a longer time [123,124]. This means that higher fungal content of the compost is one of the signs that indicates compost stabilisation. On the other hand, the lower C/N contents metabolised faster and produced more ammonia as an undesirable product of the composting process [122].



The composting of marine-derived bio-waste may yield a compost with a high salt concentration that negatively affects the yield of salt-sensitive plants, so washing the seaweed could potentially reduce salt content, although it has been observed that the washing step is not really crucial as it does not decrease the intracellular salt content of the algal cells [120,125].



Seaweed-based treatments offer an economic and effective biological solution which activates and stabilises the decomposition of organic matter, reducing both the cost and time associated with widely used composting approaches to waste treatment. These treatments are also expected to have more widespread application to industrial “nuisance” (dusts and odours) and remediation options. BCx®, a compost accelerator from EKOGEA, contains 100% A. nodosum used to enhance the composting process and achieve a mature compost within 6 weeks. This compost accelerator provides nutrients to the microbiota and eliminates NH3 and H2S via ion exchange. Additionally, it is claimed that it interacts with potentially toxic elements and optimises moisture content during the composting process [126]. The use of seaweeds and their extracts in the acceleration of composting processes could present a great opportunity for the UK to decrease the resources used in green waste management.



Information revealed from the compost certification scheme “report 2018” from REAL (Renewable Energy Assurance Limited) indicated that projects using sustainable seaweed resources in the management of green waste are important for the benefits of many stakeholders: the company, the customers, farmers, compost makers, community councils, community, and the sustainability of marine resources. The REAL scheme ensures that the end users of compost and bio-fertilisers are utilising trusted products produced under a quality control system governed by assured controlled practice [127].



In 2018, around 179 certified producers of compost that are distributed throughout the UK dealt with around 3.5–5 million tonnes of waste materials and produced 1.86 million tonnes of compost. Approximately 76% of those processes were undertaken in England, 13% in Scotland, 7% in Wales and 4% in Northern Ireland. About 68% of all these processes were carried out in the open air, turned windrows, and more than 75% of them processed green waste [127] (summarised in Figure 2). All information about the certified compost producers, addresses, and contact details can be retrieved from the Renewable Energy Assurance Ltd. (REAL) website http://www.qualitycompost.org.uk/ (accessed on 22 April 2021) under the REAL’s Certification Scheme for quality composts section.



Compost feedstock varies between sites but is generally composed of green waste (grass, flowers, pruning, clippings, and leaves). Permitted industrial and animal by-product (ABP) wastes such as food waste are typically processed at in-vessel composting facilities. In Scotland, 70% of the certified composting operations only process green waste, as shown in Figure 3.



The total of amount waste processed in 2018 in the UK was 3,807,000 tonnes, of which around 2,330,000 tonnes in was England, 311,000 tonnes in Scotland, 150,000 tonnes in Wales, and 233,000 in Northern Ireland [127], as shown in Figure 4.




2.3. Role of Seaweeds in Agriculture


A. nodosum extract is added to the soil to serve as a bio-stimulant and increases ion exchange, the transportation of micronutrients, provides natural polysaccharides that may increase the vitality of the soil microbiota, and holds water in the soil. Natural compounds in the extract may act as plant growth promoters and increase the plants growth rate [128,129,130,131,132]. The addition of extracted seaweed is much better than addition of the dry one, because the transportation and exchange of materials is faster in the former. The process of preparing an extract from the seaweed to use as plant growth accelerator processes includes the use of a cold press where no heat or chemical agents are used. Others used chemical extraction active constituents for that purpose, and alkaline solutions and heat were used to extract enough natural materials for application in agriculture [133].



Seaweed extracts from A. nodosum have important effects on the growth rate and quantity of phytochemicals of two varieties of the broccoli cultivars. The quantities of phenolics, flavonoids, and isothiocyanates were increased in all tests compared to control, which led to the improvement of the quality of the plant under study [129]. A. nodosum is a seaweed extensively studied for its benefits for the soil and for the growth of cultivated plants, thus it is effectively used as fertiliser and soil conditioner in addition to its value as a nutritional additive, as well as its role in food supplementation for humans and as animal feed [134]. The extracts of the seaweeds are applied by various techniques: dipping of the roots, spray, or soil immersion to distribute the nutrients, minerals, and growth promoters [135]. After the addition of these extracts via different techniques, the plants become more resistant to biotic and abiotic stress [134,136]. It was also recognised that the production of specific compounds in plants under study increased, such as the antioxidants produced by spinach after treatment with seaweed extract [137].





