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Abstract 
This thesis focuses on phenolic compounds from brown macroalgae, named 

phlorotannins, and their current and future implication in the seaweed industry. 

After an examination of the phlorotannins content and in vitro antioxidant 

activity in 9 species of the West coast of Ireland, we selected Ascophyllum nodosum and 

Himanthalia elongata for their current uses in the seaweed industry and their traditional 

uses as food, respectively. The industrial process of Ascophyllum greatly reduced the 

total phenolic content and activity of phlorotannins, and therefore we provide some 

guidance on the best practices in their industrial extraction. In an attempt to facilitate 

standardisation of studies on phlorotannins, the monomer, phloroglucinol was chosen. 

Phloroglucinol exhibited antioxidant activities in non-biological assays, but was not a 

suitable standard in routine laboratory analysis. Moreover, high concentrations of 

phloroglucinol failed to protect against oxidative damages in biological assays. In order 

to assess the potential benefits of phlorotannins-rich extracts from Ascophyllum and 

Himanthalia for human food purposes, we performed various assays on biomarkers of 

cellular oxidative stress in cultured cell lines after a simulated digestion of the extracts. 

Our results demonstrate that the phlorotannins-rich extracts from Ascophyllum and 

Himanthalia have the ability to protect human HepG2 cells against an oxidative 

challenge by reducing free radical activity and enhancing antioxidant defences. In an 

attempt to link the structure of phlorotannins with their function, we developed an LC-

MS method and suggested a molecular formula for various phlorotannins, allowing us 

to compare theoretical molecular formula with the observed mass spectra, and obtain a 

profile of the phlorotannins in various matrixes, which is especially useful in the food 

industry. Finally, large-scale cultivation of Phaeophyceae and the biorefinery concept 

were also discussed as a potential way to improve economical feasibility of biofuel from 

macroalgae. However, the scarcity of data and uncertainties about economics impede 

the development of a realistic study. 

Overall, This thesis provides experimental evidence that seaweed and seaweed-

derived products enriched in phlorotannins may contribute to the dietary protection 

against diseases in which oxidative stress is implicated. The results support the industry 
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in the move towards functional uses of phlorotannins. Phlorotannins can be valuable to 

the seaweed industry and its future challenges to come. 
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Figure 1-1  Ascophyllum nodosum traditionally harvested by hand and gathered in a Clímin (Bundle of 
seaweed weighing over a ton), in Connemara, on the West Coast of Ireland. (Credit: Benoît Quéguineur) 
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 Macroalgae (“seaweeds”) and especially brown macroalgae form the largest 

biomass of the intertidal and shallow subtidal zone on the Atlantic coasts (Guiry and 

Garbary, 1991). In Ireland, some 147 species of brown algae have been reported, of 

which the kelps and wracks provide most of the biomass and most of the commercially 

used species. The kelps (Laminariaceae) include the following species: Alaria 

esculenta, Laminaria hyperborea, Laminaria digitata, Saccharina latissima, Saccorhiza 

polyschides, whereas the wracks (Fucaceae) regroup mainly Fucus vesiculosus, Fucus 

serratus, Ascophyllum nodosum and Pelvetia canaliculata (Morrissey, 2001). Brown 

algae are either olive-green in colour or any shade of brown from golden to dark brown, 

and characterised by the presence of specific pigments called fucoxanthin. Young 

shoots of fucoids appearing in spring give a contrasting yellow colour to the shores 

where Ascophyllum nodosum are particularly abundant. 

Brown macroalgae have been used for hundreds of years in Europe by coastal 

populations for fertilisers and soil conditioning (Blunden, 1991), but have also been 

used as animal and human food. In Ireland, the importance of seaweeds is two fold, first 

as direct uses in every day life as food, feed, fertiliser, soil conditioner, traditional 

medicine and one could even mention the role of seaweed bundles or climíni as 

transportation for sheep between the islands of Connemara. A tradition that lived until 

recently as the traditional boat festival in Kinvara (the “Cruinniu na mBad”) was 

featuring a climín race every year. Secondly, it has been a supporting source of income 

in remote coastal communities for at least two centuries. On the West coast of Ireland 

and more particularly on the Aran islands, kelps and seaweeds represented the main 

income of ordinary to poor families according to the Baseline report of the Congested 

Districts’ board from 1892 to 1896 (Waddel et al., 1994). At the time, the price of 

seaweed was varying greatly, from 13 Pounds per ton (supposedly dry weight) in the 

early 1800’s, down to 4 pounds in 1820’s. Until the 1960’s, kelps and stipes of 

Laminaria hyperborea also known as Searods, were the mainstay of the Irish seaweed 

industry. Nowadays, the main commercial species is Ascophyllum nodosum. Variation 

in the tonnage and uses of Ascopyllum harvests reflects the social and economic changes 

occurring in coastal populations, which are also related to global issues. Ascophyllum 

was firstly gathered by coastal farmers for their own use (Blunden, 1991). After the 
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Second World War and the development of cheap and more convenient chemical 

fertilizers, the agricultural uses of seaweeds declined, whereas the usage of algae as 

food and food ingredients such as alginates (collectively known as phycocolloids) kept 

expanding (De Roeck-Holtzhauer, 1991). Economic development and declining coastal 

populations in the remote parts of Europe (connected to industrialization and reduced 

dependence and knowledge of local resources) have caused most of Europe’s traditional 

uses of seaweed to disappear (Indergaard and Minsaas, 1991). Moreover, due to the 

competitive nature of the market for phycocolloids in the food industry, the production 

of alginates in Europe is declining and confined to high quality, speciality grades of 

alginates. In 1999, Ascophyllum represented 16% (13,500 t dry weight; DW) of the 

global harvest of alginate raw material, mainly from Canada, France, Iceland, Ireland 

and Scotland, this declined to 2 % (2,000 t DW) in 2009. Most of the primary 

processors of Ascophyllum have since moved from the low margin market of alginate 

production to the more attractive market of plant and animal growth promoters (Bixler 

and Porse, 2010). With a reduced tonnage harvested, the seaweed industry has to focus 

on added value products, and making the most of each compounds of the biomass 

harvested.   

Although much of the industrial focus on seaweeds has been on phycocolloids, 

there is a need to develop uses for all the major constituents of algal biomass. In 

particular, the phlorotannins represent a family of secondary metabolites that may form 

up to 20 % DW of brown macroalgal biomass (Ragan and Glombitza, 1986). A large 

body of scientific work has demonstrated numerous bioactivities related to 

phlorotannins and phlorotannins rich extracts, notably linked to their eco-physiological 

role and structure.  

Phlorotannins were first referred to by Nägeli (1847) as small light refracting 

bodies (probably physodes), and Crato (1892) used the term physode to describe the 

vesicles containing the soluble phlorotannins (as phloroglucinol, a 1,3,5-

trihydroxybenzenoid compound, or as phloroglucinol derivatives), which are also 

strongly refractive storage bodies observed under microscope in the cytoplasm of brown 

algae (Ragan and Glombitza, 1986). Physodes are produced in the perinuclear region, in 

vesicles derived from the Endoplasmic Reticulum and Golgi bodies. In both brown 
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algae and in higher plants phenolic containing vesicles grow in size by fusion and 

physodes have been described as being able to divide (Schoenwaelder, 2002). They are 

mainly found in the outer cortical layer of the vegetative tissues (Shibata et al., 2004) 

and numerous species are able to exudate phlorotannins (e.g. Fucus vesiculosus, 

Koivikko, 2005, Macrocystis integrifolia in Swanson and Druehl, 2002). Besides, the 

induction of intracellular phlorotannins can occur rapidly (within 8h of treatment with 

UVA + UVB) in Macrocystis intregrafolia (Swanson and Druehl, 2002). 

 Phlorotannins are produced entirely by polymerization of phloroglucinol (Ragan 

and Glombitza, 1986), which is the product of the condensation from co-acetyl in the 

acetate–malonate pathway, also called the polyketide pathway (Koivikko et al., 2005). 

So far, phlorotannins families have been described according to their liaisons (aryl-aryl, 

diaryl-ether, ether bonds) combined with the substitution of various elements (hydroxyl 

and/or phenoxyl groups, dibenzodioxin moieties, halogenated or sulphated groups). 

Those combinations have led to the current classification as fucols, phlorethols, 

fucophlorethols, Fuhalols, isofuhalols, eckols, halogenated and sulphated phlorotannins 

(Ragan and Glombitza, 1986) (Chapter 5 Figure 5-1). However, the molecular formula 

of each family has yet to be described. The condensation of phloroglucinol (126 Da) can 

reach polymers of up to 650 kDa in size. The review from Targett and Arnold (1998) 

relates that ‘‘aging’’ of phlorotannin units from low molecular weight to high molecular 

weight polymers also has been recorded. Because it is unlikely that phlorotannins can 

be re-metabolized by the plant, exudation of phlorotannins from algal tissues may 

represent the primary mode of metabolite turnover. However, Jennings and Steinberg 

(1994) have shown that in unstressed brown algae, in situ rates of phlorotannin 

exudation are low. Moreover, it was found that the UV-absorbing substances secreted 

from the living brown algae (Eisenia bicyclis and Ecklonia kurome) mainly consisted of 

three monomeric bromophenols (2,4-dibromophenol, 2,4,6-tribromophenol and 

dibromo-iodophenol), but not phloroglucinol or phlorotannins which were found to be 

exuded only in dead algae (Shibata et al., 2006). 

 Phlorotannins are suggested to integrate the cell walls of brown algae when 

physodes fuse with the cell membrane and the phlorotannins are secreted into the cell 
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wall, complexing finally with alginic acid (Arnold and Targett, 2003). One possible 

generalization is that phenolic compounds are bound into the cell wall during 

maturation (Peng et al., 1991). However, the quantification of phlorotannins from F. 

vesiculosus revealed only a small amount bound to the cell wall, while the bulk was 

found in soluble form in the cytoplasm. This suggests that the chemical role of 

phlorotannins is mainly secondary. Phlorotannins, after degradation, may become part 

of the cell wall, and thereby have a function as primary metabolites, but this function 

might be regarded as minimal, at least quantitatively (Koivikko, 2005). 

As secondary metabolites, phlorotannins are involved in numerous physiological 

processes such as reproduction, defense (against UV, oxidative burst, grazers, 

epiphytes, antifouling against bacteria, fungus, etc.). Phlorotannins are mainly located in 

the outer cortex of macroalgae, providing a first barrier for the aggression listed above, 

although widely reported as anti-grazing compounds, other compounds could be 

responsible for the anti-grazing properties (Amsler and Fairhead, 2006). The discovery 

of non-phenolic metabolites (galactolipids) in Fucus vesiculosus that strongly deter 

feeding at low concentrations, suggests that one should be cautious about assuming that 

variance in phlorotannin levels is responsible for coincident variance in palatability 

(Deal et al., 2003). Despite the controversy about whether phlorotannins or galactolipids 

are responsible for the anti-grazing properties, the molecular size of phlorotannins has 

been considered the predominant characteristic affecting their anti-grazing activity. 

Both behavioural and physiological studies have supported the generalization that high 

molecular weight (HMW!10 kDa) phlorotannins are more active than low molecular 

weight (LMW) phlorotannins (Targett and Arnold 1998).  

Previous studies have shown that there are often significant intraspecific and 

intraplant variations of phlorotannins content in brown algae (Connan, 2004). Those 

variations have been related to both biotic and abiotic factors. Intraplant concentrations 

of phlorotannins vary according to tissue size, age and type (Ragan and Glombitza, 

1986); intraspecific variations are well documented (Ragan and Glombitza, 1986; Van 

Alstyne, 1995; Pavia and Brock, 2000) and are related to salinity, nitrogen availability, 

solar radiation (intense PAR have been associated with increasing exudation; Ragan and 
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Jensen, 1978), UV-B radiation, emersion (Carlson and Carlson, 1984), tidal cycles, 

circadian variations (Connan, 2004), physical damage (such as herbivore intensity). The 

levels of phlorotannins in fucales (such as Ascophyllum nodosum) are generally higher 

in the summer and lower in the winter, which supports the idea of a photo-protective 

role for phenolic accumulation (Conan et al., 2004). As discussed earlier phlorotannins 

can be induced by UVA + UVB, generally resulting in higher total phenolic content in 

summer and lower in winter (Connan et al., 2004). Seaweeds exposed to the sun also 

exhibited higher TPC than the shaded ones (Toth and Pavia). Tissue localisation kelps 

exhibit higher content in reproductive tissues whereas wracks and rockweed show 

higher content in the vegetative parts. In qualitative terms no clear seasonal variation of 

the pool of phlorotannins was observed by HPLC in Ecklonia bicyclis (Shibata et al., 

2004). 

 

In order to add to the body of work on phlorotannins, this thesis will focus on 

phlorotannins and phlorotannins rich extracts and their current and future integration 

into the seaweed industry. Activities of extracts are defined in a number of contexts (see 

Chapter 2, 3 and 4), a standardization of terms for describing molecular formula is 

developed (see chapter 5), and integration of phorotannin extraction in an industrial 

setting is investigated (See chapter 2). Phlorotannins could play an important role in the 

development of macroalgal biorefinery for the production of biofuel, a concept 

developed in chapter 6. 

The aims of the study therefore reflect a process of developing the information 

needed to steer the development of phlorotannins as an industrial product. This starts 

with a screening of possible candidate species among Irish macroalgae for the industrial 

development of phlorotannins rich extracts, followed by investigation of the effects of 

an existing industrial process on both phenolic content and in vitro antioxidant activity. 

The keys steps that affect phenolic content are identified in order to draft best practices 

for a phlorotannins extraction process (chapter 2). In chapter 3, I investigate the 

antioxidant properties of phloroglucinol, both in routine spectrophotometric assays to 

examine its potential role as a standard for natural phloroglucinol derivatives, and in 

cellular assays to assess their direct and protective effects on biomarkers of human 
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HepG2 cells. Chapter 4 focuses on the utilisation of HepG2 cell line to screen the 

selected species for both direct and hepatoprotective activity of extracts rich in 

phlorotannins against an oxidative challenge. In chapter 5 I suggest a molecular formula 

for the various families of phlorotannins and apply the formula to the characterisation of 

mono and multiple charged ions (also named profiling) using LC-MS in crude and 

fractionated phlorotannins-rich extracts. And finally, the aim of chapter 6 is to present a 

case study with up-to-date figures of the key parameters in order to evaluate the 

economical feasibility of a macroalgal biorefinery concept including phlorotannins. 

The overall tectonic of the thesis is closely related to the various sources of 

funding and collaborations: Enterprise Ireland: Innovation Partnership scheme (Chapter 

2); Marine Institute: Sea Change Networking initiative, Mobility/Training grant 

(Chapter 3); Erasmus HEI mobility grant: lifelong learning programme (Chapter 4 and 

5) and a EU FP7 Grant for the AQUAFUELS Project (Chapter 6).  
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Figure 1-2 Diagram of the organisation of the chapters within the thesis 

Chapter 3. Study of the antioxidant 
properties of phloroglucinol, the monomer 
and standard of phlorotannins (both in 
colorimetric assays and cell culture assays in 
human hepatocytes; HepG2) 

Chapter 5. Assessment HPLC-MS as a 
rapid method of profiling phlorotannins from 
Ascophyllum nodosum and Himanthalia 
elongata 

Chapter 4. Study of the antioxidant 
properties of phlorotannins from 
Ascophyllum nodosum and Himanthalia 
elongata in HepG2 

Chapter 1. General Introduction on Phlorotannins in brown 
algae and relevance for the irish context 

Chapter 2. Standardisation, selection of potential candidates and phlorotannins content and 
antioxidant activities in an industrial process of Ascophyllum nodosum at Arramara Teo. in 
Connemara on the West coast of Ireland 

Chapter 6. Future implication of phlorotannins in a biorefinery context and large scale 
cultivation of Kelps in Europe 

Chapter 7. General discussion and Conclusion 
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Introduction  

With a annual production of around 16,000 tonnes of dry milled Ascophyllum 

nodosum (Le Jolis), Arramara teo is the main seaweed processor in Ireland. 

Ascophyllum contains a family of secondary metabolites known as phlorotannins, stored 

in physodes, membrane-bound vesicles. Phlorotannins are oligomers and polymers of 

phloroglucinol (1,3,5-trihydroxybenzene), and may accumulate in algae up to about 20 

% dry weight (Ragan and Glombitza, 1986). These phenolic compounds have molecular 

weights ranging from 320 to 400,000 Da in Ascophyllum and generally include fucols, 

phlorethols, fucophlorethols, fuhalol, isofuhalol, eckols as well as halogenated and 

sulphated phlorotannins (Glombitza and Grosse-Damhues, 1985). Phenolic compounds 

in brown algae play important roles in counteracting both direct and cytotoxic effects of 

UV radiation (Swanson and Druehl, 2002), as detoxification of heavy metal ions (Ragan 

and Glombitza, 1986), as antibacterial defence (Sandsdalen et al., 2003), as antifungal 

defence (Lee et al., 2010), as algicide (Nagayama et al., 2003) and in the protection of 

algae against marine grazers (Ragan and Glombitza, 1986; Targett and Arnold, 1998), 

although this role has been controversial (Deal et al., 2003; Kubanek et al., 2004). 

Additionally, they have been reported to inhibit enzymes such as phospholipase A, 

lipoxygenase and cyclooxygenase-1 (Shibata et al., 2003). Thus, phlorotannins 

contribute to algal fitness and could represent an important source of bioactive 

molecules in fields such as medicine, nutrition and cosmetics.  

Previous studies have shown that there are often significant intraspecific and 

intraplant variations of phlorotannins content in brown algae (Connan, 2004; Wang, 

2009). Those variations have been related to both biotic and abiotic factors. Intraplant 

concentrations of phlorotannins vary according to tissue size, age and type (Ragan and 

Glombitza, 1986); intraspecific variations are well documented (Ragan and Glombitza, 

1986; Van Alstyne, 1995; Pavia and Brock, 2000) and are related to salinity, nitrogen 

availability, solar radiation (intense PAR have been associated with increasing 

exudation; Ragan and Jensen, 1978), UV-B radiation, emersion (Carlson and Carlson, 

1984), tidal cycles, circadian variations (Connan et al., 2004), physical damage (such as 

herbivore intensity).  

In an industrial context, pretreatment and extraction methods can affect the total 

phenolic content (TPC) and antioxidant activities of phlorotannins. With biotic and 
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abiotic factors affecting the phlorotannins content in situ, it also results that 

conditioning treatments of the algae have shown some variation, with freeze drying 

exhibiting higher TPC when compared to green house drying and oven drying (Connan, 

2004; Le Lann et al., 2008). Extraction methodologies also exhibit variations according 

to the choice of solvent system and technology (pressure, temperature, pH). Innovative 

extraction technologies have been applied to the extraction of phlorotannins from 

Sargassum muticum with improved yield and sustainability when compared to 

conventional techniques (Tanniou et al., 2013). However, there is a paucity of data in 

the context of an existing industrial process on brown algae and phlorotannins.  

Little data is available for Irish macroalgae and in the present study we intend to 

identify possible candidates for an antioxidant application, according to phlorotannins 

content, antioxidant activities and commercial relevance. 

One of the difficulties when working with phlorotannins is the lack of 

commercial standard in spectrophotometrical assay, given the complexity of the 

polymers and their assemblage. The main methods developed to assess phlorotannins in 

macroalgae are derived from methods used in terrestrial plants, such as the vanillin 

sulphur assay, the Folin-Denis and its improved version, the Folin-Ciocalteu. An 

alternative, the DMBA method was developed by Stern et al. (1996) with purified 

phlorotannins as standard. However, the most commonly used method remains the 

Folin-Denis, and its sister method the Folin-Ciocalteu, for their rapid set up and relative 

accuracy. Despite the accuracy of the method, many non-phenolic constituents have 

been reported to interfere with the reagent: Ascorbic acid, urea, detergent, diethyl ether, 

amino acids, peptides and proteins (Ragan and Glombitza, 1986), but usually result in 

minor errors, less than 5% of phenolic content (Targett and Arnold, 1998; Toth and 

Pavia, 2001). When mentioning variation between total phenolic content, little attention 

has been accorded to the impact of the choice of standard on the total phenolic content. 

The main standards encountered in the literature were gallic acid (Heo et al., 2005; 

Yuan and Walsh, 2006; Chew et al., 2008; Ganesan et al., 2008), phloroglucinol (Pavia 

and Brock, 2000; Connan et al., 2007; Jimenez-Escrig et al., 2001; Zubia et al., 2009), 

and to a much lower extent catechin (Kuda et al., 2005). Some spectrophotometrical 

assays do not mention any standard (Nagai and Yukimoto, 2003). Therefore, this study 

investigated whether the expression of the phenolic content as gallic acid equivalent 
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(GAE) or phloroglucinol equivalent (PGE) result in differences, and thereafter suggest 

the standard of choice in the study of phlorotannins.  

Phlorotannins are not a mainstream product from the seaweed industry. So far, 

phlorotannins are a mere by-product of the process, sometimes even discarded, and 

there is no direct market for it yet. Their terrestrial counterparts, the tannins, have been 

used for thousands of years for their ability to complex proteins in the leather tanning 

industry. To my knowledge, and after searching for patents, no applications arise from 

specific phlorotannins, except for the monomer, phloroglucinol or its derivatives in a 

cosmetic composition intended to promote epidermal renewal (Breton et al., 1997). 