3. Current and Future Seaweed Harvesting Activity in Scotland


As highlighted in the introduction, in Scotland, harvesting activities are limited to small batches contributing to food, pharmaceutical, and biotechnological industries. Although these activities are involved in the collection of brown, red, and green algae, A. nodosum and L. hyperborea are the main targets for harvesters as they contain the highest quantities of alginates and proteins [138]. There are seven official sites in Scotland that are licenced to harvest seaweeds for industrial purposes [62]. These places are shown in Figure 5 using a map downloaded from visit Scotland.com [139]. Some of the seaweeds such as Laminaria spp. are washed out of the marine environment to the shoreline. The seaweeds drift to the beach because of wind and tidal action, and have some economic value. They are gathered by local communities in islands and used to improve the soil conditions and as fertilisers in the Machair (From Scots Gaelic, meaning Lowlands), and the fertile lands on the northwest coastlines of Ireland and Scotland, particularly the Outer Hebrides [140,141].



In 2014, global seaweed production was around 28 million tonnes, the vast majority of which (96%) was attributable to aquaculture [142]. Nevertheless, in some regions, including the UK, the harvesting of ‘wild’ seaweeds is still an economically important practice. The diversity of harvesting practices and technologies reflects the habitat variability in which seaweeds are found. The harvesting of cultivated seaweed varies from manual collection to mechanical collection from intertidal zones and the use of cranes mounted on ships in deep water [143]. The harvest method collects total biomass using nets at the end of the season or to collect specific materials such as carrageenan, which is accumulated in older seaweeds, or to partially harvest only the new growth and leave other parts for regeneration and further re-harvesting [144,145]. Globally, five methods of seaweed harvesting are practiced. The first method uses scythes as a tool to assist in manual collection. The second uses the Norwegian dredger which has a head comprising a large toothed dredge which is actively dragged through kelp (L. hyperborea) beds. This harvests the grown, or in other words, the large L. hyperborea and leaves the smaller kelp to mature. The third tool uses a cutting technique instead of towing to harvest seaweed near the shore; this tool is named the Norwegian cutter and vessels are used to harvest A. nodosum. The fourth method is the collection of the shore-cast seaweeds by hand, and the mechanical gathering of the seaweeds using a caterpillar tractor [62]. In Scotland, the manual harvesting technique is mostly used for seaweed collection [146]. The application of mechanical devices to harvest is possible in some areas where it is feasible to use mechanical harvesting methods [53].



In the Outer Hebrides and Caithness, harvesters usually collect the brown seaweed A. nodosum from the intertidal zone by hand or machines. To enable sustainable harvesting and let the seaweed regenerate again, harvesters need to cut the stalk of A. nodosum quarter of a meter from the rock contact point. Other seaweeds are harvested by hand from Fife, Caithness, and Bute, leaving 15 cm of stalk attached to the rock for regeneration [62]. Around 30% of brown kelp is washed away from the seabed naturally and storms occasionally detach up to 90% of a local seaweed population and wash it ashore [147,148]. Recently, some marine companies in Scotland increased their activities in the market and proposed the potential harvesting of a large quantity of L. hyperborea.



Marine Biopolymers Limited is one of those companies which asked for a sustainable resource of L. hyperborea, a seaweed abundant in Scotland, and its quantities are estimated to hit the 20 million tonnes of wet weight [149]. This recent report by Burrows (2018) also documented the distribution of L. hyperborea in Scotland [149]. Although the industrial harvesting of L. hyperborea is relatively new in Scotland, it is a well-established industry in other European countries such as France, Iceland, and Norway [70,150]. This new industry needs a comprehensive overview of the measures to control the harvesting activities to alleviate the negative impact of seaweed harvesting on the environment. Of course, a benefit of this development would be to support coastal communities socially and economically but a monitoring plan in addition to the adaptation of this plan according to the essential needs and environmental necessities is an essential prerequisite to develop the seaweed harvesting activities for industrial purposes [70]. All reports concerned about the effects of harvesting of the seaweeds recommend avoiding the harvesting in the following areas: special areas of conservation, nature conservation marine protected areas containing kelp forest needs protection, and protected priority marine features [70,151,152].



The Scottish Government announced more than eighty species and habitats as priority marine features with protection imposed [153]. Those features are mostly of national and international priority. The GEN 9 Natural Heritage policy as a part of the Scottish marine plan clarified that the priority marine features must not be affected by the application of the development marine environmental plan [154]. Comprehensive information about the legislative framework and requirement for an environmental report can be extracted from a Wild Seaweed Harvesting report prepared by ABP mer, a company that provides consultation services [70]. These limitations mean that the process of seaweed harvesting in Scotland is controlled by many statutory rules, and harvesters need to take several approvals and design evaluation plans for the environmental effects of seaweed harvesting before starting their business [70,155,156].



The Crown Estate Scotland owns the territorial waters of Scotland which covers 13.8 miles from the coastlines. The Crown Estate Scotland leases or gives licence to beneficiaries [154]. All harvesters need prior permission to collect seaweed or shore-cast seaweed, and in addition to that, the Scottish Natural Heritage must approve the collection process of the seaweed from the site of special scientific interest or European designated sites as special areas of protection. The marine Scotland licencing operations team takes into consideration all the regulations and legal acts governing seaweeds harvesting, ensuring a sustainable policy is followed, a low carbon environment to control the environmental changes and a better economy for the societies living in the coastal areas of Scotland [154]. The authorities have the right to know from the harvesters the biomass available, the harvesters’ strategy for sustainable harvesting, and the measures adopted by the harvesters to implement and adapt harvesting processes [62,70]. The Marine Scotland Act 2010 and Marine and Coastal Access Act 2009 are followed by the Scottish authorities to ensure the implantation of Scotland’s National Marine Plan governs both the deep and shallow water areas of Scotland per under the EU Directive 2014/89/EU on nautical location designing (Marine 2015).




4. Phytochemistry of Seaweeds


Humans and animals have consumed multicellular algae or macroalgae because they contain abundant levels of proteins, carbohydrates, minerals, and vitamins [157,158]. These advantages, in addition to the advantages mentioned previously, make them a competitive alternative to plant for food and feed production [159]. The novel phytochemicals which are found in marine algae have unique stereochemistry, many of which are expected to be ‘natural leads’ to the discovery of various beneficial drugs [160] and, potentially, a wide array of other useful compounds [161] are worthy of being mentioned in this review. In the following section, we describe various metabolites of algae with their structures and some biological activities of the chemical structures were sketched using Chem Draw® professional from PerkinElmer. The most important extraction methods used to extract materials from algae are also discussed.



4.1. Overview of Some Seaweed Derived Phytochemicals and Their Biological Activity


F. vesiculosus is incorporated in many food supplements to supply our bodies with some nutrients, minerals and vitamins and in other natural formulations to control body weight [98,162,163]. InSea2 is a natural formulation commercially available in many countries, where it is used to control the blood sugar and metabolism of carbohydrates. This formulation is formed from a combination of two natural extracts from seaweeds F. vesiculosus and A. nodosum. These two natural extracts were recorded to have both α-amylase and α-glucosidase inhibition activities [164]. The pharmacological effects on α-amylase and α-glucosidase explained the role of F. vesiculosus and A. nodosum in the optimisation of blood glucose and inhibition of these two enzymes in vivo [164].



The consumption of two hard gelatine capsules containing 500 mg of F. vesiculosus produced some effects on glucose and insulin levels in blood; however, that effect was not significant enough to indicate that this seaweed might have a controlling mechanism on the postprandial insulin and sugar levels, and this study confirmed that F. vesiculosus is a safe seaweed that has no side effects [165]. The presence of polyphenols in F. vesiculosus give this seaweed an antioxidant property. Several nutraceutical products have been developed from F. vesiculosus, which is rich in dietary elements, fibres, and phenolic entities.



F. vesiculosus has a high concentration of the antioxidants phlorotannins that encouraged many scientists to investigate its antioxidant properties. A study tested the antioxidant capacity and polysaccharide composition of F. vesiculosus and compared these capacities and antioxidants’ effects with those of some common commercial nutraceuticals. The percentage of fibre was the highest in F. vesiculosus, being around 55% compared to the commercial nutraceuticals used in this study. Interestingly the antioxidant effect of F. vesiculosus was higher than the commercial extracts and fucoidan 1. It was confirmed that the phlorotannins are the active constituents exerting the antioxidant activities in the raw seaweed and in all other materials tested [166]. Table 1 shows several compounds from different seaweeds with their associated biological effects.



The fucoidan 1 extract has an important percentage of phenolic compounds, indicating that the antioxidants activities of the fucoidan 1 extract belongs to the effects of the polysaccharides and phenolic compounds combined together [206]. Fucoidan was detected in F. vesiculosus, F. serratus, and A. nodosum [207,208,209].



Some of the phytochemicals found widely spread in algae are the natural pigments carotenoids. These compounds are used as natural food colourings in many kinds of food [210]. Carotenoids are synthesised by algae via the photosynthesis pathway [211]. β-carotene 2 was detected in fresh F. vesiculosus following maceration with methylated spirit and several sequences of purification steps [212].