Most patents rather describe an extracts from Phaeophyceae containing phlorotannins 

(Briand, 1996; Lee et al., 2002 and 2004). Researchers often write about the “potential” 

applications of phlorotannins (Lopes et al., 2012; Wang, 2009), but the seaweed 

industry does not seem to follow, with the exception of Botamedi Inc. in Korea, who 

produces nutraceuticals including phlorotannins-rich extract from Ecklonia cava, 

Seanol®. Despite the existing work about the conditions affecting phlorotannins in a 

laboratory, mainly the air oxidation (Ragan and Glombitza, 1986), the influence of 

storage (Lelann et al., 2008; Jiménez-Escrig et al., 2001), there is a paucity of data 

regarding the effect of an industrial process on PT. Therefore we intend to investigate 

the influence of an already existing industrial process of Ascophyllum nodosum on its 

phlorotannins, both quantitatively and qualitatively, as oxidation is a primary concern in 

the process. 

The overall aims of the study were to: 

-  Investigate the influence of PGE or GAE on the total phenolic content. 

- Identify possible candidate species among Irish macroalgae for the industrial 

development of phlorotannins rich extracts.  

- Investigate the effect of an industrial process on both phenolic content and in 

vitro antioxidant activity, and point out the key steps that affect phenolic content in 

order to draft best practices for a phlorotannins extraction process. 
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Materials and methods 

Reagents 

Chemicals and solvents used were of analytical grade available commercially 

unless otherwise specified. The following chemicals were used in the assays: 

Phloroglucinol (PG), Gallic acid, Folin-Ciocalteu, DPPH (2,2-diphenyl-1-picryl-

hydrazyl), Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid). The 

TPTZ (2,4,6-tripyridy-s-triazine) was from Fluka chemicals (Madrid, Spain). ABTS 

(2,2"-azinobis-(3-ethylbenzothiazoline-6-sulfonate)). Other reagents were of analytical 

or chromatographic grade. 

Determination of PGE or GAE as standard for TPC estimation 

Samples used to assess the difference between PGE and GAE were extracted 

using the following protocol (adapted from Bravo and Saura-Calixto, 1998). The frozen 

fresh algal material (Ascophyllum nodosum and Himanthalia elongata collected in 

December 2008) was rinsed with freshwater in order to remove undesirable material 

(epiphytes and epizooaires) and then blotted dry on paper towel. To perform the 

extraction 5 g of fresh clean material was weighted in triplicate. Another triplicate set of 

samples was weighted to determine the dry weight ratio of each alga. The clean algae 

were chopped into small pieces using a pair of scissors washed with ethanol. The 

seaweed pieces were homogenised in a glass centrifuge tube with 75 ml Methanol/ H2O 

containing 0.8 % 2 N HCl (50 : 50 v / v) was homogenised with an Ultra-Turrax at 

24,000 rev min–1  for 1 min. The homogenate were then submitted to a strong rotational 

agitation for 1 hour at room temperature, followed by a centrifugation step (10 min, 

3,000 rev min–1, room temperature). The pellet was re-suspended in 40 mL Acetone: 

H2O (70 : 30 v / v) and both supernatant were pooled and brought up to 100 mL with 

the acidified methanolic acetone solution (50 : 50 v / v). Extracts were stored at 4 °C 

until FC analysis which was performed within one or two days. 

The estimation of the total phenolic content was performed by the Folin-

Ciocalteu method adapted from Sanoner et al., 1999. To 100 µL of samples were added 

50 µL of Folin-Ciocalteu reagent, 200 µL Na2CO3 at 200 g.L-1, completed with 650 µL 

of distilled water. The reaction was carried at 70°C for 10 min and left to cool, before 
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reading the absorbance using a UV/Visible spectrophotometer (# = 700 nm; Shimadzu 

UV 1700). Results were expressed as phloroglucinol equivalent (PGE) and gallic acid 

equivalent (GAE) to facilitate comparison with previous reports. This assay is known to 

be less affected than singular methods by interfering compounds, which contain 

aromatic cycles such as proteins, peptides due to the following amino acids: tyrosin, 

tryptophane and phenylalanine, and to a lesser extent ascorbic acid. These substances, 

however, are thought to account for less than 5% of the Folin–Ciocalteu-reactive 

compounds in brown seaweeds (Toth and Pavia, 2001). The expression “total phenolic 

content” in this study refers to the total soluble phenolic content and does not include 

cell-wall-bound phlorotannins nor exuded phlorotannins and therefore constitutes an 

underestimation of the actual total phenolic content, but is in line with the terminology 

used in previous studies (Connan et al., 2007; Jiménez-Escrig et al., 2001). 

Determination of TPC in Irish brown algae 

Samples collection on the shore 

Samples were collected in December 2008, at Finavara (53° 9' 3 N, 9° 8' 5 W), 

Co. Clare, Ireland, a semi-wave-exposed shore on the mid-West coast. The site is 

described by De Valéra et al. (1979). The unusual structure of the reef allowed for the 

collection of Alaria esculenta, Ascophyllum nodosum, Himanthalia elongata, Pelvetia 

canaliculata, Fucus spiralis, Fucus vesiculosus, Laminaria digitata, Saccharina 

latissima and Laminaria hyperborea at the same site, something that is normally 

difficult to achieve. Alaria esculenta was collected at an exposed site in Black head, Co 

Clare, Ireland in July 2008, and stored at -20 °C until the day of analysis. The samples 

were assessed for TPC and antioxidant activities. 

Determination of TPC 

The extraction of phlorotannins was carried out following the method of Connan 

et al. (2004) with modifications. The fresh algal material was rapidly rinsed in order to 

remove undesirable material (such as salt, sand and epiphytes) and then blot-dried on 

paper towels. Samples were weighted in triplicate to determine the dry weight ratio. 

Five g FW of clean algae were chopped, ground to powder in a mortar with liquid N, 

suspended in 75 mL methanol/H2O (60 : 40 v / v). The suspension was homogenised 

with an Ultra-Turrax (IKA, Staufen, Germany) at 24,000 rev min–1 for 1 min. The 
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homogenate was then extracted for 2 h at 40 °C, in the dark, under nitrogen and 

magnetic stirring. After centrifugation (15 min, 8,150 g, room temperature), the 

supernatant was collected and its volume measured. An aliquot (500 µL) was retained to 

assess total phenolic content. The remaining was evaporated under vacuum in the dark 

(35 °C, 150–200 rev min–1) prior to freeze-drying. The crude extracts were kept in the 

dark at 4 °C. 

Determination of TPC in an industrial process of Ascophyllum nodosum 

Sample collection at the factory 

The samples were collected at the Arramara factory, Cill Chiaráin, Co. Galway, 

in March 2008. The factory sources its raw material from various sites in Connemara, 

county Galway and county Mayo, The raw material is hand harvested by about 250-300 

harvesters. Although the main species harvested remains Ascophyllum nodosum, an 

increasing by-catch of about 10 % of Fucus vesiculosus and Fucus serratus is also 

collected (Arramara personnal communication). There is a custom that seaweeds can be 

cut over a period of 2 to 3 weeks and left at sea in bundles, until a full load is ready for 

transport. Therefore the time between harvesting, collection, haulage and processing can 

vary from 6 days to over 3 weeks (Arramara personal communication).  

Figure 2-1 describes the steps of the process at the factory in Kilkieran: the fresh 

macroalgae (Figure 2-1; Fresh) are forked from the cement platform and loaded onto a 

conveyor belt to remove sand, stones and heavy material. The macroalgae are washed 

with seawater before being crushed (Figure 2-1; Wet Milled Before decanter, WMB) 

and decanted (Figure 2-1; Wet Milled After decanter, WMA) to remove the excess of 

water. The decanted water, or by-product (Figure 2-1; By-Product, BP), therefore 

consists of a green coloured mixture of seawater, a raw extract from crushed seaweed 

and is discarded at sea. The crushed macroalgae are carried into the wood pellets-

fuelled dryer where moisture is removed at a temperature of 450–480 °C, leaving a final 

moisture content of around 13% in the dry flakes (Figure 2-1; Dry Milled, DM). The 

friction between the dried particles in the tumble dryer produces a very fine and volatile 

powder during drying process (Figure 2-1; Cyclon), which is later collected from the 

cheminee. The dry flakes samples are conveyed to another grinder to produce dry fine 
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particles (Figure 2-1; Fine Milled, FM). The latter are collected into a one ton-bag, 

labelled and ready for shipment. 

 

 

Figure 2-1 Diagram of the process and sampling spots, !. WMb, Wet milled sample before the decanter; 
WMa, Wet Milled sample after the decanter; DM, Dry Milled; FM, Fine Milled; Cyclon, Seaweed dust 
from the drying process. 

Determination of TPC 

The nature of the samples used in this study were either fresh, partially 

processed or dried, with different granulometry, therefore the protocols used to extract 

phlorotannins were adapted to optimise extraction. The dry milled (DM) and fine milled 

(FM) samples were re-hydrated in the extraction solvent for 10 min prior to 

homogenisation. The Wet milled samples (frozen, WMB and WMA) were used directly 

in the mortar with liquid nitrogen to optimize the extraction.  

The extraction of phlorotannins was carried out following the method of Connan 

et al. (2004) with modifications. The fresh algal material was rapidly rinsed in order to 

remove undesirable material (such as salt, sand and epiphytes) and then blot-dried on 

paper towels. Samples were weighted in triplicate to determine the dry weight ratio. 
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Five g FW of clean algae were chopped, ground to powder in a mortar with liquid N, 

suspended in 75 mL methanol/H2O (60 : 40 v / v). The suspension was homogenised 

with an Ultra-Turrax (IKA, Staufen, Germany) at 24,000 rev min–1 for 1 min. The 

homogenate was then extracted for 2 h at 4 and 40 °C, in the dark, under nitrogen 

atmosphere and magnetic stirring. After centrifugation (15 min, 8,150 g, room 

temperature), the supernatant was collected and its volume measured. An aliquot (500 

µL) was retained to assess total phenolic content. The solvent was evaporated under 

vacuum in the dark (35 °C, 150–200 rev min–1) prior to freeze-drying. The crude 

extracts were kept in the dark at 4 °C.  

Size of extraction particles 

Particle sizes were measured after grinding with an Ultra-Turrax (24,000 rpm 

for 1 min) under the microscope (Olympus, coupled with CELLF imaging software). In 

the case of the cyclon, exhibiting very fine particles, the samples were rehydrated for 10 

min in order to allow a comparison between wet samples, i.e. in a fully hydrated state. 

After the 2-h extraction of industrial samples, pellet particles were collected in each 

triplicate and pooled together. 0.5 g of each pool was added to 15 mL distilled water in 

Petri dishes and allowed to rehydrate for 10 min. The surface areas of the particles were 

recorded in the centre of the Petri dishes under microscope using the CELLF software. 

Antioxidant capacity 

A screening of the antioxidant capacity of the 9 Irish seaweed extracts was 

performed assessing the reducing power of the extracts using the Ferric 

reducing/antioxidant power (FRAP) assay, whereas the capacity of extracts to scavenge 

free radicals was assessed using the Trolox Equivalent Antioxidant Capacity (TEAC). 

The antioxidant capacity (or free radical scavenging capacity) in an industrial process of 

Ascophyllum nodosum was analysed with the DPPH assay. 

Ferric reducing/antioxidant power (FRAP) assay  

The reducing power of the extracts was determined by the ferric 

reducing/antioxidant power (FRAP) assay (Pulido et al., 2000). The FRAP value was 

calculated using the calibration curve of FeSO4, a standard reducing agent allowing the 

transition from TPTZ-Fe(III) to TPTZ-Fe(II). At low pH, the complex formed by the 
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TPTZ and the ferric form of iron, Fe (III), is reduced by the antioxidants in the ferrous 

form Fe (II), developing an intense blue colour with a maximum absorption at 595 nm 

(pH=3.6, 37 °C).  

The reagent mix is made up by the acetate buffer (0.3 M, pH=3.6), the TPTZ 

solution (10 mM in HCl 40 mM) and the ferric solution (FeCl3. 6H2O; 20 mM). The 

proportion of each reagent was 10:1:1 to prepare the final FRAP reagent. In order to 

express the results, we used a calibration curve of FeSO4.7H2O between 100 and 2000 

µM. The spectrophotometric cuvette was made up of 900 µL of the final reagent mixed 

with 90 µL distilled water and 30 µL of blank, standard or sample. The absorbance was 

read at 595nm, 37 °C, for 32 min. Finally, the FRAP value of a sample is expressed as 

the equivalent concentration of FeSO4.7H2O at 4 and 30 min. 

Trolox Equivalent Antioxidant Capacity (TEAC) assay 

The free radical scavenging capacity was assessed using the Trolox Equivalent 

Antioxidant Capacity (TEAC) assay (Re et al., 1999). In the TEAC assay, the 

decolouration of the radical cation ABTS•+ solution by an antioxidant agent is followed 

against a control at 730 nm between 0 and 360 s, every 20 s. The absorbance read is 

compared to the one of a control solution, and then transformed into an inhibition 

percentage. The area under the curve between the control and the sample is calculated 

by the corresponding integral, and expressed as µM equivalent of Trolox.  

The radical cation ABTS•+ is generated by the reaction of ABTS (7 mM) with 

potassium persulfate (K2S2O8, 2.45 mM), in the dark and under magnetic stirring for 12-

16 h. Prior to the assay, The ABTS•+ is then diluted in methanol until obtaining an 

absorbance at 658 nm of 0.70 ± 0.02. After the addition of sample (10 µL in 4 mL of 

ABTS reagent), the reduction in colour is followed between 0 and 360 s and measured 

every 20 s at 30 °C. The percentage of inhibition is represented graphically as a function 

of time and the equation is adjusted to y= a + bx0.5. The integral corresponding to the 

equation is calculated between 0 and 360 s to define the area under the curve (AUC). 

This method is applied to several concentrations of Trolox between 3 and 20 µM (final 

concentration in the cuvette) to obtain the calibration curve. Therefore the AUC of a 

sample is expressed as the equivalent concentration of Trolox.  
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DPPH assay 

On the other hand, the decolouration in the DPPH assay was followed across a 

range of concentration to evaluate the IC50; the amount of phenols in aliquots required 

to get 50% of inhibition in the DPPH assay. The reagent was prepared by diluting 14.1 

mg of DPPH powder in 100 mL MeOH 90% (3.58 10-4 mol L-1). 1.5 mL DPPH solution 

was thoroughly mixed with 150 µL of concentrations of the extract ranging from 0 to 

1,000 µg mL-1 and left to react for 1 h. The absorbance was then read at 517 nm and 

compared to the control (distilled water). The absorbance was then transformed into a 

percentage of inhibition versus demineralised water. The relationship between the 

inhibition concentration (IC) and the concentration of phenolic compounds is not linear 

and reaches a plateau around 80%, the IC50 correspond to a point in the curve where the 

relation is linear, and therefore can be used to compare samples. We used the APT index 

to express the relationship between the phlorotannins content in samples and their IC50 

in the extracts: 

APT =       1        x CPT 
  IC50 

Where: 

APT = Antioxidant activity in the fresh/processed samples 

IC50 = The required concentration of the samples to reduce the DPPH• 

concentration to 50% compared to the blank . 

CPT = Phlorotannins content of the fresh/processed samples in mg PGE g DW$ 1 

Statistics 

A dependent t-test was used to compare means of PGE and GAE on the paired 

samples of Ascophyllum nodosum and Himanthalia elongata. Correlation between 

antioxidant capacity (for both FRAP and TEAC assays) and phenolic compounds 

content of extracts was tested with Pearson correlation coefficient, r values, p<0.01, to 

determine whether phenols were involved in the antioxidant capacity of the extracts. 

Phenolic contents and antioxidant activities (DPPH) in the process were tested for 

homogeneity of variances using Levene’s test. The results were analysed by one-way 

analysis of variance (ANOVA) followed by a Bonferroni post-hoc correction when 

variances were homogeneous and a Tamhane post-hoc test when variances were not. 
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The level of significance was p<0.05. Statistical analyses were performed using IBM 

SPSS Statistics version 20.0.0. 

 

Results 

Determination of PGE or GAE as standard for TPC estimation 

Total phenolic content in macroalgae is expressed either as Phloroglucinol 

equivalent or Gallic acid equivalent, phloroglucinol being the monomeric building unit 

of phlorotannins, and gallic acid being the common standard for terrestrial plant tannins. 

We compared the difference between the 2 standards. The linear regression curve for 

phloroglucinol had a higher slope than gallic acid leading to higher concentration for the 

same absorbance (Figure 2-2). Consequently, phloroglucinol equivalent resulted in 

mean values 10% higher than gallic acid equivalent for both Ascophyllum nodosum and 

Himanthalia elongata (Figure 2-3). A dependent t-test indicated that the difference 

between PGE and GAE means were statistically significant at the p<0.01 level and 

higher. 

 
Figure 2-2 Linear regression curves for phloroglucinol (PG) and gallic acid (GA). 
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Figure 2-3 Total phenolic content of Ascophyllum nodosum (AN) and Himanthalia elongata (HE) 
expressed as percentage of standard per dry weight (PGE, phloroglucinol equivalent; GAE, gallic acid 
equivalent). t(4) = -6.066; p<0.01. 

Total phenolic content in Irish brown algae and antioxidant activities 

We assessed the TPC in 9 brown seaweed from the West coast of Ireland and 

tested the antioxidant capacity of the extracts with both FRAP and TEAC assays. The 

content was assessed throughout the zonation of the main Irish brown algae of 

commercial interest, from top to bottom, from Pelvetia canaliculata to Laminaria 

hyperborea (Figure 2-4). Fucus vesiculosus exhibited the highest concentration of 

phenolic compounds followed by Ascophyllum nodosum. The lowest concentrations 

occurred in Laminaria digitata and Saccharina latissima, both located in the lower 

intertidal range. Alaria esculenta was assessed in a different batch as the samples were 

previously collected in summer 08 and the phenolic content reached 0.63 ± 0.17 % 

PGE. 
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Figure 2-4 Average percentage of PGE per dry weight in various Phaeophyceae (ranked by decreasing 
shore height in a sheltered site).  Ascophyllum nodosum (AN), Fucus spiralis (Fspi), Fucus vesiculosus 
(FV), Himanthalia elongata (HE), Laminaria digitata (LD), Laminaria hyperborea (LH), Pelvetia 
canaliculata (PC), Saccharina latissima (SL). 

The antioxidant activity 

FRAP 

The FRAP method was used to assess the reducing capacity of the phlorotannin-

rich extracts. As for phenolic content, extracts from the order of Fucales exhibited the 

highest antioxidant activity (Figure 2-5). Fucus vesiculosus and Fucus spiralis showed 

the strongest FRAP values at both 4 and 30 min. Laminaria digitata and Alaria 

esculenta scored the lowest FRAP value.  
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Figure 2-5 FRAP antioxidant values (as equivalent concentration, EC, of trolox) for various 
Phaeophyceae (ranked by increasing shore height in a sheltered site).  Ascophyllum nodosum (AN), Fucus 
spiralis (Fspi), Fucus vesiculosus (FV), Himanthalia elongata (HE), Laminaria digitata (LD), Laminaria 
hyperborea (LH), Pelvetia canaliculata (PC), Saccharina latissima (SL). 

Despite the strong positive correlation between phenolic content of the 

macroalgae and the reducing power of the extracts (Figure 2-6.; Pearson correlation 

coefficient, r = 0.858; p<0.01, 2-tailed), we noted some discrepancies between species. 

Saccharina latissima, Pelvetia canaliculata and Fucus spiralis showed a high reducing 

power for a relatively low phenolic content. On the other side of the curve, Laminaria 

digitata, Alaria esculenta, Laminaria hyperborea and Ascophyllum nodosum exhibited 

a low reducing power for a relatively high phenolic content. 
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Figure 2-6 FRAP antioxidant assay. Linear regression model between the phenolic content and the 
reducing capacity in macroalgae. Pearson correlation coefficient, r = 0.858, p<0.01. 

 

TEAC 

The capacity of the extracts to scavenge radicals was evaluated with the TEAC 

assay (Figure 2-7). As observed for the FRAP assay, the correlation between 

phlorotannin content and radical scavenging capacity was significant at the p<0.01 level 

(Figure 2-8; Pearson correlation coefficient, r = 0.869; p<0.01; 2-tailed). We also 

observed a strong separation between two orders: the Fucales (with the Fucaceae 

Ascophyllum nodosum, Fucus spiralis, Fucus vesiculosus, Pelvetia canaliculata, and 

Himanthaliaceae Himanthalia elongata) exhibited a radical scavenging ability at least 

4-fold higher than the Laminariales (including the Laminariaceae Laminaria digitata, 

Laminaria hyperborea, Saccharina latissima and the Alariaceae Alaria Esculenta).  
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Figure 2-7 TEAC antioxidant assay, values for various Phaeophyceae extracts (ranked by decreasing 
shore height in a sheltered site).  Ascophyllum nodosum (AN), Fucus spiralis (Fspi), Fucus vesiculosus 
(FV), Himanthalia elongata (HE), Laminaria digitata (LD), Laminaria hyperborea (LH), Pelvetia 
canaliculata (PC), Saccharina latissima (SL). 

 

 
Figure 2-8 TEAC antioxidant assay. Linear regression model between the phenolic content and the 
radical scavenging capacity in macroalgae. Pearson correlation coefficient, r = 0.869, p<0.01. 
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Phlorotannins in an industrial context 

After assessing the TPC in Irish brown seaweed, we focused on a species of 

high commercial interest and its industrial process. We looked at the TPC along the 

production chain and the associated antioxidant activities using the DPPH assay. 