Fucoxanthin 3 is another carotenoid detected in F. vesiculosus, F. serratus, and A. nodosum [191]. Fucoxanthin 3 and its metabolite Fucoxanthinol 4 showed anticancer effects against several cancer cells [173]. F. vesiculosus and F. serratus biosynthesised isofucoxanthin 5 [176,190]. Isofucoxanthinol 6 is separated from F. vesiculosus [176]. Neoxanthin 7 is another carotenoid isolated from F. vesiculosus [174]. In general, carotenoids have several medicinal effects, as they reduce the hepatic and cardiovascular diseases in addition to their effects against cancers [213] and in addition to their effects in controlling of weight and insulin levels [214]. Figure 6 shows the structures of the compounds from 1–7.



Several benzene derivatives 8–20 have been isolated from a controlled cleavage process of polyphenolic compounds extracted from F. vesiculosus [178]. Compounds 21–24 mentioned in Table 1 are known to have potential antioxidant activities, and they are isolated from the endophyte fungus Epicoccum sp. derived from the brown algae F. vesiculosus [179]. Trans-4-Hydroxymellein 21 was isolated from Seimatosporium sp., an endophyte of Epilobium hirsutum [215]. 1,3,5-trimethoxybenzene 8 has a pleasant odour and gives sedative effects [216]. Figure 7 shows the compounds from 8–24.



Phytosterols present in brown seaweeds have a important medicinal effects in lowering total cholesterol and harmful low-density lipoproteins [182]. A galactolipid compound 27 and 3,7,11-Trimethyl-2-dodecen-1-ol 28 were detected from F. vesiculosus, and other glycolipids detected from F. vesiculosus are compounds 29 and 30 [185,186] Figure 8 shows the compounds from 25–30.



Three polyphenolic compounds from F. vesiculosus L. fucotriphlorethol A 31, trifucodiphlorethol A 32, and trifucotriphlorethol A 33 [187] Figure 9 shows the compounds from 31–33.



Carotenoids and flavonoids such as quercetin 34, curcumin 35, and low molecular weight phlorotannins were detected in F. vesiculosus extract [188]. The polar extracts extracted by water and ethanol from five rock seaweeds (F. vesiculosus, F. serratus, F. spiralis, A. nodosum, P. canaliculata) have α-amylase and α-glucosidase inhibitory activities that decreased the glycaemic response. A. nodosum is the most effective inhibitor of α-amylase among this set of seaweed [217,218].



F. vesiculosus was sequentially extracted with water at variable temperatures, and with HCl (0.1 M) and KOH (2 M). 40% of the fractions were soluble and composed mainly of sugars and uronic acids and small quantities of sulfate, proteins and polyphenols. The main sugars were fucose 36, glucose 37, galactose 38, and xylose 39. The most effective antioxidant fraction was the acidic fraction followed by alkali and aqueous fractions. The natural antioxidants, sulphated polysaccharides from brown seaweed, can be used as potential antioxidants in food supplements [189]. These food supplements have been tried in vivo on animals to prove their hypoglycaemic effects; however, that effect needs to be proved on human. Manufacturing companies indicated that these food supplements are contraindicated in people with thyroid hormone imbalance as they can alter the thyroid hormones levels, also they are contraindicated in cases of hypersensitivity to iodine or F. vesiculosus, bleeding, blood clots, kidney diseases, BP, diabetes, stroke or if the user is pregnant or breast feeder [219].



F. vesiculosus is sold commercially under different trade names and it is used for variable purposes, such as for anticoagulant effects, to improve the skin firmness by increasing collagen thickness, and to enhance the fibroblast expression of integrins, which increase collagen thickness. Increasing the thickness of the collagen seems to treat cellulite that is the herniation of subcutaneous fat within fibrous connective tissue that manifests as skin dimpling and nodularity, often on the pelvic region (specifically the buttocks), lower limbs, and abdomen, so the seaweed has cosmetic effects. F. serratus contains zeaxanthin 40 [190], chlorophyll c1 41 [177], and all-trans-fucoxanthin 42 [220]. Figure 10 shows the compounds from 34–42.



Some of the phytochemicals detected in the rock seaweeds are phlorotannins. Phlorotannins are polymers, complex in nature and formed of several monomers named phloroglucinol 43 [192,221]. It showed also antithrombotic and profibrinolytic effects [194]. The aqueous ethanolic and aqueous extract from F. spiralis, A. nodosum, and P. canaliculata were analysed by UPLC-MS. F. spiralis showed the lower molecular weight phlorotannins of less than six monomers, while the other two showed higher molecular weight phlorotannins [222]. Other compounds from F. spiralis are 7-methoxycoumarin 44 [223], 1-monooleoyl glycerol 45 [197], β-carotene 5,8-epoxide (Citroxanthin) 46 [224], and 5-hydroxyramulosin 47 [223]. Figure 11 shows the compounds from 43–47.



Aqueous ethanol was used for the extraction of A. nodosum, and the extract showed antidiabetic activity by testing the extracts for an α-glucosidase inhibitory effect and glucose uptake stimulatory activity [225]. The polyphenols in the extract were responsible for this effect, and this was proved by a bioassay-guided separation, and purification scheme. Streptozotocin-diabetic mice models were designed to test the antidiabetic effects of crude phenols extract, purified phenols fraction, and purified polysaccharide fraction from A. nodosum. The results showed that phenols extract, and phenols fraction improved the fasting glucose and cholesterol levels, and the purified phenols fraction was effective in the sucrose tolerance test as the glucose level was maintained as low. The phenols extract, purified phenol fraction, and the polysaccharide fraction showed antioxidant activities [226].



A. nodosum is a source of nutrients, trace elements and minerals, amino acids, vitamins, phyto-hormones, and natural antioxidant material (phlorotannins, fucosterol 26, and fucoxanthin 3); all these materials proved to improve the skin health. P. canaliculata extract improves the brightness of the skin [227]. L. digitata and A. nodosum are rich in vitamins, minerals, amino-acids, and essential fatty acids which maintain moisture and a polysaccharide named alginic acid 48 that locks in the moisture of the skin (Sarfati, 2017). The wrinkling or aging of the skin at cellular compartment is attributed to the level of oxidative stress, inflammation, and cell senescence. A. nodosum extract contains large quantities of phlorotannins that have an activity opposed to oxidative stress, inflammation, and senescence [228]. The role of macromolecules extracted from seaweed in drug delivery is well documented. The colloidal polysaccharide alginate 49 proved itself to be safe, non-immunogenic, biocompatible and biodegradable; these properties are important for a compound as an anticancer drug vehicle for treatment of cancers [202]. A. nodosum was extracted to yield ascophyllan (a sulphated polysaccharide) whose full structure is unavailable but composed mainly of the sugars fucose 36, xylose 39, glucuronic acid 50, and sulphated half-ester in approximately equal amounts. The composition is clearly different from the A-fucoidan, for which the structure is also not available and isolated from A. nodosum, while S-fucoidan 1 is isolated from Fucus vesiculosus. Fucoidan 1 has lower quantities of uronic 50 acid and xylose 39 than those of ascophyllan [203,229]. Finally, 1,2,3,5-tetrahydroxybenzol-2,5-disulfate ester 51 is detected from A. nodosum [204] and bis-fucopentaphlorethol A nonadecaactate 52 from H. elongata [205]. Figure 12 shows the compounds from 48-52.



Lectins are a group of proteins isolated from macroalgae or seaweeds, and they have many industrial applications, as they have high recognition abilities to carbohydrates without the induction of structural modifications. Their mediation in protein–protein interaction turns them into antivirus, biomarkers, or drug targeting candidates [230,231,232,233]. New research indicated that lectin could serve as an inhibitor to coronavirus [234].




4.2. Symbiotic Microorganisms


F. vesiculosus has some microbial populations that live with it. This seaweed has epibiotic biofilms that have the potential to control F. vesiculosus’ life and environment. The effect of different salt levels on these biofilms have been investigated, with non-living stones used as a control. The microbiota was analysed and sequenced using 454 pyrosequencing of 16S rRNA gene sequences. The results showed that salt level is important in the determination of the epiphytic and epilithic colonies and growth [235]. Phoma tropica is an endophyte separated from F. spiralis; it was cultivated on a large scale to yield two important compounds, 5-hydroxyramulosin 47 and 7-methoxycoumarin 44. Structures of these compounds were characterised by NMR and by single crystal X-ray diffraction for the novel 5-hydroxyramulosin 47 [223]. Several endophytes were isolated from A. nodosum; around 800 bacterial isolates were isolated from this seaweed, and some of them have polysaccharides hydrolytic activities [236]. We mentioned above that microorganisms play an important role in the composting process of green and food waste; probably, bacterial cells present in algae play a positive role in the digestion of the waste material and the composting process when the algae are used to promote the composting process.