Samples of Ascophyllum nodosum were collected along the current primary process at 

the factory, and were tested for their phenolic content (Figure 2-9). No significant 

differences were observed between the phenolic content extracted during the hot (40 

°C) and the cold (4 °C) extraction. Further down the process line, the wet milled 

samples before decantation (WMB) showed some phenolic content in excess, with 

around 16% PGE, twice as much as the fresh samples. It must be noted that the dry 

weight of the WMB samples was half of the fresh samples. The wet milled samples 

after the decanter (WMA) exhibited lower values than the fresh samples, although not 

significantly different, and the values continued to drop along the process, for the dry 

milled and fine milled samples, with statistically significant differences. Overall, and 

discarding the artefact of WMB, the phenolic content decreased by around 57% along 

the process, from the raw material (fresh samples) to the final product (fine milled). 

Finally, the phenolic content found in the cyclon was slightly higher than in the fine 

milled samples. 
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Figure 2-9 Phlorotannin content (% DW) as PGE in the various steps of the process. Fhot: hot extract 
from Fresh samples, F4C: Cold extract from fresh samples, WMB: Wet Milled sample Before the 
decanter; WMA: Wet Milled sample After the decanter; DM: Dry Milled; FM: Fine Milled; Cyclon: 
Seaweed dust from the drying process. Values as Means ± SD, n = 3. Different letters indicate 
statistically significant differences (p<0.05) among different groups. 

As we expected the phlorotannin content of the Cyclon to be significantly lower 

than the rest of the samples, due to their harsh treatment, we scrutinized under the 

microscope the size of the particles after extraction (Figure 2-10). Despite the large 

standard deviation observed, the average particle area after homogenisation was 

between 0.05 and 0.15 mm2, except for the cyclon, which was significantly smaller by 

20 times (Figure 2-11).  

 

       

Figure 2-10 Pictures of the particles extracted from a) fresh samples of Ascophyllum nodosum, scale at 
the bottom right corner: 1 mm and b) sample from the Cyclon, horizontal scale: 0.2 mm. 

b) a) 
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Figure 2-11 Particle surface area for the processed Ascophyllum nodosum. Values as Means ± SD, n>65. 
Different letters indicate statistically significant differences (p<0.05) among different groups. 

The antioxidant activity along the process was followed with the DPPH assay 

(Figure 2-12). The lower the IC50, the higher the activity. The IC50 was surprisingly 

decreasing between the fresh (Fhot and Fcold) and the processed samples (WMA, DM, 

FM, Cyclon). However, the total antioxidant activity (Ap) was higher for WMA which 

was statistically different from the lowest values, observed for FM, and the cyclon. The 

By-product exhibited high IC50 values, close to the ones of Ascorbic acid (data not 

shown), a natural antioxidant used in foodstuff. After dialysis, the by-product exhibited 

a higher IC50, hence a lower antioxidant activity. 
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Figure 2-12 Antioxidant activity expressed as IC50 (mg ml-1) and Ap (Total Antioxidant activity) for 
various extracts along the process. of Ascophyllum nodosum. Fhot: hot extract from Fresh samples, 
Fcold: Cold extract from fresh samples; WMA: Wet Milled sample After the decanter; DM: Dry Milled; 
FM: Fine Milled; Cyclon: Seaweed dust from the drying process. Latin symbols account for IC50 values, 
whereas Greek symbols account for Ap values. Values as Means ± SD, n = 3. Different symbols indicate 
statistically significant differences (p<0.05) among different groups. 

Discussion 

The aims of the study were to: 

-Investigate the influence of PGE or GAE on the total phenolic content. 

-Identify possible candidate species among Irish macroalgae for the industrial 

development of phlorotannins rich extracts.  

-Investigate the effects of an industrial process on both phenolic content and in 

vitro antioxidant activity, and point out the keys steps that affect phenolic content in 

order to draft best practices for a phlorotannins extraction process. 

PGE vs GAE 

When assessing the methodological variation related to the standards, PGE 

resulted in higher concentration than GAE with the Folin-Ciocalteu method. Ragan and 

Glombitza (1986) indicates that the stoichiometry of the chromophores produced during 
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the reaction depends on the oxidizability, i.e. the number of hydroxyl groups, of the 

phenols being measured. Because gallic acid has one hydroxyl group (as part of the 

carboxyl function) more than phloroglucinol, the reaction with the phosphomolybdic 

and phosphotungstenic acids would lead to more reduced, stable, “molybdenum blues” 

and “tungsten blues”. Hence, gallic acid yields a higher absorbance for the same 

concentration, which explains the difference we observed between PGE and GAE. 

Since phloroglucinol is the monomer of phlorotannins, and to the best of my knowledge 

gallic acid has never been identified in macroalgae, I recommend the use of PGE over 

GAE in the studies related to phlorotannins. Furthermore, the use of phloroglucinol as a 

standard for antioxidant assay (FRAP and TEAC) was investigated by Quéguineur et al. 

(2012). 

In order to corroborate the data obtained from the Folin-Denis (or the optimised 

Folin-Ciocalteu), Targett an Arnold (1998) suggest that gravimetry, cytochemistry, 

nuclear magnetic resonance and mass spectrometry should be used as a baseline. 

Note: The extraction of phlorotannins was performed 6 months after collection 

with frozen samples for the determination of PGE and GAE. It is important to note the 

increase in total phenolic content for Ascophyllum nodosum and Himanthalia elongata 

between fig 3 and 4. This can be explained by the difference in the protocols (solvents, 

acidic conditions), and state of the samples (frozen instead of fresh). During the freezing 

process, the algal tissue “released” some ice, which was discarded and therefore altered 

the wet/dry weight ratio used in the calculation (results not shown). Another explanation 

might be the formation of ice crystals within the cytoplasm, which could have helped 

the liberation of phlorotannins from their vacuoles (Physodes), thus increasing the total 

phenolic content. Connan (2004) also found higher phlorotannins content in frozen 

samples previously fixed with liquid nitrogen, although the difference with fresh 

samples was not statistically significant.  

Interspecific variation 

Assessing the phlorotannins content of 9 brown macroalgae on the West coast of 

Ireland, for the month of December 2008, helped us identify candidate species 

exhibiting the highest phlorotannins content. A profile was observed between the PGE 

and the bathymetric distribution of the several phaeophyceae investigated (Figs. 2 and 

3). We can distinguish several macroalgal belts in relation to their phlorotannin content 
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(Connan, 2004). Ascophyllum nodosum is found mostly on rocky sheltered shores in the 

mid-littoral zone where it can become the dominant species (Morton, 1994). The 

individuals are attached to rocks and boulders on the middle shore in a range of habitats, 

from estuaries to relatively exposed coasts. It occupies a similar shore height as Fucus 

vesiculosus and both seaweeds can mutually replace each other, since Ascophyllum 

nodosum is dominant and therefore characteristic from the sheltered shores and Fucus 

vesiculosus is characteristic from exposed shores (Cabioc’h et al., 2006). Ascophyllum 

nodosum and Fucus vesiculosus exhibited the highest phlorotannins content and are 

available in large sustainable resources (up to 62,000 t FW, hand-harvested in 1979 for 

Ascophyllum nodosum only; Briand, 1991). Various mechanical harvesting techniques 

exist for Ascophyllum nodosum in South-Western Nova Scotia, Canada and Norway 

(Briand, 1991). All of them are based on the flotation of Ascophyllum nodosum at high 

tide. However, harvesting at high tide could lead to a crop of lesser PGE content, due to 

the exudation or non-accumulation of phenolic compounds during the immersion phase. 

Indeed, Connan et al. (2007) noted that in Brittany, France, the emerged thalli of 

Ascophyllum nodosum accumulated more phenolic compounds than the immersed ones.  

In vitro anti-oxidant activities 

After assessing the quantitative aspect of phlorotannins as PGE in some Irish 

phaeophyceae, their in vitro antioxidant activities (using the FRAP and the TEAC 

methods) were compared.   

FRAP 

For some species, Saccharina latissima or Laminaria digitata, with low 

phenolic content, the antioxidant activity was relatively high, which either indicates that 

the type of phenolic compounds are very active, or that other compounds with 

antioxidant activities were extracted in the methanolic fraction. Fucus spiralis also 

exhibit a high activity compared to its phenolic content. Another qualitative parameter 

was varying among brown algae: the percentage of activity at 4 min compared to 30 

min, with species presenting a strong activity within the first 4 min of the reaction (such 

as Saccharina latissima, Fucus spiralis or Laminaria hyperborea) whereas other 

species exhibited a slower, longer activity (such as Ascophyllum nodosum, Fucus 

vesiculosus or Himanthalia elongata). It is likely that the differences in activity are 
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inherent to the composition of the pool of phlorotannins. Nakamura et al., 1996, related 

the degree of polymerisation with the activity of phlorotannins, small phlorotannins 

being generally less active. Hence, the importance of investigating the structure of the 

pool of phlorotannins in order to relate the structure to the function. In higher plants, the 

number and position of hydroxyl groups govern the antioxidant activity of phenolic 

acids (Rice-Evans et al., 1997). When comparing to antioxidant capacity of beverages, 

red wine and orange juice, on the basis of µM eq Trolox per mg polyphenol (Bravo et 

al., 2007), the FRAP values for the studied species were between 0.66 ± 0.03 and 6.41 ± 

0.49 respectively for Ascophyllum nodosum and Laminaria digitata, 9.22 ± 0.23 for the 

red wine and 9.60 ± 0.20 for the orange juice. The low activity values per mg of 

polyphenol for Ascophyllum are not consistent with the literature, which describes an 

average pool of high molecular weight phlorotannins around 10,000 Da with even some 

phlorotannins around 400,000 Da (Ragan and Glombitza, 1986). Moreover, Audibert et 

al., 2010, in contradiction with Nakamura et al., 1996, after fractionation of the oligo-

phlorotannins, concluded that antioxidant activities (with the TEAC assay) based on the 

phenol content, were not significantly different. Wang (2009) supported the latter 

conclusion, founding no clear relation between molecular weight and in vitro 

antioxidant activity of phlorotannins from Fucus vesiculosus in his model.  

TEAC 

The TEAC assay revealed a separation between two taxonomical groups, the 

Fucales (Ascophyllum nodosum, Fucus spiralis, Fucus vesiculosus, Himanthalia 

elongata, Pelvetia canaliculata) exhibiting a high radical scavenging capacity, and the 

Laminariales (Alaria esculenta, Laminaria digitata, Laminaria hyperborea, Saccharina 

latissima). This hiatus reflects the zonation of the species and the adaptation to their 

environment. UV radiation is one factor generating cellular free radicals, such as 

reactive oxygen species (ROS), which in turn can affect negatively macromolecules 

such as DNA, proteins and lipids. Since phlorotannins are stored primarily in the 

cortical layer of the thalli (Ragan and Glombitza, 1986), this family of compounds is in 

the first line of defence against UV radiations, and phlorotannins may contribute to the 

reduction of intracellular exposures of UV-B (Pavia et al., 1997). Hence, phlorotannins 

could also play a putative role in the quenching of reactive oxygen species and their 
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further exudation during the emersion phase could eliminate the complex ROS-

Phlorotannins. 

The correlation between antioxidant activity and phenolic content resulted in a 

similar strength for both the FRAP and the TEAC assays. This strong correlation 

suggests that polyphenolic compounds are the major contributors to the antioxidant 

capacity of the extracts (Bravo et al., 2007). Even though other compounds, such as 

sulphated polysaccharides (Rupérez et al., 2002) have been described to have 

antioxidant activities in macroalgae. It must also be kept in mind that both antioxidant 

assays and the Folin-Ciocalteu are based on similar electron transfer reaction, which 

explains the excellent linear correlations between the “total phenolic profiles” and “the 

antioxidant activity” (Huang et al., 2005). 

Phlorotannins in an industrial context 

The factory in Cill Chiaráin operates a primary process for alginate extraction, 

which mainly consists of the following steps: washing, milling and drying. About 100 t 

of fresh Ascophyllum nodosum can go through the production line every 24 hours. The 

final product is packed in 1 ton-mesh bags, as dried and milled Ascophyllum nodosum, 

ready for shipment. The secondary process (alginate extraction) takes place outside of 

Ireland. The aim of the current process at the factory is to dry and mill Ascophyllum 

nodosum to a size and moisture content suitable for transportation and further process. 

Hence the current process is not optimised for phlorotannins extraction, and we 

observed a gradual decrease of the PGE content along the process from the raw material 

to the end product. This study confirms that air- or oven-dried material is unsuitable for 

extraction (Ragan and Glombitza, 1986; Jiménez-Escrig et al., 2001; Lelann et al., 

2008). However, the decrease was not as high as expected (57% against 98%, after 48 h 

at 50 °C, for Jiménez-Escrig et al., 2001) despite the harsh air-drying process. Because 

of the high temperature of the process (480 °C), and the “short” duration applied to dry 

the material in the oven, the oxygen required for the combustion might be less available 

for oxidation of phlorotannins, which would explain the lower oxidation than the one 

encountered for a slow air drying process. This highlights the role of oxygen in the 

process and the importance of working under inert conditions of extraction. 

When looking at the effect of temperature on PGE yield of fresh material, no 

difference between 4 °C and 40 °C were observed. An extraction process carried out at 
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room temperature means some energy savings (at least within the range of temperatures 

studied). Down the line, the samples WMB showed a phenolic content twice as high as 

the fresh material, and an artefact of the process can explain this excessive amount of 

phlorotannins: the fresh samples are washed and crushed just before the decanter, hence 

the material contains high moisture content (more than the fresh material), on top of 

that, crushing the algae breaks the cellular integrity and some phlorotannins are released 

from the physodes. High moisture content changed the dry weight ratio in the 

calculation of PGE as it is expressed per dry weight of material. The by-product, a 

mixture of crushed algae and water coming out of the decanter, contains some phenolic 

content in variable amount (data not shown). Hence, it not surprising to see a decrease 

of PGE in the samples collected after the decanter (WMA). As expected, the DM and 

FM samples showed an important decrease of PGE, due to the oxidation of the 

phlorotannins (Ragan and Glombitza, 1986). The relative high content of the cyclon 

was quite a surprise given the harsh treatment that those samples were submitted to. The 

smaller particle size of the cyclon samples increases the surface area in contact with the 

solvent, allowing a higher extraction of soluble phlorotannins. As a consequence, the 

use of micronisation (techniques crushing particles down to the micron) under 

controlled conditions could be a favourable process step to increase extraction yield. 

Micronisation has been used to increase extraction yield of phenolic compounds in 

higher plants (Miao et al., 2010).  

Another step to increase extraction of soluble phlorotannins is the multiple 

extraction of the material. In our study, the two-fold extraction was uneven for the two 

species. Depending on the species and the solvent, a second extraction will be more 

suitable or more economically viable. Koivikko (2005) observed that the 78% of the 

total amount of 13 consecutive extracts of Fucus vesiculosus were acquired in the first 

extraction, and that the first four extractions yield 93.5 to 95%. Furthermore, a process 

involving alkaline degradation could be developed to extract cell-wall-bound 

phlorotannins eventhough they represent a minor percentage of the total phlorotannins 

(Koivikko et al., 2005). 

During the course of the study, we experimented various difficulties with the 

DPPH assay: in some samples precipitated, despite the thorough manipulation and 

cleaning of the glassware. Besides, time needs to be monitored rigorously, this 

fastidious technique would have benefited from an automated spectrophotometer, 
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producing data on the kinetic of the reaction. Both TEAC and DPPH are evaluating the 

radical scavenging capacity through the discoloration of a solution, however, the TEAC 

reaction follows the kinetic of discoloration, the curve is obtained with a fixed extract 

concentration following the kinetic of the reaction and the area under the curve is 

measured. On the other hand, DPPH is based on a range of concentrations of extract, 

with the measurement occurring after 60 min in order to determine the IC50. Samples in 

triplicate did not produce powerful stats due to missing measurement; therefore the 

interpretation of the results is hazardous. Nevertheless, we observed a significant 

decrease of total radical scavenging capacity from the WMA to the fine milled samples, 

confirming that the process affects the activity.  

From the present study, along with previous studies, we established a list of 

parameters affecting the yield and quality of phlorotannins in a positive or negative 

way. 

! Harvesting. The most convenient seasons for harvesting Phaeophyceae on the 

NE Atlantic shores are spring and summer. Hand harvesting at low tide on a 

sunny day to avoid exudation. Ideally, transportation of the raw material to the 

factory should occur rapidly (within hours following the collection). 

Transportation in closed, temperature-controlled containers with strong UV-B 

lamp could also be tested. Storage conditions of the raw material is important as 

the bundles left at sea, or the raw material stored outside the factory under the 

rain, would favour exudation. 

! Pre-treatment. Storing the raw material under artificial UV-B radiation could 

increase phlorotannins content. Indeed, individuals of Ascophyllum nodosum 

responded to a 50 % addition of UV-B radiation by a 30 % increase in mean 

phlorotannin concentration (Pavia et al., 1997). Micronisation under non-

oxidizing conditions (i.e. neutral atmosphere) would also maximise the 

following extraction step. 

! Extraction. In the process studied, we would recommend to extract after the 

decanter (WMA) for the high antioxidant activity. We would also recommend to 

use and develop a phlorotannin-rich product from the decanter outflow (the by-

product mentioned above). A multiple extraction (2 or 3 cycles depending on 

economical feasibility) is necessary, under neutral atmosphere, in the dark to 

avoid photo-oxidation, at room temperature. Common solvents used in a 
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laboratory, aqueous methanol or aqueous acetone, provided the highest phenolic 

content (Connan et al., 2004; Koivikko et al., 2005; Bravo et al., 2007). Unlike 

in a laboratory, in an industrial process aimed at food or cosmetic product in 

Europe, the uses of a solvent is dictated by the European Commission 

Directives. Specific purity criteria on food additives other than colours and 

sweeteners are filed in the existing directive for antioxidant additives 

(commission directive 2010/67/EU). We can take the example of the extracts of 

rosemary, or E392, currently allowed as food additive, and extrapolate what 

residual solvent could be allowed for a seaweed extract. Extracts of rosemary 

should not contain more than 500 mg kg-1 residual solvents after evaporation 

(Ethanol or Acetone). When extracted using supercritical carbon dioxide, the 

residual ethanol (used as carrier) should not exceed 2%. Alternatively, 

Ethanol/water or water could be used, and further extraction with ethyl acetate to 

extract higher molecular weight, could be envisaged according to the legislation 

in place. The extraction of cell-wall-bound phlorotannins using alkaline 

degradation (Koivikko et al., 2005) is also a possibility to improve extraction 

yield. 

! Purification. The phlorotannins extracts can be separated sterically by ultra-

filtration (Kubanek et al., 2004). This semi-purification by molecular size would 

standardize the extracts and could smoothen interspecific and geographical 

variation between the extracts of raw material collected (8 different sites on the 

West coast of Ireland for Arramara and around 10% of Fucus sp. harvested 

along with Ascophyllum nodosum). 

! Preservation. The processing and storage is crucial for the preservation of 

antioxidant capacity of brown algae (Jiménez-Escrig et al., 2001). In the present 

study, the antioxidant activity and phenolic content of the freeze-dried extracts 

remained similar after a year in the dark at room temperature (data not shown). 

Vacuum packing would also reduce long-term oxidation. 

The criteria of interest to develop a new product from phlorotannins (whether as 

antioxidant in food additive or as bioactive agent in a formulation) are the following: 

yield of extraction, quality of the extract (antioxidant capacity), reliability of the 

process, reproducibility, energy requirement and storage condition. All those factors 

would be reflected in the final price of the extract. 
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There are currently 7 brown species being authorized for human consumption in 

Europe as “novel food” (regulation (CE) No 258/97): Ascophyllum nodosum, Fucus 

vesiculosus, Himanthalia elongata, Laminaria digitata, Laminaria japonica, Laminaria 

saccharina and Undaria pinnatifida. Among those, the first three species were of 

interest for their phlorotannin content. We decided to focus on Ascophyllum nodosum, 

as it is currently the mainstay of the Irish seaweed industry, and Himanthalia elongata, 

as it is currently sold as food product as sea spaghetti, or haricot de la mer (sea beans in 

France), pickled or fresh. However, Fucus vesiculosus would also be a good candidate, 

for its large resource, high phenolic content and high antioxidant activity. 

The question is: is there a market for phlorotannins? There will be if there is an 

application valuable to the industry. Some previous work has focused on using 

phlorotannins as antioxidant in fish oil (Wang, 2009). In this study, the “potential” for 

application of phlorotannins in nutraceutical and food additives will be explored 

through their antioxidant activities in human liver cells cultures (See Chapter 4). The 

biological activities of phlorotannins could find some application in cosmetics as 

preservatives, antioxidant, or anti-UV and in nutraceuticals and food additives as 

antioxidant. Among the authorised food additives in the EU, 14 antioxidants are 

synthetic and only 5 are from natural source, mainly vit C and E derivatives. Currently 

numerous preservatives and antioxidants are targeted to be reviewed by 2015 (EFSA, 

2012), which could be a good time to file a demand for macroalgae antioxidant extract, 

on the model of the rosemary extract (E392). If an industrial extract were to be 

developed that would represent roughly 4-6% PGE of the annual 16,000 t FW (5,700 t 

DW) produced by Arramara teo; which would represent between 228 and 342 t of 

phenolic compounds, hence between 34,200,000.00 % and 92,340,000.00 % worth of 

sales, based on sales of terrestrial tannins at between 150 and 270 %/kg (figures obtained 

from various suppliers and distributors for tannic acid). A commercial product extracted 

from Ecklonia cava, Seanol®, retails for between $29.00 to $54.00 for 90 capsules 

containing 400 mg of extract (figures obtained from various suppliers and distributors 

for Seanol®), hence, between $805.00 (%638.20) and $1,500.00 (%1,190.00) per kg of 

extract. Despite the putative nature of the sales, the phlorotannins from macroalgae 

could participate to the economic feasibility of a biorefinery (see chapter 6). 