5. Extraction Techniques for Algal Derived Compounds


5.1. Extraction of Proteins


Alginate 49 is a polymer that is primarily separated from the cell wall and the cells of L. hyperborea, Macrocystis pyrifera, and A. nodosum [237]. The algal cell wall contains polysaccharides macromolecules such as the alginates 49 in brown seaweed and carrageenan 53 in the red ones. Other polysaccharides such as laminarin 54, cellulose 55, xylan 56, galactan 57, and fucoidan 1, were also reported in seaweed; those compounds decrease the availability of the proteins and other molecules for the extraction solvents; nevertheless, this availability increased with the use of mechanical shredders, and ultrasound destructive waves [238,239]. Using ultrasound waves in an extraction process conserves cost, time, and energy. This technique is successfully used in the extraction of natural compounds, which are heat-sensitive [8,240]. Other additives such as buffers may be used in conjunction with the mechanical destructive methods; those materials were used primarily to keep the structure of the extracted materials such as proteins intact during extraction [241].



A useful combination of extraction methods is the use of polysaccharides enzymes like cellulase, xylanase, κ-carrageenase, and β-agarase with alkali [242]. Proteins are usually extracted by the effect of acid and bases followed by the chromatographic technique or ultracentrifugation; an example of this is the extraction of proteins from A. nodosum using acid–base extraction solvent [243]. Other adaptations such as homogenisers and osmotic shocks were also used to augment the extraction process of proteins from algae [238,244]. Pulsed electrical waves formed holes in the algal cell walls to increase the protein extraction [245,246]. The quantities of proteins extracted from Spirulina sp. were reportedly increased by more than 10% after the use of a pulsed electric field at 15 kV/cm and 100 kJ/kg [247]. The extraction of natural materials from algae using membrane technologies were used to separate algal cell wall macromolecules and bacteria by a method of microfiltration, then, proteins were collected by ultrafiltration, and salts by nanofiltration. In other words, a sequential separation technique, separating compounds from seaweed depending on the particle size of the compound, was adapted to extract most of chemicals available in the bio-matrix of the seaweed [248,249].




5.2. Microwave-Assisted Extraction


The application of electromagnetic radiation in the microwave frequency range is an effective method for the extraction of chemicals from the biomass. The microwave heating process plays its role efficiently in extraction, hydrolysis, and pyrolysis of the targeted tissues [250]. The temperature control in this kind of extraction processes is an important factor in defining the type of chemicals produced [251]. Phenolics are extracted by a hydro-alcoholic solvent using a mixture of water and methanol [252]; other work indicated that water or ethanol with water extracted more phenolic materials from brown algae than acetone mixed with 20 parts of water using solid liquid extraction [253]. The phenolic materials of A. nodosum was extracted using the microwave-assisted extraction method. Using a heating temperature of 110 °C for 15 min, the yield of the process was higher in quantity and the time of the process was shorter than the ordinary extraction methods that extends for 16 times longer [254].




5.3. Green Method to Extract Sodium Alginate by Ultra-Sonication


The extraction of chemicals from macroalgae can be achieved using ultrasound waves; this method in principle uses the ultrasound waves that vibrate the sample molecules and separate them from the biomass into solvent of extraction. To extract sodium alginate 49, the Japanese wireweed or Sargassum muticum seaweed were mixed as one part to 20 parts of water. The mixture then extracted in an ultrasonic bath at room temperature for half an hour using a high-frequency wave as a green method and avoiding the use of acid [255].




5.4. Extraction of Alginates Using Formaldehyde to Remove Phenolic Compounds


Sodium alginate 49 was separated from Sargassum natans after washing the seaweed several times to remove all unwanted debris and mud, and the biomass was mixed with 2% (w/v) of formaldehyde and stored overnight to remove excess phenolics escaped from the acidic treatment [256]. Formaldehyde was previously reported to have high affinity to phenolic compounds distributed in the cell walls of macroalgae [257,258]. The phenolic fraction was separated from the biomass and the biomass was treated later to yield sodium alginate 49, which is characterised using HPLC [258,259].





6. Characterization of Alginate


The analysis of the alginates 49 can be accomplished using MALDI-TOF [260], FTIR [255], and HPLC [258]. Alginic acid 48 is isolated from algae and industrially isolated from brown algae. It is a polysaccharide formed of two polymers, G and M. Those two forms (1→4)-β-D-mannuronic acid (M) 58 and (1→4)-α-L-guluronic acid (G) 59 units are distributed differently on different alginates 49 structures depending on the species, stage of growth, and geographical place [261,262,263]. Those macromolecules are important in the manufacturing of medicines, the cosmetics industry, food industry, and biotechnology [259]. Proton NMR spectroscopy is used in the determination of the composition and percent of G and M moieties in the structure of alginates [264]. The percentage of each block can affect the gelling activities of alginates 49 as more M blocks increase the elasticity of the gel [265]. The uniform distribution of GG blocks turns the alginate 49 into a rigid and brittle structure, while the MM blocks turn the alginate 49 into the soft structure as the MG mixture improve the flexibility of the alginate 49 matrix [266]. Figure 13 shows the structure of compounds from 53–59. Figure 14 shows the connection between G and M blocks in alginate.




7. Conclusions and Future Vision


Scotland’s large and deep-water seashore hosts a vast array of micro and macro organisms which form a huge reservoir of sustainable resources. These resources need proper management and an ambitious investment plan to deploy new projects, research, and develop associated business growth, supporting the job market and developing the coastal societies. With a global shift from animal proteins to green proteins, the seaweed inhabiting the Scottish seashores provides a great opportunity for sustainable healthy foods, which do not need land, or fresh water for cultivation.



Scotland is firmly driving towards a circular economy to decrease its carbon footprint. This creates more opportunities for scientists, small businesses, and ambitious investors to discover new things, and start profitable businesses. Sustainable exploitation opportunities do exist for this resource.
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Figure 1. The taxonomic order of the brown seaweeds, “the wracks”, which are widely distributed in Scotland. 
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Figure 2. The distribution of certified compost makers throughout the UK; data extracted from Hasznos (2019) shows that the highest number of compost makers are in England as 137 units, Scotland, 23, Wales, 12, and Northern Ireland, 7 [127]. 
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Figure 3. The type of waste materials processed at certified waste centres in Scotland; data extracted from Hasznos (2019) shows that the waste centres in Scotland are processing green waste [127]. 
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Figure 4. The weight of waste in tonnes processed by certified plants in the countries of the UK; data extracted from Hasznos (2019) shows that England proceed the highest amount of waste per year [127]. 
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Figure 5. The industrial seaweed harvesting areas in Scotland; the map has been produced by Omar Al-Dulaimi using a map of Scotland downloaded from https://www.visitscotland.com/destinations-maps/ accessed on 20 April 2021. 
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Figure 6. Compounds from 1–7 (The fucoidan and several carotenoids). 
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Figure 7. Compounds from 8–24 (Polyphenolic, isochromane, 2-furoic acid derivatives). 
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Figure 8. Compounds from 25–28 (phytosterols, glycolipid, and farnesol) and compounds 29 and 30 (Diacylglyceroglycolipids). 
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Figure 9. Compounds from 31–33 (Polyphenolic compounds). 
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Figure 10. Compounds from 34–42 (Carotenoids, flavonoids, sugars, and carotene). 
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Figure 11. Compounds from 43–47 (phloroglucinol, coumarin, ester, carotene, and hydroxyramulosin). 
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Figure 12. Compounds from 48–52 (Acids, sugars, and esters). 
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Figure 13. Compounds from 53–59 (polysaccharides and sugars). 
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Figure 14. A molecules formed of several G and M. 
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Table 1. Compounds identified in Brown seaweeds (rockweeds) with their biological activity.
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Code

	
Compound Name

	
Original Algal Source

	
Biological Activities

	
Ref.






	
1

	
Fucoidan

	
F. vesiculosus

	
Effects on Lewis lung carcinoma cells (LCCs), melanoma B16 cells.

Activated the natural killer cell activity in vivo in mice model.

	
[167]




	
In vivo effect as a suppressor to induced colorectal carcinogenesis in rats.

	
[168]




	
Low-molecular-weight fucoidan showed protective effect against renal fibrosis in animal in vitro and in vivo studies.

	
[169]




	
2

	
β-carotene

	
F. vesiculosus

	
It is the pro-vitamin A with high antioxidant activities.

	
[170]




	
Important role in metabolism of fat and regulation of body weight.

	
[171]




	
3

	
Fucoxanthin

	
F. vesiculosus

	
Good intervention with some types of tumours.

	
[172]




	
Anticancer effects.

	
[173]




	
4

	
Fucoxanthinol

	
F. vesiculosus

	
Anti-inflammatory.

	
[174,175]




	
Anticancer effects.

	
[173]




	
5

	
Isofucoxanthin

	
F. vesiculosus and

F. serratus

	
-

	
[176,177]




	
6

	
Isofucoxanthinol

	
F. vesiculosus

	
-

	
[176]




	
7

	
Neoxanthin

	
F. vesiculosus

	
-

	
[174]




	
8

	
1,3,5-trimethoxybenzene

	
Controlled cleavage process of polyphenolic compounds extracted from F. vesiculosus

	
-

	
[178]