To conclude, we found a strong relation between phlorotannins content in Irish brown 

algae and their in vitro antioxidant activities. We recommend the use of PGE over GAE 
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as a standard in the study of phlorotannins. In an industrial context, the drying and 

milling process of Ascophyllum nodosum affected drastically the phlorotannins content 

and its antioxidant activities. We finally provided some guidance for best practice 

regarding phlorotannins in an industrial process. 
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Abstract 

Phloroglucinol is an ubiquitous secondary metabolite encountered in a free state 

or polymerised as phlorotannins in brown macroalgae, and present in higher plants. 

FRAP and TEAC assays measured the antioxidant properties of phloroglucinol in non-

biological conditions. Additionally, the biological effects of phloroglucinol (4–400 µM) 

were scrutinised using cellular oxidative stress markers, such as the generation of ROS, 

antioxidant defences (concentration of GSH and activities of GPx, GR and GST), and 

levels of MDA as a marker for lipid peroxidation. The direct effect was assessed 

immediately after an incubation period, whereas for the protective effect, the incubation 

period was followed by 3-h treatment with the pro-oxidant t-BOOH.  The results 

indicated that despite having a higher radical scavenging capacity than Trolox after 30 

min, phloroglucinol was not a suitable antioxidant standard for phlorotannins. 

Regarding the biological effects, phloroglucinol had no impact on cell viability, reduced 

levels of ROS and increased antioxidant defences in the direct treatment for most 

concentrations. The results of the protective effect were mitigated as phloroglucinol 

failed to protect from ROS generation but evoked a significant recovery of the stress-

altered cellular antioxidant defences to restful conditions. Additionally, MDA levels 

were greatly reduced, preventing a radical chain oxidation.  

 

Keywords: Phloroglucinol, antioxidants, marine bioactive compounds, 

antioxidant defences, oxidative stress 
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Introduction 

Phloroglucinol (1,3,5-trihydroxybenzene) is the monomeric building unit of 

phlorotannins, phenolic compounds known only from brown algae (Phaeophyceae). The 

free form is found in some Fucales at concentrations over 0.5% dry weight (DW) for 

Cystoseira discors and Cystoseira tamariscifolia (Sargassaceae; Ragan and Glombitza, 

1986), and in Ecklonia cava (Laminariaceae) at 0.016% DW (Kang et al., 2006). It is 

also present in Himanthalia elongata (Himanthaliaceae; Ragan and Glombitza, 1986), 

consumed as “Sea spaghetti” in Brittany, France (Guiry and Blunden, 1991) and also 

used as a fertilizer on artichokes and onions in Brittany (Guiry, pers. comm.) When 

polymerised as phlorotannins, their concentration in Fucales is frequently around 10% 

and may reach as much as 20% DW. Beside the free form occurring in macroalgae, 

alkali degradative studies of phlorotannins have shown that phloroglucinol can be 

released from the polymeric chain, despite a poor yield (Ragan and Glombitza, 1986). 

In higher plants (Tracheophyta), it is also the back bone of over 700 secondary 

metabolites encountered in Angiosperm species such as Hypericum sp., Melicope 

sessiliflora, Helichrysum caespititium, Kaempferia pandurata and Acacia meamsii and 

many others (Singh et al., 2010). 

The ability of monomeric phenolic compounds as antioxidants depends on the 

degree of hydroxylation and extent of conjugation (Hodnick et al., 1988), and 

phloroglucinol displays an elevated degree of hydroxylation with an aromatic nucleus 

surrounded with 3 hydroxyl groups. Phloroglucinol and its derivatives exhibit a wide 

range of activities, such as anti-inflammatory, cytotoxicity, DNA strand-scission, 

enzyme inhibition (Barwell et al., 1989), antithrombotic and profibrinolytic activities 

(Bae, 2011) and are included in patented compositions as anticancer, anti-depressant, 

anti-microbial, anti-protozoal, anti-spasmodic, anti-viral, and in dermatology products 

(see review from Singh et al. (2009)). Polymers of phloroglucinol have been shown to 

exhibit antioxidant activities (Zubia et al., 2009), and so has the free form of 

phloroglucinol (Kang et al., 2006).  Kang et al. (2010) have recently investigated the 

protective effect of phloroglucinol, isolated from Ecklonia cava, against !-ray radiation-

induced oxidative damage. Phloroglucinol significantly decreased the level of radiation-

induced intracellular ROS and damage to cellular components such as lipids, DNA and 

proteins. In the same line, Kim and Kim (2010) recently suggested a possible 
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mechanism for the reactivity of phloroglucinol on chronic inflammation via NF-&B and 

AP-1 signalling pathway, notably implicating the reduction of endogenous and 

exogenous ROS levels, and a decrease in protein and DNA oxidation. However, to the 

best of our knowledge, there is no mention of antioxidant activities from phloroglucinol 

in the context of hepatoprotection in the literature.  

The aims of the present study were therefore to investigate the antioxidant 

properties of phloroglucinol, both in routine spectrophotometric assays to examine its 

potential role as a standard for natural phloroglucinol derivatives, and in cellular assays 

to assess their direct and protective effects on biomarkers of human HepG2 cells.  

Materials and methods 

Reagents 

Chemicals and solvents used were analytical grade available commercially 

unless otherwise specified. The following chemicals were used in the assays: 2,2"-

azinobis-(3-ethylbenzothiazoline 6-sulfonate) (ABTS), dichlorofluorescin (DCFH), 2,4-

dinitrophenylhydrazone (DNPH), EDTA, gentamycin, glutathione reductase (GR), 

reduced glutathione (GSH), '-mercaptoethanol, nicotine adenine dinucleotide (reduced) 

(NADH), nicotine adenine dinucleotide phosphate reduced salt (NADPH), o-

phthalaldehyde (OPT), penicillin G, phloroglucinol (PG); tert-butylhydroperoxide (t-

BOOH) and streptomycin were procured from Sigma Chemical Co. (Madrid, Spain), for 

cell culture studies. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), 

a water soluble analogue of vitamin E, was from Aldrich Chemical Co. (Guillingham, 

UK). The TPTZ (2,4,6-tripyridyl-s-triazine) was from Fluka chemicals (Madrid, Spain). 

The Bradford reagent was from BioRad Laboratories (Madrid, Spain). Glutathione-S-

transferase (GST) assay kit was purchased from Biovision K260-100 (Mountain View, 

CA, USA). Other reagents were of analytical or chromatographic quality. Cell culture 

dishes were from Falcon (Cajal, Madrid, Spain). 

Antioxidant capacity 

The reducing power of phloroglucinol was determined by the ferric 

reducing/antioxidant power (FRAP) assay (Pulido et al., 2000). The FRAP value was 

calculated using the calibration curve of FeSO4, a standard reducing agent allowing the 
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transition from TPTZ-Fe(III) to TPTZ-Fe(II). Whereas the capacity of phloroglucinol to 

scavenge free radicals was assessed using the Trolox equivalent antioxidant capacity 

(TEAC) assay (Re et al., 1999); where the decolouration of ABTS by an antioxidant 

agent during the assay is followed against a control at 730 nm between 0 and 360 s, 

every 20 s. The absorbance read is compared to the one of a control solution, and then 

transformed into an inhibition percentage. The area under the curve between the control 

and the sample is calculated by the corresponding integral, and expressed as µM 

equivalent of Trolox per µM of phloroglucinol.  

Cell culture 

HepG2 cells were maintained in a humidified incubator containing 5% CO2 and 

95% air at 37 °C. Cell culture dishes were from Falcon (Cajal, Madrid, Spain) and 

HepG2 culture were seeded onto Petri dishes for most cultures except for the crystal 

violet assay (96-well plates) and ROS determination (24-well plates). They were grown 

in DMEM F-12 medium from Biowhitaker (Lonza, Madrid, Spain), supplemented with 

2.5% Biowhitaker foetal bovine serum (FBS) for HepG2 with an additional 50 mg/L of 

each of the following antibiotics: gentamycin, penicillin and streptomycin (Sigma, 

Madrid, Spain). Plates were changed to FBS-free medium before the beginning of the 

assays as the serum might interfere in the running of the assays and affect the results. 

Moreover, a fairly good growth was observed in FBS-free medium (Alía et al., 2006). 

Cell treatment conditions 

Cells were incubated for 20 h with the various concentrations of phloroglucinol. 

To assess both direct and protective effects of phloroglucinol against oxidative stress, 

two types of experiments were designed (Goya et al., 2007). The direct effect of 

phloroglucinol on the cellular markers was assessed immediately after the incubation 

period, whereas for assessment of the protective effect, the incubation period was 

followed by a 3-h treatment in an oxidative environment with the pro-oxidant, t-BOOH 

at 400 µM. For both assessments, a number of assays on various biomarkers were 

applied. 

 

 



Chapter 3. Phloroglucinol: A standard for antioxidant studies in macroalgae?  

!

!

&)!

Evaluation of cytotoxicity  

LDH leakage  

Cells were plated in 60-mm diameter plates at a concentration of 1.5 " 106 cells 

per plate and the assay was carried out when plate coverage reached 70–80%. The day 

before the assay, concentrations of phloroglucinol (4-400 µM) diluted in serum free 

medium were added with a minimum of n = 4 per condition. After 20 h of incubation, 

culture medium and cells were collected separately and kept on ice. Cells were 

sonicated for 10 min in ice-bath prior to centrifugation (2515 g, 10 min, 4 °C). Culture 

medium and supernatant from cellular lysis were analysed respectively on both halves 

of 96-well plates. In each well 10 µL of sample and 200 µL reaction mix (2 mg/mL 

NADH in 1 mM KOH/0.08 M pyruvate/1.35 M Tris) were added. Absorbance (# = 

340nm) was immediately measured at t = 0 and t = 5 min. The leakage was expressed as 

the ratio between the activity in the medium and that of the medium plus cell content 

(Alía et al., 2005). The cells are collected on the plate leakage in the medium can come 

from apoptotic cells and non-apoptotic cells. 

Crystal violet assay 

Cells were seeded in 96-well plates with 100 µL of culture medium, conditions 

as described above for the LDH leakage assay. Cells were washed with 200 µL of PBS, 

and incubated with 50 µL crystal violet for 20 min at room temperature. The wells were 

then washed three times with 200 µL of distilled water. Finally, cell lysis was carried 

out in 100 µL 1% SDS and the absorbance was read at # = 560 nm in a microplate 

reader (FL600, Bio-Tek, Winooski, VT, USA). Results were presented as a percentage 

of viable adherent cells (Granado-Serrano et al., 2007). Hence the crystal violet assay is 

more specific of non-apoptic, viable cells. 

Determination of reactive oxygen species generation  

Cells were seeded in 24 multiwell-plates (2 " 105
 cells per well), conditions were 

as described above for the LDH leakage assay. On the day of the assay, 10 µL of the 

fluorescent probe (DCFH-DA) was added under reduced light to each condition at a 

final concentration of 5 µM, and incubated for 30 min in the dark. The medium-plus 

condition was then discarded and cells were rinsed in 1 mL PBS. For the direct effect of 
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phloroglucinol, the plate was immediately read for fluorescence (t-BOOH was used as a 

positive control), whereas for the protection effect, each well was filled with 0.5 mL t-

BOOH (400 µM) in serum-free culture medium except the control, which was filled up 

with serum-free culture medium. The production of intracellular ROS was followed 

over 90 min and the control was attributed the index value of 100. A set of wells (n = 4) 

in each 24 multiwell-plate was treated with 400 µM t-BOOH, as a positive control. Both 

control and t-BOOH values were pooled from two multiwell plates to obtain average of 

n = 8. Fluorescence was read at Ex/Em = 485/530 nm (Alía et al., 2005) in a plate 

reader (FL600, Bio-Tek, Winooski, VT, USA).  

Quantification of concentration of reduced glutathione (GSH) 

The content of reduced GSH was quantified by the fluorometric assay of Hissin 

and Hilf (1976). The method is based on the reaction of the reduced GSH with o-

phtalaldehyde (OPT) at pH 8.0. Cells were seeded onto 100-mm Petri dishes. 

Conditions were set as described for the LDH leakage assay (n = 4). The cells collected 

in PBS were centrifuged at 400g, for 10 min at 4 °C. The supernatant was discarded, 

while the pellet was resuspended in 250 µL TCA/EDTA (5 mM) and sonicated for 10 

min in an ice bath. The result of the cell lysis was then centrifuged at 10,000g, for 10 

min at 4 °C. The supernatant was kept frozen at –20 °C until analysis. The day of the 

assay, the supernatants from cellular lysis were thawed at room temperature and 50 µL 

of each sample were transferred in triplicate in a 96-multiwell plate. The reaction mix in 

each well consisted of 15 µL of 1 M NaOH, 175 µL Sodium phosphate buffer/EDTA 

and 10 µL of a 10 mg/mL OPT solution. The fluorescence was read after 20 min in the 

dark (Ex/Em = 340/460 nm) in a plate reader (FL600, Bio-Tek, Winooski, VT, USA). 

Determination of activity of antioxidant enzymatic defences 

The determination of the glutathione peroxidase (GPx) activity was based on the 

oxidation of the reduced GSH by GPx, using t-BOOH as a substrate, coupled to the 

disappearance of NADPH by GR (Alia et al., 2006). GR activity was determined by 

following the decrease in absorbance due to the oxidation of NADPH utilized in the 

reduction of oxidized glutathione (Alia et al., 2006). The maximum absorption of 

NADPH is obtained at 340 nm. The determination of GST activity utilizes 
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monochlorobimane (MCB), a dye that responds to the presence of glutathione. The free 

form of MCB is almost non-fluorescent, whereas the dye fluoresces blue 

(Ex/Em=380/461 nm) when it reacts with glutathione. GST catalyses the MCB-

glutathione reactions and the fluorescence levels are proportional to the amounts of 

GST involved in the reaction. 

Evaluation of malondialdehyde levels 

Intracellular levels of malondialdehyde (MDA) were evaluated by high-

performance liquid chromatography (HPLC) after collection of the cells, hydrolysis of 

MDA from intracellular proteins and derivatisation of MDA with 2,4-

dinitrophenylhydrazine (DNPH) as described by Mateos et al. (2004). Conditions were 

set as described for the LDH leakage assay (n=6), 2 plates having received the same 

treatment were pooled, to increase MDA concentration per condition. Values are 

expressed as nmol MDA/mg protein.   

Protein quantification 

The protein concentration in the supernatant from cellular lysis was determined 

using the Bradford reagent (#=595 nm). The concentration was expressed as µg of 

protein ((-globulin equivalent) per µL of supernatant. 

Statistics 

Data were tested for homogeneity of variances using Levene’s test. The results 

were analysed by one-way analysis of variance (ANOVA) followed by a Bonferroni 

post-hoc correction when variances were homogeneous and a Tamhane post-hoc test 

when variances were not. The level of significance was p<0.05. PASW (formerly SPSS) 

Statistics version 18.0 software was used.  

Results 

In vitro antioxidant capacity 

The antioxidant capacity of phloroglucinol was assessed through its reducing 

power (FRAP assay) as well as its ability to scavenge free radicals (TEAC assay).  



Chapter 3. Phloroglucinol: A standard for antioxidant studies in macroalgae?  

!

!

'"!

Phloroglucinol (250 µM) exhibited a FRAP value of 96 µM eq. FeSO4 at 4 min 

which increased up to 365 µM eq. FeSO4 after 30 min, whereas the Trolox value 

remained even (around 555 µM eq. FeSO4) through the whole duration of the assay 

(Table 3-1).  

 
Table 3-1 Comparison of FRAP values at 4 and 30 min (µM equivalent of FeSO4) of aqueous solutions of 
Trolox and PG (250 µM) using FeSO4 calibration curves in distilled water (Mean values ± SD; n=3). 

 FRAP value (µM eq. FeSO4) 

 4 min 30 min 

Trolox a 506 ± 45 # 

Troloxb 555 ±   7 557 ±   8 

PGb   98 ±   2 365 ± 11 

 
a FRAP value from Pulido et al. (2000); b this study. 

 

When focusing on the FRAP reaction kinetics of phloroglucinol (Figure 3-1a), 

the absorbance was multiplied over 5 fold from 4 to 30 min. Although Trolox at 4 min 

showed a higher antioxidant activity than phloroglucinol, at 30 min the gap in activity 

between the two compounds was greatly reduced. 

Table 3-2 Concentration intervals of FeSO4, Trolox and PG, with characteristics of the linear regression. 

 

Table 3-2 relates the effect of concentration of phloroglucinol in the 

concentration range from 100 to 1000 µM during the FRAP assay at 4 and 30 min. We 

observed a dose-response relationship between the concentration of phloroglucinol and 

its ability to reduce TPTZ-Fe(III) at both times. The increased slope of the equation 

from 4 to 30 min denotes an increase in antioxidant efficiency of phloroglucinol. The 

slope remained constant for the Trolox. 

4 min 30 min 
Standard 

Lineal 

interval (µM) Intercept (10-3) Slope (10-3) r Intercept (10-3) Slope (10-3) r 

FeSO4 100#2000 #1.90 0.43 0.9977 4.29 0.43 0.9978 

Trolox 50#1000 6.09 1.32 0.9998 6.36 1.347 0.9998 

Phloroglucinol 100#1000 #0.43 0.17 0.9986 10.01 0.823 0.9999 
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Figure 3-1 Reaction kinetics of 250 µmol/L solutions of phloroglucinol and Trolox. a) FRAP and b) 
TEAC assay. 

The decolouration of ABTS was followed for 360 s (Figure 3-1b), after 60 s the 

reaction was complete with the Trolox, whereas phloroglucinol showed further 

inhibitory effect on the absorbance of ABTS•+ at the end of the assay. It was therefore 

considered appropriate to measure the activity using the area under the curve in order to 

compare the activity of various antioxidants. Hence, phloroglucinol (250 µM) scored 

443.33 µM eq. Trolox at the TEAC assay. 

 

 

Time (minutes) 
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The direct effect 

The LDH leakage informs on the integrity of cellular membrane, phloroglucinol 

did not alter the cellular integrity in the range of 4–400 µM (Figure 3-2a). However, 

phloroglucinol started affecting the cell viability at concentrations 800 µM, and further 

extended the damages to cellular integrity at concentrations of 4000 and 8000 µM 

(Figure 3-2b). When the HepG2 cells were submitted to an oxidative stress (t-BOOH 

400 µM) they responded with an increase in intracellular ROS; however, when exposed 

to various concentration of phloroglucinol alone (4–400 µM) the cells exhibited a 

significant gradual reduction of ROS (Figure 3-2c). The incubation of HepG2 cells with 

phloroglucinol (4 µM) increased the concentrations of GSH in the assay then gradually 

decreased to a level comparable to the control for 400 µM (Figure 3-2d).  

 
Figure 3-2 Direct effects of phloroglucinol solutions. a) Cell integrity. Results as % of LDH leakage, 
n=6–8. b) Crystal violet expressed as % of viable cells, n=12.  c) Intracellular ROS generation. Results 
expressed as relative fluorescence unit (Control index=100) at 90 min. n=4. d) Concentration of GSH. 
Results expressed as nmol GSH mg–1 protein, n=4. Values as Means±SD. Different letters indicate 
statistically significant differences (p<0.05) among different groups. 
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GPx and GR activities increased from 4 to 400 µM, with the highest 

concentrations being significantly different from the control for GPx and only 400 µM 

for GR (Figure 3-3a,b). Additionally, the activity of GST was significantly reduced 

after incubation with 40 and 400 µM (Figure 3-3c). 

 
Figure 3-3 Direct effects of phloroglucinol solutions on antioxidant enzyme activities. Results of 
activities are expressed as follows: a) mUnits GPx mg–1 protein, b) µUnits GR mg–1 protein, and c) 
mUnits GST mg–1 protein. Values as Means±SD, n=4. Different letters indicate statistically significant 
differences (p<0.05) among different groups. 
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The lipid peroxidation marker exhibited a statistically significant reduction for 

phloroglucinol at 400 µM (Figure 3-4).  

 

 
Figure 3-4 Direct effects of phloroglucinol solutions on concentration of MDA. Results are expressed as 
nmol MDA mg–1 protein. Values as Means±SD, n=4. Different letters indicate statistically significant 
differences (p<0.05) among different groups. 

The protective effect 

The 3-h treatment with t-BOOH (400 µM) dramatically increased the leakage of 

LDH in the medium, indicating considerable damage to cellular integrity. A previous 

20-h treatment with phloroglucinol (40–400 µM) did prevent the cells from cellular 

damage but was not sufficient to maintain levels similar to those of the control (Figure 

3-5a). Additionally, phloroglucinol failed to protect HepG2 cells from the generation of 

ROS, as no statistical difference was observed with t-BOOH (400 µM) (Figure 3-5b). 

The pool of GSH was greatly reduced after a treatment with t-BOOH (400 µM), only 

the concentration of 40 µM phloroglucinol was able to partly limit this reduction (Figure 

3-5c).  
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Figure 3-5 Protective effects of phloroglucinol solutions. HepG2 cells were incubated for 20 h with 
various concentrations, washed and submitted to oxidative stress for 3 h with t-BOOH (400 µM). a) Cell 
viability. Results are expressed as % of LDH leakage in the medium, n=6–8. b) Intracellular ROS 
generation. Results expressed as relative fluorescence unit (Control index=100) at 90 min. n=4. c) 
Concentration of GSH. Results expressed as nmol GSH mg–1 protein, n=4. Values as Means±SD. 
Different letters indicate statistically significant differences (p<0.05) among different groups. 