	
9

	
3,5-dimethoxyphenol




	
10

	
2,4,6-trimethoxyphenol




	
11

	
2,2′,4,4′,6,6′-hexamethoxy-1,1′-biphenyl




	
12

	
4-hydroxy-2,6,2′,4′,6′-pentamethoxybiphenyl




	
13

	
2,6-dihydroxy-4,3′,5′-trimethoxydiphenyl ether




	
14

	
4-hydroxy-2,6,3′,5′-tetramethoxydiphenyl ether




	
15

	
4,3′-dihydroxy-2,6,4′,5′-tetramethoxydiphenyl ether




	
16

	
2,4,6,2′,6′-pentamethoxybiphenyl




	
17

	
2-hydroxy-4,6,3′,5′-tetramethoxydiphenyl ether




	
18

	
4-hydroxy-2,6,3′,4′,5′-pentamethoxydiphenyl ether




	
19

	
2,6,2′,4′,6′-pentamethoxy-4-(2,6-dihydroxy-4-methoxyphenoxy) biphenyl




	
20

	
2,6,2′,4′,6′-pentamethoxy-4-(2-hydroxy-4,6-dimethoxyphenoxy) biphenyl




	
21

	
Trans-4-Hydroxymellein

	
From the endophyte Epicoccum sp. derived from the brown algae F. vesiculosus

	
Antioxidant activities

	
[179]




	
22

	
(3R)-5-hydroxymellein




	
23

	
5-(acetoxymethyl)-furan-2-carboxylic acid




	
24

	
4,5,6-trihydroxy-7-methylphthalide




	
25

	
(3β,24E)-stigmasta-5,24(28)-dien-3-ol (Isofucosterol)

	
F. vesiculosus and

F. spiralis

	
Lowering total cholesterol and harmful low-density lipoproteins

	
[180,181,182]




	
26

	
Fucosterol

	
F. vesiculosus, F. spiralis, and P. canaliculata

	
[182,183,184]




	
27

	
1,2-Di-O-α-linolenoyl-3-O-β-galactopyranosyl-sn-glycerol

	
F. vesiculosus

	
-

	
[185]




	
28

	
3,7,11-Trimethyl-2-dodecen-1-ol

	
F. vesiculosus

	
-

	
[186]




	
29

	
Heterosigma-glycolipid I

	
F. vesiculosus

	
-

	
[185]




	
30

	
Heterosigma-glycolipid II




	
31

	
Fucotriphlorethol A

	
F. vesiculosus L.

	
Free radical scavenging activities.

	
[187]




	
32

	
Trifucodiphlorethol A

	
F. vesiculosus L.

	
Free radical scavenging activities.

	
[187]




	
33

	
Trifucotriphlorethol A

	
F. vesiculosus L.

	
Free radical scavenging activities.

	
[187]




	
34

	
Quercetin

	
F. vesiculosus

	
Neuroprotective promoting the neuronal plasticity.

	
[188]




	
35

	
Curcumin

	
F. vesiculosus

	
Neuroprotective promoting the neuronal plasticity.

	
[188]




	
36

	
Fucose

	
F. vesiculosus

	
Sulfated polysaccharides have antioxidants properties

	
[189]




	
37

	
Glucose




	
38

	
Galactose




	
39

	
Xylose




	
40

	
zeaxanthin

	
F. serratus

	
-

	
[190]




	
41

	
Chlorophyll c1

	
[177]




	
42

	
All-trans-fucoxanthin

	
[191]




	
43

	
Phloroglucinol

	
F. vesiculosus

	
Against the chronic inflammation consequences.

	
[178,192,193]




	
Antithrombotic and profibrinolytic.

	
[194]




	
44

	
7-methoxycoumarin

	
F. spiralis

	
Estrogenic effects.

	
[195]




	
Hepatoprotective effects.

	
[196]




	
45

	
1-monooleoyl glycerol

	
F. spiralis

	

	
[197]




	
46

	
β-carotene 5,8-epoxide (Citroxanthin)

	
F. spiralis

	
Antidiabetic-retinopathy effect.

	
[198]




	
47

	
5-hydroxyramulosin

	
Endophyte associated with F. spiralis

	
Strong antifungal effect IC50 1.56 µg/mL against Aspergillus niger.

	
[199,200]




	
48

	
Alginic acid

	
L. digitata and

A. nodosum

	
Moisturise the skin

	
[201]




	
49

	
Alginate

	
A. nodosum

	
Anticancer drug vehicle

	
[202]




	
50

	
Glucuronic acid

	
A. nodosum

	
-

	
[203]




	
51

	
1,2,3,5-tetrahydroxybenzol-2,5-disulfate ester

	
A. nodosum

	
-

	
[204]




	
52

	
Bis-fucopentaphlorethol A nonadecaactate

	
H. elongata

	
-

	
[205]
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