The stressful situation induced by t-BOOH (400 µM) for 3 h upon the 

antioxidant defence system was efficiently surmounted when cells were pre-treated with 
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all three doses of phloroglucinol for 20 h, except for GPx treated with 400 µM, 

returning activity of GPx (Figure 3-6a), GR (Figure 3-6b) and GST (Figure 3-6c) more 

rapidly to a restful condition. 

 
Figure 3-6 Protective effects of phloroglucinol solutions on antioxidant enzyme activities. HepG2 cells 
were incubated for 20 h with various concentrations, washed and submitted to oxidative stress for 3 h 
with t-BOOH (400 µM). Results of activities are expressed as follows: a) mUnits GPx mg–1 protein, b) 
µUnits GR mg–1 protein, and c) mUnits GST mg–1 protein. Values as Means±SD, n=4. Different letters 
indicate statistically significant differences (p<0.05) among different groups. 
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The indicator of lipid peroxidation severely increased when in contact with t-

BOOH for 3 h (Figure 3-7). The treatment with phloroglucinol showed a dose-response 

decrease of MDA levels inversely proportional to the concentration. The treatment with 

concentrations of 4 and 40 µM of phloroglucinol showed intermediate values between 

the t-BOOH and the control. Moreover, at 400 µM, the MDA levels remained 

statistically similar to those of the control, indicating full protection against lipid 

peroxidation. 

 
Figure 3-7 Protective effects of phloroglucinol solutions on concentration of MDA. HepG2 cells were 
incubated for 20 h with various concentrations, washed and submitted to oxidative stress for 3 h with t-
BOOH (400 µM). Results are expressed as nmol MDA mg–1 protein. Values as Means±SD, n=4. 
Different letters indicate statistically significant differences (p<0.05) among different groups. 
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Discussion 

Phlorotannins are a family of molecules gaining increasing interest from algal 

biologists and biochemists over the last decade because of their potential use in the food 

industry and likely beneficial properties for health.  

One of the aims of our study was to assess whether phloroglucinol could be used 

as a standard for antioxidant activity in the FRAP and TEAC assay. We found that the 

reduction of the ferric#TPTZ was not complete at 4 min for the phloroglucinol, unlike 

that observed for Trolox (Benzie and Strain, 1996), hence the reaction was monitored 

for up to 30 min. After 30 min, the gap in the reducing power narrowed between Trolox 

and phloroglucinol, indicating the action of phloroglucinol is time-dependent. The 

increased slope at 30 min, shown in Table 3-2, places phloroglucinol between 

resveratrol and ascorbic acid in terms of antioxidant efficiency (Pulido et al., 2000). 

Phloroglucinol showed greater ABTS•+ scavenging capacity than Trolox. 

Calculating the area under the curve reveals a powerful analysis tool as the reaction 

with some antioxidants (e.g., phenolic compounds, vitamins, carotenoids, etc.) is not 

linear (Re et al., 1999). The capacity of phloroglucinol to scavenge free radicals rapidly 

is linked to its structure as the three hydroxyl groups act as hydrogen donors. The 

published information on the antioxidant capacity of phloroglucinol is rather scanty 

although Kang et al. (2006) described the antioxidant activity of phloroglucinol in 

relation to its intrinsic stability. He describes phloroglucinol as having a polyphenolic 

structure, which are electron-rich compounds, capable of electron-donation reactions 

with oxidizing agents to form phenoxyl radical species as intermediates. Phenoxyl 

radicals are stabilized by resonance delocalization of the unpaired electron to the ortho 

and para positions of the ring. In addition to the resonance stability, phenoxyl radicals 

can also be stabilized by hydrogen bonding with an adjacent hydroxyl group. 

Phloroglucinol did show antioxidant behaviour that was time-dependent, and the 

duration of the assay was extended to 30 min. In the context of laboratory analysis, this 

would increase the running time of both FRAP and TEAC assays, and reduce the 

amount of samples run on a daily basis. Therefore, phloroglucinol does not appear to be 

a convenient standard for antioxidant assays in routine lab analysis. Although 

phlorotannins contents in macroalgae are often referred to as phloroglucinol equivalent 

(Connan et al., 2004; Zubia et al., 2009), it does not apply for the antioxidant assays. 
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However, antioxidant properties of phloroglucinol from natural sources can present 

some advantages in the long-term conservation of foods. Moreover, the antioxidant 

activities of phloroglucinol in assays led us to investigate further on the effects on some 

biomarkers of oxidative stress in cellular culture of HepG2. 

The liver is the organ in charge of the metabolism and detoxification of 

xenobiotics, as well as the main target for dietary antioxidants (Goya et al., 2007).  

Previous studies have found that human liver HepG2 cell line is a sensitive model in the 

determination of biomarkers of antioxidant compounds such as phenolics (Mateos et al., 

2005). To date, no research on the antioxidant effect of phloroglucinol in liver cells has 

been conducted. A study in humans has confirmed the high biodisponibility of 

phloroglucinol and highlighted the biotransformation into glucuro- and sulfo-conjugated 

metabolites (Dollo et al., 1999). On the other hand, intravenous injection with marked 
3H-phloroglucinol in rats showed that the highest concentrations were located in the 

kidney, liver and intestine (Fujie and Ito, 1972). Furthermore, Kim et al. (2003) showed 

that orally administrated phloroglucinol could be recovered in a non-conjugated form 

subsequently in the blood stream. Phloroglucinol is therefore capable of crossing 

membranes and being redistributed. The concentrations of phloroglucinol used in this 

study were consistent with the concentration used in previous pharmacokinetic studies 

with healthy volunteers (Kim et al., 2003). These volunteers were given 160 mg-tablets 

(equivalent to 1270 mM when commercial tablets contain usually 500–635 mM 

phloroglucinol per tablet) and the concentration in the plasma peaked at 5.5 µM after 20 

min.  

Cytotoxicity was the preliminary assay to ensure that phloroglucinol did not 

produce any direct cellular damage. A previous study with RAW264.7 and HT1080 

cells showed no cytotoxic effect with concentrations of phloroglucinol ranging from 1 

to 100 µM  (Kim and Kim, 2010). In that respect, no damage to cellular integrity was 

observed with the LDH assay in our study. While LDH leakage assessed the 

cytotoxicity via cellular integrity and membrane permeability, another assay was 

performed to corroborate those results. The crystal violet assay stains cells adhering to 

the plate, therefore apoptotic cells which have lost adhesion properties are not included 

in the calculation of  % of viable cells, when apoptotic cells could have been included in 

the LDH leakage. The CV assay revealed some damage at elevated concentrations. 

However, it is important to remember that serological concentrations of 0.8 to 8 mM are 
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neither physiological, nor used in medical treatments. Moreover, when presented with 

an oxidative attack with t-BOOH, cells pre-treated with phloroglucinol (40–400 µM) 

were partially protected in our assay. In this regard, it has been previously showed that 

phloroglucinol induced a partial protection in Chinese hamster lung fibroblasts (V79-4) 

irradiated with !-ray radiation (Kang et al., 2010).  

As observed in the TEAC assay, phloroglucinol was also able to scavenge 

rapidly ROS in HepG2 cells from 4 µM. The increase of intracellular DCF fluorescence 

does not necessarily reflect the levels of ROS directly, but rather an overall oxidative 

stress index in cells (Wang and Joseph, 1999). Alia et al. (2005) showed that t-BOOH 

could stimulate intracellular ROS production in HepG2 cultures. Kim and Kim (2010) 

indicated that intracellular ROS level induced by hydrogen peroxide in cells can be 

decreased by phloroglucinol (10 µM), however the latter result was not confirmed in 

HepG2 cells with phloroglucinol in the range of 4-400 µM during our study. 

Of the non-enzymatic defences, GSH is a tripeptide involved in the reduction of 

oxidant compounds, such as O2
•–, H2O2 and •OH, coupled with enzymatic reactions. 

Hence, the intracellular stock of GSH plays an important role in the protection against 

oxidative stress (Scharf et al., 2003), and the changes in the activity of enzymes 

regulating GSH can be considered as biomarkers of the antioxidant response (Goya et 

al., 2007). It is assumed that GSH depletion reflects intracellular oxidation, whilst an 

increase in GSH concentration could be expected to prepare the cell against a potential 

oxidative insult (Alía et al., 2005; Alía et al., 2006; Goya et al., 2007). An increase in 

intracellular GSH concentration induced by some plant-derived phenolic compounds 

has been previously found in HepG2 (Alía et al., 2006; Granado-Serrano et al., 2007; 

Scharf et al., 2003), and it has been reported that this increase in GSH is mediated by 

stimulation of the (-glutamylcysteine synthetase, the enzyme involved in glutathione 

synthesis (Myhrstad et al., 2002). Increased levels of GSH in phloroglucinol-treated 

cells before exposure to the oxidative challenge greatly helped to prevent the dramatic 

depletion of the intracellular GSH stock. Maintaining GSH concentration above a 

critical threshold while under stress represents a decisive advantage for cell survival. 

Both GPx and GR activities proportionally increased with concentrations of 

phloroglucinol. When in the presence of high concentrations of phloroglucinol (400 

µM), enzymatic and non-enzymatic biomarkers suggest that the balance between 

production and consumption of GSH weighs in favour of the consumption. The GSH 
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fed the enhanced activity of GPx to produce GS-SG, at the same time, GR activity 

increased, but did not suffice to replenish the pool of GSH, which, in turn, decreased 

relatively with a rapid turnover. This result is in line with the low GST activity at high 

concentrations of phloroglucinol, the GST being short of GSH supply. However, if low 

concentrations of phloroglucinol did not affect, and even enhanced, the antioxidant 

defences; high concentration of phloroglucinol, favouring GPx activity, somehow did 

not prepare the cells to tolerate an oxidative insult, such as the one that occurred in the 

presence of t-BOOH (Alia et al., 2005). When the protective effect was tested, the 

phloroglucinol was not able to prepare the cells facing the t-BOOH oxidative stress, 

which correlates with the depletion of the non-enzymatic defence GSH also encountered 

at 4 and 400 µM. Kang et al. (2006) showed that phloroglucinol (80 µM) reduced the 

red fluorescence intensity of DCF triggered by an oxidative agent, reflecting a reduction 

of ROS generation in V79-4 cells. In line with this, when assessing the protective effect 

of phloroglucinol, the depleted pool of GSH by t-BOOH led to an enhanced activity of 

the antioxidant enzymes to eliminate the reduced sub-products of detoxification. 

Overall, the enhancement of these glutathione-related enzymes plays a major role in 

preparing the cells to overcome ROS production in the presence of t-BOOH (Alia et al., 

2006). However, a rapid return of the antioxidant enzyme activities to basal values once 

the challenge has been overcome will leave the cell in a favourable condition to deal 

with a new insult. Accordingly, in the present study, pre-treatment of human liver cells 

with realistic concentrations of phloroglucinol managed to prevent the long-lasting 

increase in the activities of GPx and GR induced by oxidative stress. This ensured that 

the cells were in optimum conditions to withstand further oxidative challenges.  

Included in the damage caused by ROS is the degradation of cellular membrane. 

The ROS react with the double bonds of polyunsaturated fatty acids (PUFAs) of the 

lipid bilayer to produce lipid hydroperoxides, which are broken down into a variety of 

aldehydes (Pilz et al., 2000), mostly MDAs. Thus, MDA has been described as a 

reliable biomarker for cellular oxidative stress in human hepatoma HepG2 (Mateos et 

al., 2004). The present study has highlighted the strong role of phloroglucinol in 

providing protection against lipid peroxidation. Both direct and protective experiments 

concluded that increasing concentrations of phloroglucinol were able to proportionally 

reduce or prevent the oxidative damage in cell lipids. Whether this form of protection 

could be directly linked with the quenching of ROS in the direct assay is uncertain. 
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Phloroglucinol was not able to quench intracellular ROS in the protective experiment, 

thus discarding the possibility of phloroglucinol acting mainly through ROS quenching. 

The underlying molecular mechanisms are unknown but phloroglucinol may protect the 

lipid bilayer through specific or unspecific binding on both side of the bilayer. This 

protection by phloroglucinol against an induced lipid peroxidation in a cell culture is in 

line with previous studies showing a similar effect by single polyphenols (Alía et al., 

2006; Goya et al., 2007; Martín et al., 2010) in cultured HepG2 cells.  

In conclusion, the present study demonstrates that phloroglucinol exhibited 

antioxidant activities in non-biological assays, but was not a suitable standard for 

phlorotannins antioxidant properties in routine laboratory analysis. Moreover, 

phloroglucinol offers a mitigate response in human HepG2 cells when in front of an 

oxidative challenge. Phloroglucinol was able to directly scavenge free radicals, to 

indirectly modulate the activity of antioxidant enzymatic defenses and exhibited a 

significant protection against lipid peroxidation in cultivated liver cells. However, high 

concentrations of phloroglucinol failed to protect against oxidative damages. This study 

is useful for food products containing phloroglucinol, phloroglucinol issued from 

degradative process of algal phlorotannins, or phloroglucinol used in medical treatment.  
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Abstract  

Phlorotannins have received much attention due to their ecophysiological 

importance and potential applications in the biotechnology and food industries. 

Antioxidant activity studies in seaweeds have mainly focused on in vitro assays; 

however, there is a paucity of data regarding the effect of brown algal phlorotannins on 

living cultured cells. The aim of the present study was to investigate both direct and 

protective effects of phlorotannin-rich extracts on cell viability and cellular oxidative 

status of cultured liver cells HepG2 against oxidative stress induced by tert-butyl 

hydroperoxide (t-BOOH). Extracts of the Phaeophyceae Ascophyllum nodosum 

(Fucaceae) and Himanthalia elongata (Himanthaliaceae) were submitted to 

gastrointestinal digestion prior to incubation for 20 h in a HepG2 culture at 

physiological concentrations (0.5–50 µg mL–1). Various markers of cellular oxidative 

stress were then assessed, such as the generation of reactive oxygen species (ROS), 

antioxidant defences (concentration of reduced glutathione and activities of glutathione 

peroxidase, reductase and glutathione-S-transferase), and levels of malondialdehyde as 

a marker for lipid peroxidation. The direct effect on cellular markers was assessed 

immediately after the incubation period, whereas for the protective effect, the 

incubation period was followed by 3-h treatment with t-BOOH. The results indicated no 

effect on cell viability and both extracts showed reduced levels of ROS and increased 

antioxidant defences in the direct treatment. Moreover, the extracts showed a significant 

protective effect against chemically-induced oxidative stress in HepG2 cells by 

reducing ROS generation and enhancing antioxidant defences, hence supporting the 

utility of including brown algal extracts in functional-food products. 
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Introduction  

Seaweeds have been a staple item of the human diet since prehistoric times in 

many countries (e.g., Chapman 1970). For example in Japan, the remains of brown 

algae have been excavated in archaeological sites dating about ten thousand years 

(Arasaki and Arasaki 1983). The fucales brown algae Ascophyllum nodosum (Linnaeus) 

Le Jolis and Himanthalia elongata (Linnaeus) S.F.Gray are common on sheltered and 

semi-exposed shores of the NE Atlantic, respectively. Ascophyllum is currently the 

mainstay of the Irish seaweed industry, with around 20,000 t fresh weight (FW) 

harvested every year, used mainly for alginate extraction, animal-feed and fertilizer 

(Guiry and Blunden 1991). Both Ascophyllum and Himanthalia are listed in the 

regulation EC 258/97 regarding novel foods (EC 1997) and are reported to be rich in 

phlorotannins (PT)(Zubia et al. 2009). PT are phenolic compounds exclusively found in 

brown seaweeds. Recently, PT have received much attention both due to their 

ecophysiological importance and potential applications in the biotech and food 

industries (Shibata et al. 2008). PT are oligomers and polymers of phloroglucinol 

(1,3,5-trihydroxybenzene), and may accumulate in algae up to about 20% dry weight 

(Ragan and Glombitza 1986). These phenolic compounds have molecular weights 

ranging from 320 to 400,000 Da in Ascophyllum and generally include fucols, 

phlorethols, fucophlorethols, fuhalol, isofuhalol, eckols as well as halogenated and 

sulphated PT (Glombitza and Grobe-Damhues 1985). Phenolic compounds in brown 

seaweeds play important roles in the protection of algae against marine grazers (Ragan 

and Glombitza 1986; Targett and Arnold 1998), in counteracting both direct and 

cytotoxic effects of UV radiation (Swanson and Druehl 2002), as antibacterial defence 

(Sandsdalen et al. 2003), as antifungal defence (Lee et al. 2010), as algicide (Nagayama 

et al. 2003), and as detoxification of heavy metal ions (Ragan and Glombitza 1986). 

Additionally, they have been reported to inhibit enzymes such as phospholipase A, 

lipoxygenase and cyclooxygenase-1 (Shibata et al. 2003). Thus, PT contribute to algal 

fitness and could represent an important source of bioactive molecules in fields such as 

medicine, nutrition and cosmetology.  

As is true of many other phenolic compounds, PT are potent chemoprotective 

agents because of their intense antioxidant capabilities. Studies on the antioxidant 

activity of a wide range of seaweeds have mainly focused on in vitro assays. Although 
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knowledge about this family of compounds is expanding (Cornish and Garbary 2010; 

Kim et al. 2011), there is a paucity of data regarding direct and protective effect of PT 

on various cellular markers of the oxidative damage on living cultured cells. In a study 

carried out with phloroglucinol, the monomeric unit of PT, which has been identified in 

Himanthalia, but which is not common in brown algae, showed a cytoprotective activity 

in lung fibroblasts (Kang et al. 2006). Other authors have reported that extracts from 

edible seaweeds exhibit anticarcinogenic activity in both cell cultures of fibroblasts 

(Okai et al. 1994) and experimental models of mouse skin tumorigenesis (Higashi-Okai 

et al. 1999). However, no previous study has dealt with the potential cytoprotective 

effect of Ascophyllum and Himanthalia extracts on liver cells. Also, it has not been 

previously taken into account that a gastrointestinal digestion step in vitro is required in 

order to simulate physiological conditions. 

The liver is particularly susceptible to toxic and oxidative damage as the portal 

vein brings blood directly to this organ after intestinal absorption. The absorbed drugs 

and xenobiotics in a concentrated form can cause free radical-mediated damage that 

may result in inflammatory and fibrotic processes (Jaeschke et al. 2002). Studies 

examining the effect of antioxidants at a physiological level in liver of live animals and 

at a cellular level in cultured hepatic cells are thus necessary. Human hepatoma HepG2 

is an established cell-line widely used for biochemical and nutritional studies as a cell 

culture model of human hepatocytes since they retain their morphology and most of 

their function in culture (Goya et al. 2007a). Different cell culture studies have 

demonstrated that diverse polyphenolic antioxidants are absorbed and metabolized by 

HepG2 cells in culture (Mateos et al. 2005; Mateos et al. 2006). HepG2 cells are able to 

express antioxidant defence enzymes such as catalase, glutathione peroxidase, 

glutathione reductase on a par with or better than that of primary human hepatocytes 

(Alía et al. 2006a,b). Thus, in this study, HepG2 cell line was utilized to screen for both 

direct and hepatoprotective activity of Ascophyllum and Himanthalia extracts rich in PT 

against an oxidative challenge. 

 

 



Chapter 4. Phlorotannins in cell culture assays  

!

!

)$!

Materials and Methods 

Reagents 

Chemicals and solvents used were of analytical grade available commercially 

unless otherwise specified. Glutathione-s-transferase (GST) assay kit was purchased 

from Biovision K260-100 (Mountain View, CA, USA). 

Samples collection 

Samples were collected in December 2008, at Finavara (53° 9' 3 N, 9° 8' 5 W), 

Co. Clare, Ireland, a semi-exposed site on the mid-West coast. The site is described by 

De Valéra et al. (1979). The unusual structure of the reef allowed for the collection of 

both Ascophyllum nodosum and Himanthalia elongata at the same site, something that 

is normally difficult to achieve. Both seaweeds will be referred to as Ascophyllum and 

Himanthalia since they are monospecific. 

Extraction of PT and estimation of phenolic content 

The extraction of PT was carried out following the method of Connan et al. 

(2004) with modifications. The fresh algal material was rapidly rinsed in order to 

remove undesirable material (such as salt, sand and epiphytes) and then blot-dried on 

paper towels. Samples were weighted in triplicate to determine the dry weight ratio of 

each species. Five g FW of clean algae were chopped, ground to powder in a mortar 

with liquid N, suspended in 75 mL methanol/H2O (60:40 v/v). The suspension was 

homogenised with an Ultra Turrax (IKA, Staufen, Germany) at 24,000 rev min–1 for 1 

min. The homogenate was then extracted twice for 2 h at 40°C, in the dark, under 

neutral atmosphere and magnetic stirring. After centrifugation (15 min, 8,150 g, room 

temperature), the supernatant was collected and its volume measured. An aliquot (500 

µL) was retained to assess total phenolic content. After the second extraction the pellet 

was discarded and the two supernatants were pooled and partially evaporated under 

vacuum in the dark (35°C, 150–200 rev min–1) prior to freeze-drying. The crude 

extracts were kept in the dark at 4°C. The estimation of the total phenolic content was 

performed by the Folin-Ciocalteu method using a UV/Visible spectrophotometer 
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(#=750 nm; Sanoner et al. 1999). Results were expressed as phloroglucinol equivalents 

(PGE) to facilitate comparison with previous reports. 

Gastrointestinal digestion 

The simulated gastrointestinal digestion was carried out following the methods 

of Ames et al. (1999). The samples consisted in 250 mg of lyophilised crude extracts 

from Ascophyllum and Himanthalia and 250 µL H2O for the blank. All samples were 

dissolved in 4 mL H2O and adjusted to pH 2.0 with 0.1 M HCl. After adding 0.5 mL of 

freshly prepared pepsin solution (200 mg in 5 mL of 0.1 M HCl), the mixture was 

incubated for 1 h at 37°C under constant agitation. After the gastric digestion step, the 

sample was adjusted to pH 6.9 using 0.1–1 M NaHCO3 and 1 mL of a pancreatinin/bile 

extract solution (50 mg pancreatinin and 300 mg bile extracts in 10 mL of 1 M 

NaHCO3) was added before incubating 2 h at 37°C under constant agitation. At the end 

of the gastrointestinal digestion, the samples were cooled down and adjusted to pH 2.0 

to inactivate the enzymes. The digested samples were centrifuged 1 h at 2,040 g and 

4°C. The supernatant was collected, filtered through 0.45 µm diameter pores, brought 

up to 10 mL and aliquoted. A dialysis step was performed in order to remove the 

remaining salt from the digestion. The molecular weight cut-off of the dialysis 

membrane was 1,000 Da, and the dialysis was carried out for 48 h at room temperature 

against deionised water. The dialysates were then aliquoted and kept at –20°C until the 

assays in HepG2 cells. 

Cell culture 

Human hepatoma HepG2 cells were a kind gift from Dr Paloma Martin-Sanz 

(Instituto de Investigaciones Biomedicas, CSIC, Madrid, Spain). The cells were 

maintained in a humidified incubator containing 5% CO2 and 95% air at 37°C. They 

were grown in DMEM F-12 medium from Biowhitaker (Innogenetics, Madrid, Spain), 

supplemented with 2.5% Biowhitaker foetal bovine serum (FBS) for HepG2 with an 

additional 50 mg L–1 of each of the following antibiotics: gentamycin, penicillin and 

streptomycin (Sigma, Madrid, Spain). Plates were changed to FBS-free medium before 

the beginning of the assays as the serum might interfere in the running of the assays and 
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affect the results. Moreover, a fairly good growth was observed in FBS-free medium 

(Alía et al. 2006a). 

Cell treatment conditions 

All assays were conducted using the digested-dialysed phlorotannin-rich extracts 

of Ascophyllum and Himanthalia.  Cells were incubated for 20 h with the extracts. To 

assess both direct and protective effects of the extracts against oxidative stress, two 

types of experiments were designed (Goya et al. 2007a). The direct effect of algal 

extracts on the cellular markers was assessed immediately after the incubation period, 

whereas for assessment of the protective effect, the incubation period was followed by a 

3-h treatment in an oxidative environment with a pro-oxidant (tert-butyl hydroperoxide, 

t-BOOH) at 400 µM. For both assessments, a number of assays on various biomarkers 

were applied. 

Evaluation of cytotoxicity  

LDH leakage  

Cells were plated in 60-mm diameter plates at a concentration of 1.5 " 106 cells 

per plate and the assay was carried out when plate coverage reached 70–80%. The day 

before the assay, concentrations of extracts diluted in serum free medium were added 

with a minimum of n=4 per condition. After 20 h of incubation, culture medium and 

cells were collected separately and kept on ice. Cells were sonicated for 10 min in ice-

bath prior to centrifugation (2,515 g, 10 min, 4°C). Culture medium and supernatant 

from cellular lysis were analysed respectively on both halves of 96-well plates. In each 

well 10 µL of sample and 200 µL reaction mix (2 mg mL–1 NADH in 1 mM KOH/0.08 

M pyruvate/ 1.35 M Tris) was added. Absorbance (#=340nm) was immediately 

measured at t=0 and t=5 min. The leakage was expressed as the ratio between the 

activity in the medium and that of the medium plus cell content (Alia et al. 2006b). 

Crystal violet assay  

Cells were seeded in 96-well plates with 100 µL of culture medium, conditions 

as described above for the LDH leakage assay. Cells were washed up with 200 µL of 

PBS, and incubated with 50 µL crystal violet for 20 min at 37°C. The wells were then 
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washed 3 times with 200 µL of distilled water. Finally, cells lysis was carried out in 100 

µL 1% SDS and the absorbance was read at #=560 nm in a microplate reader (FL600, 

Bio-Tek, Winooski, VT, USA). Results were presented as a percentage of viable cells 

(Granado-Serrano et al. 2007). 

 

Determination of ROS generation  

Cells were seeded in 24 multiwell plates (2 x 105
 cells per well), conditions were 

as described above for the LDH leakage assay. On the day of the assay, 10 µL of the 

fluorescent probe (DCFH-DA) was added under reduced light to each condition at a 

final concentration of 5 µM, and incubated for 30 min in the dark. The medium-plus 

condition was then discarded and cells were rinsed in 1 mL PBS. For the direct effect of 

seaweed extracts, the plate was immediately read for fluorescence (t-BOOH was used as 

a positive control), whereas for the protection effect, each well was filled with 0.5 mL t-

BOOH (400 µM) in serum-free culture medium except the control, which was filled up 

with serum-free culture medium. The production of intracellular ROS was followed 

over 90 min and the control was attributed the index value of 100. A set of wells (n=4) 

in each 24 multiwell-plate was treated with a pro-oxidant (t-BOOH, 400 µM), able to 

generate ROS, as a positive control. Both control and t-BOOH values were pooled from 

two multiwell plates to obtain average of n=8. Fluorescence was read at 

Ex/Em=485/530 nm (Alia et al. 2006b) in a plate reader (FL600, Bio-Tek, Winooski, 

VT, USA).  

Quantification of concentration of reduced glutathione (GSH) 

The content of reduced GSH was quantified by the fluorometric assay of Hissin 

and Hilf (1976). The method is based on the reaction of the reduced GSH with o-

phtalaldehyde (OPT) at pH 8.0. Cells were seeded onto 100-mm Petri dishes. 

Conditions were set as described for the LDH leakage assay (n=4). The cells collected 

in PBS were centrifuged at 400 g for 10 min at 4°C. The supernatant was discarded, 

while the pellet was resuspended in 250 µL TCA/EDTA (5 mM) and sonicated for 10 

min in an ice bath. The result of the cell lysis was then centrifuged at 10,060 g for 10 

min at 4°C. The supernatant was kept frozen at –20°C until analysis. The day of the 
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assay, the supernatants from cellular lysis were thawed at room temperature and 50 µL 

of each sample were transferred in triplicate in a 96-multiwell plate. The reaction mix in 

each well consisted of 15 µL of 1 M NaOH, 175 µL Sodium phosphate buffer/EDTA 

and 10 µL of a 10 mg mL–1 OPT solution. The fluorescence was read after 20 min in the 

dark (Ex/Em=340/460 nm) in a plate reader (FL600, Bio-Tek, Winooski, VT, USA). 

 

Determination of activity of antioxidant enzymatic defences 

The determination of the glutathione peroxidase (GPx) activity was based on the 

oxidation of the reduced GSH by GPx, using t-BOOH as a substrate, coupled to the 

disappearance of NADPH by GR (Günzler et al. 1974). GR activity was determined by 

following the decrease in absorbance due to the oxidation of NADPH utilized in the 

reduction of oxidized glutathione (Goldberg and Spooner 1987). The maximum 

absorption of NADPH is obtained at 340 nm. The determination of GST activity utilizes 

monochlorobimane (MCB), a dye that responds to the presence of  glutathione. The free 

form of MCB is almost non-fluorescent, whereas the dye fluoresces blue 

(Ex/Em=380/461 nm) when it reacts with glutathione. GST catalyses the MCB-

glutathione reactions and the fluorescence levels are proportional to the amounts of 

GST involved in the reaction. 

Evaluation of malondialdehyde levels 

Intracellular levels of malondialdehyde (MDA) were evaluated by high-

performance liquid chromatography (HPLC) after collection of the cells, hydrolysis of 

MDA from intracellular proteins and derivatisation of MDA with 2,4-

dinitrophenylhydrazine (DNPH) as described by Mateos et al. (2004). Conditions were 

set as described for the LDH leakage assay (n=6), 2 plates having received the same 

treatment were pooled, to increase MDA concentration per condition. Values are 

expressed as nmol MDA mg–1 protein.   

Protein quantification 

The protein concentration in the supernatant from cellular lysis was determined 

using the Bradford reagent with a UV/Visible spectrophotometer (#=595 nm). The 
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concentration was expressed as µg of protein ((-globulin equivalent) per µL of 

supernatant.  

Statistics 

Data were tested for homogeneity of variances using Levene’s test. The results 

were analysed by one-way analysis of variance (ANOVA) followed by a Bonferroni 

post-hoc test when variances were homogeneous and a Tamhane post-hoc test when 

variances were not. The level of significance was p<0.05.  

Results 

The total PT contents were respectively 6.66±0.70 and 2.79±0.55 % DW PGE 

for Ascophyllum and Himanthalia, respectively. An estimation of PT levels in the serum 

was necessary to estimate the physiological range of concentrations in our assays. 

Estimations were based on the consumption of brown algae in a typical Japanese diet, as 

similar data for western diets are scarce; consumption of brown algae in the west is 

currently small although increasing. The data for Japanese brown seaweed consumption 

used was as reported in Arasaki and Arasaki (1983). The physiological concentrations 

were worked out according to the consumption of brown algae, the PT content, the 

volume of serum and previous cell culture studies on the biological effect of plant 

extracts (Martín et al. 2008; Kang et al. 2006). The digested-dialysed extract stock 

solution was diluted with distilled water to 0.5, 5 and 50 µg mL–1 for the assays in 

HepG2 cells, except for the cytotoxicity assays where greater concentrations (from 100 

to 1,000 µg mL–1) were tested. 

Direct effect of seaweed extracts 

The leakage of LDH in the medium showed no significant differences with the 

control for the digested-dialysed extract of Himanthalia (Figure 4-1a). However, a 

concentration of 50 µg mL–1 of Ascophyllum extract exhibited a significant reduction in 

the LDH leakage. The crystal violet assay was performed in order to assess cell viability 

at high concentrations of algal extracts. Cells were incubated in concentrations ranging 

from 0.1 to 1,000 µg mL–1; it should be noted that the highest concentrations, 100–

1,000 µg mL–1, were out of the estimated physiological range. Increasing concentrations 
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of digested-dialysed extracts did not affect HepG2 cell viability as levels remained 

similar to those of the control even at the non-physiological concentration of 1,000 µg 

mL–1 (data not shown). These data indicate a lack of cytotoxicity at the concentrations 

tested for both extracts. 

ROS levels were evaluated as an indicator of the cell redox status. The treatment 

with 5–50 µg mL–1 of Ascophyllum and Himanthalia extracts showed a significant 

reduction in ROS production compared to the control (Figure 4-1b). The concentration 

of reduced GSH was measured as an indicator of non-enzymatic antioxidant defence. 

The digested-dialysed extract of Ascophyllum showed a significant increase in GSH 

when compared to the control at 5 and 50 µg mL–1, whereas a significant increase in 

intracellular concentration of GSH was observed across the range of digested-dialysed 

extracts of Himanthalia, by a factor close to 2 in comparison to the control (Figure 4-

1c). 
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Figure 4-1 Direct effect of digested-dialysed extracts Ascophyllum and Himanthalia. a) Cell viability. 
Results as % of LDH leakage, n=6–8. b) Intracellular ROS generation. Results expressed as relative 
fluorescence unit (Control index=100) at 90 min. n=4. c) Concentration of GSH. Results expressed as 
nmol GSH mg–1 protein, n=4. Values as Means±SD. Different letters indicate statistically significant 
differences (p<0.05) among different groups. 

The GR, GPx and GST activities were assessed as markers of enzymatic 

antioxidant defences. None of the concentrations of phlorotannin-rich extracts induced a 

significant modification in the activity of either GPx (Figure 4-2a) or GR (Figure 4-2b). 

However, a significant increase in the activity of GST was observed after treatment with 

the concentrations of 50 µg mL–1 for Ascophyllum and 5 µg mL–1 for Himanthalia 

(Figure 4-2c). 
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Figure 4-2 Direct effect of digested-dialysed extracts of Ascophyllum and Himanthalia on antioxidant 
enzyme activities. Results of activities are expressed as follows: a) mUnits GPx mg–1 protein, b) µUnits 
GR mg–1 protein, and c) mUnits GST mg–1 protein. Values as Means±SD, n=4. Different letters indicate 
statistically significant differences (p<0.05) among different groups. 

The level of MDA in the cytosol gives an indication on the cellular lipid 

peroxidation. During the assay, both seaweed extracts were able to drop the levels of 

MDA, with the highest decrease observed for Ascophyllum at 5–50 µg mL–1 and for 

Himanthalia at 50 µg mL–1. Treatment with the lowest concentration of Ascophyllum 

extract did not show a significant decrease in MDA concentration (Figure 4-3).  
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Figure 4-3 Direct effect of digested-dialysed extracts of Ascophyllum and Himanthalia on concentration 
of MDA. Results are expressed as nmol MDA mg–1 protein. Values as Means±SD, n=4. Different letters 
indicate statistically significant differences (p<0.05) among different groups. 

This study of the direct effects of the seaweed extracts showed no significant 

cytotoxicity on HepG2 cells; moreover, some biomarkers gave evidence of a reduction 

of oxidative stress, such as decrease in ROS generation, increase in GSH concentration 

as well as a decrease in MDA levels. Consequently, the cells seem to be in favourable 

conditions to face an oxidative challenge. Hence, a subsequent study, below, aimed at 

assessing the potential protective effect of phlorotannin-rich extracts when oxidative 

stress is chemically induced in HepG2 cells by a strong pro-oxidant agent, t-BOOH. 

Protective effect of seaweed extracts 

The 3-h treatment with t-BOOH (400 µM) dramatically increased the leakage of 

LDH in the medium, indicating considerable damage to cellular integrity (Figure 4-4a). 

The 20-h pre-treatment with 0.5–50 µg mL–1 of either Ascophyllum or Himanthalia did 

equally prevent cells from the intense cellular damage, although all conditions still 

exhibited statistical differences with the control, suggesting incomplete recovery to 

control value. 

With respect to the production of intracellular ROS, only cells treated with the 

lowest concentration (0.5 µg mL–1) of digested-dialysed extracts of Ascophyllum 

(Figure 4-4b) showed no significant differences with the t-BOOH treated cells, 

indicating no protection from ROS enhancement. In addition, cells tested with 5–50 µg 

mL–1 of Ascophyllum extracts and all three concentrations of Himanthalia extracts 

maintained a basal generation of ROS even when submitted to a potent oxidative stress 

(Figure 4-4b). 
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The intracellular concentrations of GSH dropped significantly (about 50%) 

when the HepG2 cells were submitted to a 3-h oxidative stress with t-BOOH. Pre-

incubation with 50 µg mL–1 of Ascophyllum extract showed some signs of recovery of 

cell GSH, but not for Himanthalia (Figure 4-4c). 

 
Figure 4-4 Protective effect of digested-dialysed extracts Ascophyllum and Himanthalia. HepG2 cells 
were incubated for 20 h with various concentrations of extracts, washed and submitted to oxidative stress 
for 3 h with t-BOOH (400 µM). a) Cell viability. Results are expressed as % of LDH leakage in the 
medium, n=6–8. b) Intracellular ROS generation. Results expressed as relative fluorescence unit (Control 
index=100) at 90 min. n=4. c) Concentration of GSH. Results expressed as nmol GSH mg–1 protein, n=4. 
Values as Means±SD. Different letters indicate statistically significant differences (p<0.05) among 
different groups. 

The presence of t-BOOH in the medium for 3 h induced a significant increase in 

the enzymatic activities for GPx (Figure 4-5a), GR (Figure 4-5b) and GST (Figure 4-
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5c). When previously incubated for 20 h with algal extracts, antioxidant enzymatic 

activities were maintained at the level of the control. 

 
Figure 4-5 Protection effect of digested-dialysed extracts of Ascophyllum and Himanthalia on antioxidant 
enzyme activities. HepG2 cells were incubated for 20 h with various concentrations of extracts, washed 
and submitted to oxidative stress for 3 h with t-BOOH (400 µM). Results of activities are expressed as 
follows: a) mUnits GPx mg–1 protein, b) µUnits GR mg–1 protein, and c) mUnits GST mg–1 protein. 
Values as Means±SD, n=4. Different letters indicate statistically significant differences (p<0.05) among 
different groups. 

The indicator of lipid peroxidation severely increased when cells were submitted 

to t-BOOH for 3 h. Pre-treatment with both extracts from both seaweeds showed a 

dose-response decrease of MDA levels inversely proportional to the concentration in the 

extracts. Pre-treatment of HepG2 cells with 0.5 µg mL–1 of Ascophyllum, showed a 

significant reduction as compared to the t-BOOH-treated cells, whereas no difference 

with controls was observed with 5–50 µg mL–1 of Ascophyllum (Figure 4-6). Pre-

treatment with 0.5 µg mL–1 did not decrease the t-BOOH-enhanced MDA concentration 

whereas 5 µg mL–1 of Himanthalia reduced significantly MDA and no statistical 
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difference was found between cells treated with 50 µg mL–1 and control cells (Figure 4-

6).  

 

 
Figure 4-6 Protection effect of digested-dialysed extracts of Ascophyllum and Himanthalia on 
concentration of MDA. HepG2 cells were incubated for 20 h with various concentrations of extracts, 
washed and submitted to oxidative stress for 3 h with t-BOOH (400 µM). Results are expressed as nmol 
MDA mg–1 protein. Values as Means±SD, n=4. Different letters indicate statistically significant 
differences (p<0.05) among different groups. 

Discussion 

Brown seaweeds are widely consumed in eastern countries as marine vegetable. 

In addition to the nutrient values of algae as foodstuffs, these natural products contain 

various types of compounds with bioactive properties (see Smit, 2004 for a review), 

among them phenolic compounds and polysaccharides. Even though the latter have 

been reported to have anti-inflammatory, anti-proliferative and anti-oxidant activities 

(e.g.; Zhao et al. 2004; Kuda et al. 2007), the polyphenolic fraction of natural vegetables 

should be always considered a relevant source of health effects due to their high 

antioxidant capacity. The main phenolic fraction of the brown seaweeds Ascophyllum 

nodosum and Himanthalia elongata is represented by a high molecular weight PT 

(Audibert et al. 2010; Glombitza and Grobe-Damhues 1985; Ragan and Glombitza 

1986). Tannins present a non-specific ability to bind to proteins (Stern et al. 1996), 

which increases the molecular weight of the conjugate and modifies its bioavailability. 

However, only the fraction of polyphenols whose protein moiety has been previously 

digested in the stomach and that is subsequently absorbed through intestine cells may 

reach systemic blood and, thus, the liver as the first target organ. Intestinal microflora 

may also contribute to protein-PT digestion and favour PT absorption in colon. 

Consequently, in the present study, extracts obtained from the two seaweeds tested, 

were submitted to protein digestion and dialysis, in order to reproduce the 
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gastrointestinal conditions for a nutritional approach. Considering the consumption of 

brown seaweed in East Asian countries, the phlorotannins content and previous studies 

(Martín et al. 2008; Kang et al. 2006), the physiological concentrations selected for the 

assays were 0.5–50 µg mL–1, which would be comparable to that of cocoa in Europe 

(Vinson et al. 2006). Out study demonstrates that extracts from two different brown 

seaweeds containing mainly PT, have the ability to protect human liver cells against an 

oxidative damage by modulating ROS generation, activity of antioxidant defences and 

MDA production. 

The total PT content indicated that Ascophyllum contained levels that were 2.4-

fold higher than those in Himanthalia. The higher PT content should theoretically 

confer Ascophyllum with a more potent antioxidant capacity and a better chemo-

protective effect than Himanthalia in cells submitted to an oxidative challenge. 

However, the biological effects of polyphenols are also dependent on the interaction of 

these compounds with the cells; their association with cellular membranes which affects 

their permeation and uptake into cellular compartments (Spencer et al. 2004). Thus, it is 

necessary to directly screen such potentials in the cellular systems before postulating 

potential biological activity. Although food phenolics may have potent antioxidant 

effects in vitro and in vivo, elevated doses of these dietary compounds may also be toxic 

and/or mutagenic in cell culture systems, and excessive consumption by mammals 

could cause adverse metabolic reactions (Lapidot et al. 2002). Therefore, before testing 

the protective effect of the antioxidant extract, it is important to ensure that no direct 

damage is caused to the cell by the extract treatment. Thus, cell integrity and redox 

status were first determined in cells treated with different concentrations of seaweed 

extracts. Then, the response of the seaweed extract-conditioned cells to the challenge 

induced by a potent pro-oxidant, was subsequently tested. Our previous studies 

demonstrated that treatment of these cells with t-BOOH was an excellent model of 

oxidative stress in cell culture (Goya et al. 2009).  

The considerably reduced cellular production of ROS evoked by the seaweed 

extracts is in agreement with previous reports indicating a relevant ROS quenching for a 

phenolic extract from macroalgae in different cell lines (Kang et al. 2004; Zou et al. 

2008; Kim et al. 2011). Thus, treatment of cells with 5–50 *g mL–1 of both extracts 

managed to lower ROS levels at a similar rate to values below those of untreated control 

cells. This favourable condition observed in cells pre-treated with the extracts positively 
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helped them to face the oxidative challenge. Hence, the considerable levels of ROS 

generated during the stress period are being capably quenched by the up-regulated 

antioxidant defences of cells pre-treated with the extracts. 

The antioxidant defence system comprises non-enzymatic and enzymatic 

constituents and plays a crucial role in the defence against oxidative stress. Reduced 

glutathione is the main non-enzymatic antioxidant defence within the cell, as a substrate 

in glutathione peroxidase-catalysed detoxification of organic peroxides, by reacting 

with free radicals and by repairing free-radical-induced damage through electron-

transfer reactions (Scharf et al. 2003). It is usually assumed that GSH depletion reflects 

intracellular oxidation, whereas a moderately elevated GSH concentration could be 

expected to prepare the cell against a potential oxidative insult (Alía et al. 2006a,b; 

Scharf et al. 2003). Previous reports mentioned that treatment of HepG2 cells with 

natural antioxidants has resulted in an increase of steady-state GSH concentrations (Alía 

et al. 2006a,b), which has been explained by a specific effect of certain plant-derived 

food components stimulating glutathione synthesis (Scharf et al. 2003). In the present 

study, the phenolic-rich composition of seaweed extracts may offer a plausible 

explanation for the enhanced GSH concentration after 20 h. Accordingly, the increase in 

GSH acquired by the cells after pre-treatment for 20 h with extracts completely (as in 

the case of Ascophyllum 50 *g mL–1) prevented the dramatic depletion of the 

intracellular GSH stock induced by t-BOOH. The results imply that despite the 

increased consumption of GSH in the enzymatic and non-enzymatic quenching of ROS 

generated by t-BOOH, the levels of GSH in the extract-treated cells were still adequate 

to face a new challenge. A similar response has been reported for other dietary 

antioxidants (Alía et al. 2006b; Goya et al. 2007b; Martín et al. 2008).  

Changes in the activity of antioxidant enzymes can be considered as biomarkers 

of an antioxidant response (Alía et al. 2006a,b; Goya et al. 2007a,b; Martín et al. 2008). 

A common feature of most of the implicated enzymes is the sequestration of ROS 

and/or maintenance of the cell and cellular components in their appropriate redox state. 

GPx catalyses GSH oxidation to GSSG at the expense of H2O2 and/or other peroxides 

(Günzler et al. 1974) and GR recycles oxidized glutathione back to reduced glutathione 

(Goldberg and Spooner 1987). GST catalyzes the conjugation of a variety of 

electrophilic xenobiotics with glutathione facilitating their excretion and providing 

cellular protection against free radical and carcinogenic compounds (Rodríguez-Ramiro 
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et al. 2011). Enhanced activity of its enzyme defences is a cell requirement to face the 

increasing generation of ROS induced by the potent pro-oxidant t-BOOH (Goya et al. 

2007b; Martín et al. 2008). However, a rapid return of the antioxidant enzyme activities 

to basal values once the challenge has been surmounted will place the cell in a 

favourable condition to deal with a new threat. In experimental conditions similar to 

those reported in this study, we have shown that the flavonoids quercetin (Alía et al. 

2006b) and epicatechin (Martín et al. 2010), the olive-oil phenol hydroxytyrosol (Goya 

et al. 2007b), a melanoidin-rich coffee extracts (Goya et al. 2007a), and a cocoa 

phenolic extract (Martín et al. 2008) protect cell viability by preventing the severely 

increased activity of antioxidant enzymes induced by t-BOOH. In line with those 

results, we show in the present study, for the first time, that a pre-treatment of human 

cells with physiological concentrations of seaweed extracts prevents the persistent 

increase in the activity of GPx, GR and GST induced by oxidative stress. This outcome 

suggests that a decreased ROS production evoked by PT from the seaweed extracts 

while facing an oxidative insult reduces the enforced necessity of peroxide 

detoxification through GPx and GST and of GSH recovery from oxidized glutathione 

through GR. Thus, at the end of an induced stress period, the antioxidant defence 

system of cells pre-treated with seaweed extracts has more efficiently returned to a 

steady-state activity, therefore diminishing cell damage and enabling the cell to deal 

with further oxidative insults in better conditions.  

MDA, a three-carbon compound formed by scission of peroxidized PUFAs, 

mainly arachidonic acid, is one of the main products of lipid peroxidation (Mateos and 

Bravo 2007). Since MDA has been found elevated in various diseases thought to be 

related to free radical damage, it has been widely used as an index of lipoperoxidation 

in biological and medical sciences (Mateos and Bravo 2007). In the present study, the 

significant decrease in steady-state MDA when cells were treated with seaweed extracts 

strongly suggested a reduced oxidative damage in cell lipids. Moreover, the t-BOOH-

induced increase of MDA was partly or even completely (highest doses) avoided when 

cells were pre-treated for 20 h with the seaweed extracts. Therefore, the rapid recovery 

of the redox homeostasis evoked by the pre-treatment with seaweed extracts would 

ensure a low lipid peroxidation and negligible cell damage. This protection by different 

brown algal extracts against an induced lipid peroxidation in a cell culture is in line with 

previous studies that showed a similar effect by single polyphenols (Alía et al. 2006b; 
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Goya et al. 2007b; Martín et al. 2010) or polyphenolic extracts (Martín et al. 2008) in 

cultured HepG2 cells.  

Despite what we known now about the effect of seaweed extracts on antioxidant 

cellular markers, many questions remain unanswered regarding the effect of gastric and 

intestinal digestion on PT and their subsequent bioavailability. It is therefore necessary 

to build up knowledge on the detailed composition of the PT pool, before and after 

digestion, from the possible depolymerisation and liberation of phloroglucinol units 

and/or oligomers of phloroglucinol, to the transport of the metabolised PT, whether free 

or conjugated. However, since the molecular mechanism of action of PT remains 

unknown, the significant protection of cell viability induced by PT-rich extracts from 

different seaweeds might suggest either an unspecific binding to cell membrane proteins 

by non-internalized polyphenolic moieties, or a precise biochemical effect by PT 

through specific membrane receptors and/or defined signalling pathways within the cell. 

Further research is needed to unravel the biochemical and molecular mechanisms 

involved in PT digestion, bioavailability and cellular activity. Valorisation of phenolic 

compounds from brown algae could be of crucial importance in the case of a seaweed 

biorefinery, where initial fractionation of PT from the polysaccharide pool is required. 

Indeed, PT reduces drastically the production of either methane or ethanol from 

macroalgae (Horn 2009) and this co-product of biofuel production presents potential 

application in functional food, and could participate to the overall economical feasibility 

of a seaweed biorefinery. 

In summary, our results demonstrate that the phenolic-rich extracts from brown 

seaweeds Ascophyllum and Himanthalia have the ability to protect human HepG2 cells 

against an oxidative challenge by reducing free radical activity and enhancing 

antioxidant defences. Therefore, seaweed and seaweed-derived products enriched in PT 

may contribute to the protection given by fruits, vegetables and plant-derived beverages 

against diseases in which oxidative stress has been implicated as a causal or 

contributory factor and could be used as bioactive ingredients in the production and 

development of functional foods. Further work is necessary to study the extract 

components better to associate the antioxidant mechanism to the biological activity of 

compounds present in this sample and to enable the isolation and identification of new 

molecules with higher antioxidant potential.  
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 Introduction 

Phlorotannins, phenolic compounds in brown algae, known as, have been 

described according to their liaisons (aryl-aryl, diaryl-ether, ether bonds) combined with 

the substitution of various elements (hydroxyl and/or phenoxyl groups, dibenzodioxin 

moieties, halogenated or sulphated groups). Those combinations have led to the current 

classification as fucols, phlorethols, fucophlorethols, Fuhalols, isofuhalols, eckols, 

halogenated and sulphated phlorotannins (Ragan and Glombitza, 1986) (Figure 5-1). 

The recent increase in the study of phlorotannins (Audibert et al., 2010; Queguineur et 

al., 2013; Tierney et al. 2013, Tanniou et al. 2014) suggests that more development in 

their identification is required. In addition, the high variability in polymerisation and the 

lack of standards for most phlorotannins (Quéguineur et al., 2012) imply the use of 

more sensitive analytical techniques. The techniques typically utilised in the 

characterisation of phlorotannins include thin layer chromatography (Shibata et al., 

2008), normal phase high performance liquid chromatography (HPLC; Koivikko et al., 

2007), reverse phase HPLC (Shibata et al., 2008; Audibert et al., 2010), HPLC-mass 

spectrometry (MS; Ragan and Glombitza, 1986) and its recent advances (Zaragozá et 

al., 2008; Steevenz et al., 2012), gas chromatography-MS (Shibata et al., 2008) and 

nuclear magnetic resonance (NMR; Glombitza and Pauli, 2003; Cérantola et al., 2006). 

Liquid chromatography allows the separation of oligomers of 3-10 degrees of 

polymerisation and Steevenz et al. (2012) noted that phlorotannins larger than 1200 Da 

generated broad peaks, making the identification hazardous. HPLC-MS has been used 

in the study of phenolic compounds and polymers with great success (De Pascual-

Teresa and Rivas Gonzalo, 2003; Bravo et al., 2007). This technique allows the 

assignation of structures of highly polymerised compounds by the interpretation of the 

fragmentation profiles of the molecules and the charge of the formed ion that can either 

be monocharged or appear with multiple charges (Guyot et al., 1997). Besides, recent 

advances in Liquid Chromatography-High Resolution MS (LC-HRMS) allow for 

greater sensitivity (Steevenz et al., 2012); which is key in obtaining a graphical 

representation of the characteristics of phlorotannins (degree of polymerisation, type of 

family, intensity of the peaks, etc.), also known as profiling. 
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However, to the best of our knowledge, the molecular formulas of the families 

of phlorotannins have yet to be described in the literature, and the use of the latter 

combined with LC-MS would facilitate the accurate profiling of phlorotannins. 

Therefore the aims of this study were to suggest molecular formulas for the 

various families of phlorotannins and apply the formulas to the characterisation of 

mono- and multiple-charged ions using LC-MS in crude and fractionated phlorotannin-

rich extracts. 

 
Figure 5-1 Phloroglucinol (i) and examples of phlorotannins: tetrafucol A (ii), tetraphlorethol B (iii), 
fucodiphlorethol A (iv), tetrafuhalol A (v), tetraisofuhalol (vi), phlorofucofuroeckol (vii) From Koivikko 
(2008). 
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Materials and methods 

Reagents 

Chemicals and solvents were of analytical or chromatographic grade available 

commercially unless otherwise specified. 

Collection and Preparation of the samples  

Samples were collected in December 2008, at Finavara (53° 9' 3 N, 9° 8' 5 W), Co. 

Clare, Ireland, a semi-exposed site on the mid-West coast. Crude extracts from 

Ascophyllum nodosum (Linnaeus) Le Jolis were extracted as described in Quéguineur et 

al. (2013).  

Fractionation  

Aqueous crude extracts were filtered through cellulose acetate filter 0.45 µm 

(Sartorius, minisart, 16555 K, sterile) prior to HPLC analysis and the filtrate was 

fractionated through a Sep-Pak SPE C18 column (Waters). The columns were 

conditioned with 3 x 1 mL MeOH, followed by 3 x 1 mL milliQ water. 1 mL of sample 

(10 mg mL-1) was loaded onto the column, and eluted to dryness, the eluate (F0) was 

kept, the column was then eluted with 3 x 1 mL MilliQ water (F1), followed by 3 x 1 

mL Methanol (F2), 3 x 1 mL Ethyl Acetate (F3), and finally 3 x 1 mL Dichloromethane, 

DCM (F4). All fractions (F0, F1, F2, F3 and F4) were evaporated to dryness under light 

N2 pressure, dissolved in MeOH and kept at –20 °C until analysis. 

HPLC and LC-MS conditions 

The separation of the extracts was performed by HPLC-DAD. The Agilent 1100 

system consisted of a quaternary pump, an on-line vacuum degasser, an autosampler 

and a thermostatic column compartment (set at 30 °C), connected in line with a diode 

array detector (DAD). Data acquisition and analysis was carried out in an Agilent 

Chemstation software. Both normal and reverse column were used. The conditions for 

the normal phase column (LiChrospher Si 60; 250 + 4 mm i.d.; 5 µm particle size; 

Merck) equipped with a guard cartridge (LiChrospher Si 60; 4 + 4 mm i.d.; 5 µm 

particle size; Merck) were adapted from Koivikko et al. (2007). The binary mobile 



Chapter 5. Phlorotannins profiling using LC-MS  

!

!

*""!

phase consisted of eluent A: 82/14/2/2 (DCM/MeOH/MilliQ Water/Acetic acid) and 

eluent B: 96/2/2 (MeOH/MilliQ Water/Acetic acid). The gradient elution was: 0 min, 

100% A (isocratic); 0–30 min 0–17.6 % B in A (linear); 30–45 min 17.6–30.7 % B in A 

(linear); 45–50 min 30.7–87.8 % B in A (linear); 50–60 min 87.8 % B in A (isocratic); 

60–80 min 87.8–0 % B in A (linear); 80–105 min 100 % A (isocratic). The detection 

wavelength was 280 nm, the flow-rate 1.0 mL min-1 and the injection volume 5 µL. The 

separation was also performed through reverse phase column. Crude and fractionated 

extracts in Methanol (10–50 mg mL-1; 5 µL) were injected and separated through a 

Nucleosil column 120 C18 (250 x 4.6 mm i.d., 5 µm particles size) protected by a RP-

18 guard column. A binary gradient of 1 % formic acid in MilliQ water (Eluent A) and 

acetonitrile (Eluent B) was adapted from Bravo et al. (2007): 0 min, 100% A (isocratic); 

0–15 min 0–5 % B in A (linear); 15–45 min 5–100 % B in A (linear); 45–50 min 100 % 

B (isocratic); 50–60 min 100–0 % B in A (linear). The detection wavelength was 280 

nm and the flow-rate was 1.0 mL min-1. 

LC-MS analyses were performed using an Agilent 1100 series liquid 

chromatograph/mass selective detector equipped with a quadrupole (G1946D) mass 

spectrometer (Agilent Technologies, Waldrom, Germany). The liquid chromatographic 

system consisted of a quaternary pump (G1311A), an on-line vacuum degasser, an 

autosampler (G1313A) and a thermostatic column compartment, connected in line with 

a DAD (G1315B) before the mass spectrometer. Data acquisition and analysis was 

carried out in an Agilent Chemstation software. Crude and fractionated extracts in 

Methanol (10–50 mg mL-1; 5 µL)  were injected and separated through a Nucleosil 

column 120 C18 (250 x 4.6 mm i.d., 5 µm particles size) protected by a RP-18 guard 

column. A binary gradient of 1% formic acid in MilliQ water (solvent A) and 

acetonitrile (solvent B) was as described previously. Flow rate was 1 mL min-1 and 

effluent flow was split 8 : 1 between the DAD and the MS ion source. The DAD was set 

at 280 and 360 nm. The MS was fitted to an atmospheric pressure electrospray 

ionization (ESI) source, operated in negative ion mode. The electrospray capillary 

voltage was set to 3000 V, with a nebulising gas flow rate of 12 L h-1 and a drying gas 

temperature of 300 °C. Mass spectrometry data were acquired in the Scan mode (mass 

range m/z 100–2100 and 800–3000). Quantification was not possible due to the lack of 

standard, apart from phloroglucinol, but identification of the main peaks was done using 

the corresponding theoretical polymers of phloroglucinol as described in Table 5-1. 
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Results 

Normal phase 

The conditions of separation were first determined for a normal phase column, 

where the least polar compounds are eluted first. We observed three groups of 

compounds, according to their UV spectrum. Group 1 between 0–10 min, group 2: 15–

28 min and group 3: 42–55 min. However, the chromatograms did not achieve the 

separation of the phlorotannins obtained by Koivikko et al. (2007) in similar conditions.  

Reverse Phase   

The order of elution is related to the polarity of the compounds of interest, the 

more polar are eluted before the less polar ones. Despite the optimization of the 

conditions, the separation of the peaks remained poor as peaks were very broad. The 

main peaks occurred at 21 and 27 min according to their UV spectrum, which denotes 

the presence of several molecules under the same peak. However, the UV spectrum at 

27 min was similar to the phloroglucinol (Absmax around 280 nm). Once the separation 

of the main peaks was achieved according to their UV spectrum, we pursued the 

identification with LC/MS. 

Suggestion of molecular formulas for phlorotannins 

Based on observed sequences and recurrence of those sequences in the 

comprehensive review by Ragan and Glombitza (1986), we suggest a description of the 

molecular formulas for the various families of phlorotannins (Table 5-1) and Annexe 1. 

The carbon rings constitute the rigid skeleton of phlorotannins and each phloroglucinol 

moiety (n) contains 6 atoms of carbon; hence the number of carbons is 6n. Then 3 atoms 

of hydrogen are linked to their corresponding carbon, plus 3 belonging to the hydroxyl 

group per phloroglucinol moiety. When involved in an aryl-aryl or diaryl ether bonds 

(i.e. fucols, phlorethols and fucophlorethols), we observe the loss of 2 atoms of 

hydrogen, except for the two terminal moieties. Hence the number of hydrogen atoms 

can be written as such:  6n – 2(n – 1) 

6n – 2n + 2 

4n + 2 
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In the case of Eckols, the dehydrooligomerisation of phloroglucinol units to 

form a dibenzo(1,4)dioxin involves the loss of 2 atoms of hydrogen. The eckol basic 

unit can then be dehydrated to form a second dibenzo(1,4)dioxin system (Ragan and 

Glombitza, 1986), which explain the further loss of 2 atoms. An halogen atom would 

substitute an hydrogen atom, hence the loss of hydrogen in halogenated phlorotannins. 

As there are 3 hydroxyl groups per phloroglucinol moiety, the number of atoms of 

oxygen is 3n. However, the fuhalols family exhibit phloroglucinol units connected with 

para- and ortho-arranged ether bonds containing one additional OH group in every third 

ring (Koivikko, 2006), hence an extra atom of oxygen. Isofuhalols contain one extra 

hydroxyl group per phloroglucinol unit (Ragan and Glombitza, 1986). Only one 

sulphated phlorotannin has been described from Ascophyllum nodosum and therefore 

the molecular description is not generalised here. 

 
Table 5-1 Families of phlorotannins and suggestion of corresponding molecular formulas (where “n” is 
the number of phloroglucinol moiety and “i” is a natural number). 

Family of phlorotannin Molecular formula 

Fucols C6n H4n+2 O3n 
Phlorethols C6n H4n+2 O3n 
Fucophloretols C6n H4n+2 O3n 
Fuhalols C6n H4n+2 O3n+i 
Isofuhalols C6n H4n+2 O3n+1 
Eckols C6n H4n O3n 

C6n H4n-2 O3n 

C6n H4n O3n-1 

C6n H4n-2 O3n-1 
Halogenated phlorotannins (X = Br, I, Cl) C6n H4n+1 O3n X 

C6n H4n-1 O3n X 

 

Theoretical molecular weights of phlorotannins were calculated according to the 

molecular formula, and the names of compounds are as identified in Ragan & 

Glombitza (1986). The observed m/z ions were then compared to the calculated 
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molecular weights in order to obtain the corresponding phlorotannins. The redundant 

peaks observed with LC-MS indicate an oligomeric and polymeric pattern. 

LC-MS profiles 

Phlorotannins profile in a crude extract of Ascophyllum nodosum  

The molecular unit observed for commercial phloroglucinol was an ion at 124.9 

m.u. at 7.194 min (data not shown). However, phloroglucinol was not observed in the 

crude extract of Ascophyllum nodosum. A peak at 212 m.u. was present in every 

chromatogram but remained unidentified. The peak around 21 min also presented a 

redundant pattern with 162 m.u. between ions. Phlorotannins were detected from around 

25 min and produced characteristic ions that can be singly charged, doubly charged or 

triply charged (Steevenz et al., 2012). Moreover, and despite the low resolution, we 

could distinguish the charge of 2 adjacent ions. When the m/z difference between 

isotopic peaks is 0.5, it indicates a doubly charged ion (Steevenz et al., 2012), we 

identified several doubly charged ions in Table 5-2. Phlorotannins were detected under 

a broad peak, with the small phlorotannins eluted first, but almost no peaks were 

observed between 212 and 774 Da. For the chromatogram of Ascophyllum nodosum m/z 

100-2100 we observed an increase of molecular size from the beginning to the tail end 

of the peak: 

 

25.536 min main peak is 992.5 m.u. 

26.127 min main peak is 1116.8 m.u. 

26.973 min main peak is 1116.3 m.u. (Figure 5-2 ionization peak) 

27.564 min main peak is 1240.3 m.u. 

28.184 min main peak is 1240.1 m.u. (Figure 5-2 UV peak) 

28.832 min main peak is 1488.3 m.u. 
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Figure 5-2 LC-MS Chromatogram of Ascophyllum nodosum crude extracts. Ionization range 100-2100 
m.u. Axis: x = time; y = relative intensity units. 

 
Figure 5-3 Mass spectra for Ascophyllum nodosum crude extract at 26.973 min, corresponding to the 
ionization peak. Axis x: m/z; y= relative intensity units. 

In most of the cases, the theoretical ion matched the observed ion, however due 

to the low resolution it was sometimes difficult to distinguish an Eckol from a 

Fucol/phlorethol/fucophlorethol. The identified ions (Figure 5-3), or the closest to the 

theoretical ions, are listed in bold in Table 5-2. 

 

UV peak 

Ionisation peak 
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Table 5-2 Ascophyllum nodosum crude extract at 26.973 min, corresponding to the ionization peak. Only 
peaks > 30% relative intensity units (except for the unidentified m/z = 211.9 peak, not included in the 
table). Observed m/z are compared with theoretical m/z. MW = Theoretical Molecular Weight (g/mol).   
N = degree of polymerisation. 

m/z 

Observed 
z Family Molecular formula n MW 

m/z (z=-

1) 

m/z  

(z=-2) 

m/z 

(z=-3) 

930.6 -2 

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 15 1863.435   930.7   

992.3 -1 Eckol C6n H4n O3n 8 992.757 990.7   

    

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 8 994.773 992.8     

 -2 

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 16 1987.529  992.8  

1074.7 -3 Eckol C6n H4n-2 O3n 26 3224.444     1074.1 

  Eckol C6n H4n O3n 26 3226.460   1074.8 

    

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 26 3228.475     1075.5 

1116.3 - 

1117.5 
-1 Eckol C6n H4n O3n 9 1116.851 1114.8   

    

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 9 1118.867 1116.8     

 -2 

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 18 2235.719  1116.8  

    Fuhalol C6n H4n+2 O3n+8 17 2239.616   1118.8   

1178.6 -2 Eckol C6n H4n-2 O3n 19 2355.782  1176.9  

    Eckol C6n H4n O3n 19 2357.797   1177.9   

  

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 19 2359.813  1178.9  

1198.9 -3 Eckol C6n H4n-2 O3n 29 3596.728     1198.2 

  Eckol C6n H4n O3n 29 3598.743   1198.9 

    
Fucols, 

Phlorethols, 
C6n H4n+2 O3n 29 3600.759     1199.6 
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m/z 

Observed 
z Family Molecular formula n MW 

m/z (z=-

1) 

m/z  

(z=-2) 

m/z 

(z=-3) 

Fucophlorethols 

1240.2 -1 Eckol C6n H4n O3n 10 1240.946 1238.9   

    

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 10 1242.962 1240.9     

 -2 

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 20 2483.908  1240.9  

    Eckol C6n H4n O3n 20 2481.892   1239.9   

1302.6 - 

1303.3 
-2 Eckol C6n H4n O3n 21 2605.987  1302.0  

    

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 21 2608.002   1303.0   

1364.8 -1 

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 11 1367.056 1365.0   

  -2 Eckol C6n H4n-2 O3n 22 2728.065   1363.0   

  Eckol C6n H4n O3n 22 2730.081  1364.0  

    

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 22 2732.097   1365.0   

1426.7 - 

1427.2 
-2 Eckol C6n H4n O3n 23 2854.176  1426.1  

    

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 23 2856.192   1427.1   

1488.6 - 

1489.3 
-2 Eckol C6n H4n O3n 24 2978.270  1488.1  

    

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 24 2980.286   1489.1   

1550.3 -2 Eckol C6n H4n-2 O3n 25 3100.349  1549.2  

    Eckol C6n H4n O3n 25 3102.365   1550.2   

  

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 25 3104.381  1551.2  
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m/z 

Observed 
z Family Molecular formula n MW 

m/z (z=-

1) 

m/z  

(z=-2) 

m/z 

(z=-3) 

1612.2 -1 Eckol C6n H4n-2 O3n 13 1611.214 1609.2     

  Eckol C6n H4n O3n 13 1613.230 1611.2   

    

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 13 1615.246 1613.2     

 -2 Eckol C6n H4n O3n 26 3226.460  1612.2  

    

Fucols, 

Phlorethols, 

Fucophlorethols 

C6n H4n+2 O3n 26 3228.475   1613.2   

 

 

A shift was observed between the ionization peak (26.973 min) and the UV 

absorbance peak (28.184 min; Figure 5-2). Around the UV Absorbance peak, the peak 

unveiled a greater size and diversity in phlorotannins with at least 19 different polymers 

(Figure 5-4). 

 

 
Figure 5-4 Mass spectra for Ascophyllum nodosum crude extract at 28.184 min, corresponding to the 
maximum UV absorbance. Axis x: m/z; y= relative intensity units. 
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When increasing the range of ionization to 3000 (Figure 5-5), no major peak of 

phlorotannins were observed, except for m/z = 2295.6, which correspond to doubly 

charged ions referring to either a fucol, a phlorethol or a fucophlorethol of 37 units. 

 

 
Figure 5-5 Mass spectra for Ascophyllum nodosum crude extract at 28.5 min, corresponding to the 
maximum UV absorbance. Ionization range at m/z 800-3000. Axis x: m/z; y= relative intensity units. 

 

Discussion 

In this study, LC-MS was applied as a mean to characterise phlorotannins in 

crude and fractionated phlorotannins-rich extracts. 

The crude samples did not show a great deal of purity, and would have benefited 

from preparative chromatography, and previous separation according to molecular 

weight. Indeed, we detected a redundant pattern with loss of a glucose unit of 162 Da, 

which indicate the presence of polysaccharide in the crude extract. The latter was not 

present in the ethyl acetate phase after fractionation with the Sep pak column, which 

means that the process was effective in eluting the polysaccharidic fraction. The 

fractionation with sep pak column also confirmed that the majority of the phlorotannins 

are eluted in the ethyl acetate and methanolic phase (Ragan & Glombitza, 1986). 

Phlorotannins shows similarities with pro-anthocyanidins in that they are 

phenolic compounds exhibiting different degrees of polymerization. Only monomers 

and oligomers up to tetramers can usually be separated and detected as defined peaks 
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with chromatographic techniques. Polymeric forms, which are not well resolved as they 

elute as a continuous set of molecules, giving place to a drift in the baseline and the 

formation of characteristic “humps” in the HPLC chromatograms (Santos-Buelga et al., 

2003). In this study, we observed no major molecular ion between 212 and 774 m.u. in 

LC-MS, which would correspond to low molecular weight phlorotannins, which can 

explain the poor separation in the HPLC chromatogram. The majority of phlorotannins 

were identified under a broad peak exhibiting a shift between the UV absorbance peak 

and the ionization peak. Concerns over the poor ionization of acetylated phlorotannins 

have been previously expressed (Ragan and Glombitza, 1986). Koivikko et al. (2007) 

also share concerns over ionization, and indicate that a single peak may contain several 

or even abundant relatively similar-sized compounds, which can reduce the ionisation 

efficiency of the mass spectrometer. This is commensurate with the poor ionisation 

observed for higher molecular weight phlorotannins, as the number of isomers is likely 

to increase with the increasing molecular weight.  

Steevensz et al. (2012) noted that under all separation conditions larger 

phlorotannins (> 1200 Da) generated broad peaks. As the chromatographic separation of 

large phlorotannins is hazardous, the alternative is to develop a tool for profiling 

phlorotannins. The suggestion of a molecular formula for each family of phlorotannins 

allows comparing the molecular ions obtained with LC-MS with the theoretical 

molecular ions for large phlorotannins. Despite the exact match between calculated and 

observed m/z, the low resolution of the LC-MS did not always allow us to separate 

Eckols from Fucols/Phlorethol/Fucophlorethols as the molecular weight only differs by 

2 to 4 atoms of hydrogen. However, Fucols/Phlorethol/Fucophlorethols appeared to 

contribute to the majority of the phlorotannins pool in Ascophyllum nodosum (up to 37 

units of phloroglucinol in this study), which is in line with previous observation in 

Ascophyllum nodosum and other fucales (Cérantola et al., 2006). Eckols were also 

present, although their identification has to be taken more cautiously. LC-HRMS offers 

a mass accuracy of 10-5 m.u. (Steevensz et al., 2012). The use of this technique and the 

molecular formulas described here would allow us to separate 

Fucols/Phlorethol/Fucophlorethols from Eckol from Isofuhalol from halogenated 

phlorotannins. Taking into account that the presence of halogenated phlorotannins 

increases the complexity of the identification by adding more isotopes to the molecular 

ion (M+2; and M+4 for Cl and M+2 for Br) and caution should be exercised when 



Chapter 5. Phlorotannins profiling using LC-MS  

!

!

*#"!

interpreting LC-MS results in species where those have been reported (Ragan and 

Glombitza, 1986). The distinction between Fucols, Phlorethol and Fucophlorethols 

requires the use of NMR to identify the nature of the linkages between phloroglucinol 

units (Cérantola et al., 2006), which could not be achieved with the LC-MS conditions 

in this study. The theoretical molecular formula should be tested against purified 

extracts of phlorotannins using LC- HRMS. The molecular formulas suggested here are 

solely based on the classification by Ragan and Glombitza (1986), hence it does not 

include families of phlorotannins described after that date. The description of molecular 

formulas is also limited in the combination of atypical phlorotannins or the “dehydro-” 

and “dehydroxy-” phlorotannins, which can provide isomers with overlapping 

molecular weight. Therefore, those formulas have to be considered as a basic 

description that can be extended. 

LC-MS with ESI is a method of choice in the study of phlorotannins, but is 

limited to profiling only, not identification, as the separation of isomers was not 

achieved. The molecular formulas in annexe 5.1 were also applied to phlorotannins 

identified in the literature (Ragan and Glombitza, 1986; Iwai, 2008; Steevensz et al., 

2012). This profiling method is useful in the detection of phlorotannins in a mix of 

compounds where the Folin-Ciocalteu method would be subject to high interference, or 

would not provide sufficient information on the composition of phlorotannins. The 

characteristic mass spectra of phlorotannins allow their detection in different matrices, 

which is typically useful in the food industry.  

Future industrial utilisations of phlorotannins suggest the need to develop 

standards; however, LC-MS could help characterize the samples by size of the 

oligomers to a certain degree of polymerisation. Progress in chromatography and further 

detection are needed to increase the size of the oligomer detected. It is useful to identify 

the molecular size of phlorotannins, as high molecular weight phlorotannins have been 

described produce the highest antioxidant activity (Nakamura et al., 1996). 

Nevertheless, this view has been recently challenged (Audibert et al., 2010; Wang et al., 

2012). 

To conclude, a molecular formula for various phlorotannins has been suggested 

here for the first time, showing LC-MS could be a powerful method to profile 

phlorotannins in a mix of compounds. 
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Introduction  

The major future challenge of humanity is likely to be energy. With increasing 

demand and finite sources of fossil fuel, prices of energy-related commodities are rising 

(IMF, 2011), as is the will to seek novel sources of energy. Concerns about depleting 

resources of fossil energy have encouraged the development of renewable energy 

sources, including energy from the ocean. Energy resources in the ocean can take many 

forms, whether wind, wave, tidal, currents, temperature gradient or biomass.  

The previous oil crisis in the 1970’s led to investigation of macroalgae as a 

source of energy (Bird and Benson, 1987). Macroalgae can either be fermented into 

ethanol, or submitted to anaerobic digestion to produce methane. The “Marine Biomass 

Program” of the U.S. Navy, primarily envisioned as a multiproduct system, was taken 

over by various Energy Agencies and refocused on the production of energy only. At 

the time, the General Electric Company was chosen as prime contractor and technical 

manager. On the other side of the Atlantic, the development of aquaculture techniques 

was mainly focusing on macroalgae for food purposes (Pérez et al., 1984; Kain, 1991), 

and anaerobic digestion of macroalgal blooms (Morand et al., 1990). Fluctuation of 

energy prices, and unsuccessful trials in California, USA, slowed down the 

development of biofuels from macroalgae. However, phycologists kept cultivating 

macroalgae for the treatment of aquaculture effluents in an integrated fashion (for 

Integrated Multitrophic Aquaculture reviews see: Chopin et al., 2001; Troell et al., 

2003; Lüning and Pang, 2003) and for food or as a readily available source of 

metabolites. More recently, the energy debate operated a shift from one strategy focused 

purely on the resource to one integrating the increasingly important environmental 

component (Greenhouse gases and climate change, Petit et al., 1999; World 

Meteorological organization, 2011).  

The use of the term “Algae” (as quoted in media, reports or even more 

worryingly, in high factor peer-reviewed papers, Abbasi and Abbasi, 2010) for biofuel 

is rather vague, and mainly focused on microalgae, not macroalgae, which might 

generate some confusion for general public as well as policy makers. Hence there is a 

need to clarify and provide some details from of macroalgae with respect to biomass 

energy. Beside some taxonomical confusion, extravagant figures of productivity in 
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economical models (“breakeven” point) and disproportionate estimations have been 

proposed (Bird, 1987).  

The aim of this chapter is therefore to present a case study with up-to-date 

figures of the key parameters in order to evaluate the economical feasibility of a 

biorefinery concept, assuming technical feasibility is overcome. Despite being one of 

the main drivers for biofuel production, environmental effects are not discussed here.  

In that respect a review of the literature on macroalgal biomass is presented, 

with particular focus on kelp mariculture on a European level, its actual productivity 

and metabolites that can improve the feasibility through a biorefinery system. The work 

presented was undertaken within the context of AQUAFUELS, an EU sponsored 

project (FP7). This project aimed to bring together and co-ordinate existing knowledge, 

and to establish the state of the art for research, technological development and 

demonstration activities regarding the exploitation of algal biomass for 2nd generation 

biofuels production. A secondary objective of the project was to put robust and credible 

information about micro and macroalgae into the public domain, and thereby counter 

some of the more extravagant claims that have been expressed in the media (Slade, 

2011). 

Case study: Kelps  

Kelps represent a group of brown algae (Phaeophyceae) with very large fronds. 

The word ‘kelp’ originally referred to the burnt ash of the brown seaweed and only 

subsequently became applied to the seaweed itself (Morrissey et al., 2001).  

Because of their large biomass, kelps are the main species of interest in Europe 

for biofuels production, however, the pros and cons of large-scale exploitation of kelps 

in a European context still remain uncertain. In this section, we present and compare 

some of the existing knowledge on large-scale exploitation of kelps, starting with their 

biology and biochemistry, their cultivation and productivity, and finally the economical 

impact of their exploitation. 
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Biology and biochemistry of European kelps 

General Description  

The European kelps include the Laminaria, Saccharina and Saccorhiza genera 

that represent much of the perennial and annual biomass of macroalgae. As brown 

algae, kelps contain accessory pigments (mainly fucoxanthin masking the beta carotene 

and other xanthophylls), responsible for redirecting captured photons to the chlorophyll 

a and c, which allow UV absorption and photosynthesis. The mechanical resistance of 

kelps to hydrodynamic forces, large surface areas for nutrient absorption and structures 

specialized in nutrient transportation to the meristematic tissue favour the development 

of large biomass. Kelps blades (the thallus) can reach up to 4 m in length (exceptionally 

10 m for Saccorhiza polyschides, Cabioc’h et al., 2006, and plants weighting as much as 

22 kg have been reported, Black, 1948). Kelp populations can form large underwater 

forests (lower infralittoral zone), and can be observed at low tide (Figure 6-1). 

Laminaria and Saccharina species are found in the subtidal to depths of 8-30 m in the 

North Atlantic and North Pacific; some species occur at depths of up to 120 m 

(Mediterranean and Brazil), but this requires extraordinary water clarity (Guiry, 2011).  

 
Figure 6-1 Laminaria hyperborea and Laminaria digitata at low tide in Finavara, a semi-exposed site in 
Co. Clare, Ireland. 
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The order of the Laminariales shares an almost identical life history: The 

sporophyte is the dominant phase and the gametophyte is a microscopic phase. There is 

therefore an alternation of sporophyte and gametophyte. Sporophytes of both genera are 

differentiated into holdfast, stipe and lamina; the gametophyte is undifferentiated and is 

filamentous and creeping (Guiry, 2011). The holdfast is anchored to a solid substrate, 

usually a rocky surface, but also attaches to artificial substrates (e.g. longline, ropes). 

Biochemical composition 

The diversity of metabolites found in macroalgae, are reflecting both their place 

in evolution and the adaptation to a moving and highly variable habitat, i.e. the intertidal 

zone, a mix of dynamical constraints (wave and wind action, mechanical sweeping of 

the surrounding seaweeds), desiccation (exposition to UV radiation, wind, salt 

concentration, etc.), and competitive ground for settlement, light availability and 

nutrient, to name but a few factors. Therefore, modern screening programmes for drug 

development are combined with ecological observation and includes specimens with 

unique (usually chemical) mechanisms for coping with environmental pressures 

(Haefner, 2003).  

The quantitative range of chemical composition given in Table 6-1 are mostly 

due to seasonal variation but also reflects the variation between the age and type of the 

tissue (lamina or stipe), sampling location, preprocessing treatment and analytical 

methods. 
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Table 6-1 Biochemical compositions of various European kelps, from wild populations as % DW unless 
mentioned otherwise stated. Adapted from Horn (2000), bold letters and numbers correspond to 
fermentable carbohydrates into ethanol. DW: Dry Weight, FW: Fresh Weight. Ref: 1Baardseth and Haug 
(1953), 2Jensen and Haug (1956), 3Indergaard (1983), 4Haug and Jensen (1954), 5Pedersen (1980), 
6Hanssen et al. (1987), 7Jensen (1954), 8Indergaard and Minsaas (1991), 9Rupérez (2002), 10Adams et al. 
(2011), 11MacArtain et al. (2007), 12Marsham et al. (2007), 13Schaal et al. (2010), 14Jensen et al. (1985), 
15Sanchez-Machado et al. (2004), 16Kuppers and Kremer (1978). 

 

Laminaria 

hyperborea  

(lamina + stipe) 

Laminaria 

digitata (lamina) 

Saccorhiza 

polyschides (lamina) 

Saccharina 

latissima 

(lamina) 

Water (% FW) 77-891 73-908 90.9-93.014  

Ash (% DW) 16-372 13.8-37.69;10 26.5815  

Total 

Carbohydrates 
     6116 

Alginic acid 17-342 20-458 16.2-23.414 24-3016 

Laminaran 0-302 0-24.610     

Mannitol 4-252 5-32.110 2.5-11.114 416 

Fucoidan 2- 43 2-48     

Fibers (cellulose) 10.42;4 6.211 5.5-10.314   

Other 

carbohydrates 
Traces3 1-28     

Proteins 4-142 8-158 9.4-14.414 6-1116 

Lipids 0.632;4 0.5-5.9612;13 0.5-0.914 0.516 

Phlorotannins 0.8-3.95  0.4-1.35   0.8-2.45 

Iodine 0.742;4 0.3-1.18 0.04-0.0914  

K 6.3-116;7 1.3-3.88 14.714  

Na 1.6-3.06;7 0.9-2.28 4.614  

Ca 1.4-3.06;7 1.0059   

Mg 0.6-0.76;7 0.5-0.88   

S 1.2-1.36    

P 0.26       

 

Kelps exhibit a high content in carbohydrates (Table 6-1), and no lignin, as 

opposed to terrestrial plants. Alginate and the storage carbohydrates (mannitol, 

laminaran) account for the fermentable sugar into ethanol. It should be mentioned that 

metal concentration as well as phlorotannins have a negative effect on fermentation and 

should be precipitated or extracted before fermenting the biomass (Horn, 2000; Adams 

et al., 2011).  
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The biochemical composition of kelp fronds is characterized by strong seasonal 

variations, e.g. the accumulation and consumption of mannitol and laminaran in 

Laminaria digitata (Black, 1950). The laminaran has been observed to peak in autumn 

(October) and be almost absent throughout winter and spring (Black, 1950). Whereas 

mannitol peaks in summer (July) and autumn (October) and the lowest concentrations 

occur during winter. Similar patterns have been determined in L. longicruris (Chapman 

and Craigie, 1978) and related to the role of carbohydrate reserves as a carbon sources 

during the seasonal growth. More recently, Adams et al. (2011), after comparing the 

variation in biomass composition throughout the year, indicates that the optimal harvest 

time for L. digitata was July, with the aim of producing biofuel. Indeed, at that time of 

year, metal concentrations were low and carbohydrate concentrations were high. 

However, this study did not include fouling into consideration; in July Laminaria blades 

start to be heavily fouled. To my knowledge, the impact of fouling on biofuel 

production has not been investigated yet but Buschmann (2010) indicated that the algae 

cultivated for biofuel would not necessarily have to reach the same standard as for food 

purposes.  

In China, kelps are harvested for food purposes when moisture content is at its lowest, 

after 8 months at sea, insuring higher incomes to the farmers (Pérez, 1997). The ratio is 

then around 5:1 for Saccharina japonica, mid-July (Table 6-2). 

 
Table 6-2 Temporal variation of the Fresh Weight/ Dry Weight ratio for Saccharina japonica (from 
Wang, 1988). 

Harvest time 

(day/month) 

Production in 

FW (kg) 

Production in 

DW (kg) 

FW/DW 

Ratio 

11-Apr 21.8 2.2 10:1 

10-May 24.4 2.7 9:1 

26-May 24.6 3.1 7.9:1 

11-Jun 22 3.3 6.6:1 

29-Jun 17.6 3.1 5.7:1 

14-Jul 14.5 2.9 5:1 

 

Most of the fermentation trials in Europe have been performed using wild 

populations. Domestication of seaweeds could also bring some variation of chemical 

composition depending on the techniques of cultivation (Brezo-Martinez et al., 2006). 
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Some differences in the protein content between wild and cultivated Saccharina 

japonica have been observed, with higher content for cultivated species that had been 

fertilized (Pérez, 1997).  

Lipid content remains low throughout the year (usually less than 1%), and does 

not seem to be a direct option for biodiesel production. 

Besides temporal variations, spatial variations also occur between populations in 

Europe. S. polyschides showed rather similar trends in the seasonal variation of its 

chemical content from Portugal (close to the southern distribution limit) and the Isle of 

Man (at mid latitude of its distribution) (Jensen, 1985). 

Biotechnology of Kelps 

Production systems 

The total production of “aquatic plants” worldwide through aquaculture was 

15,781,159 tonnes FW (US$7.4 billion) in 2008 (FAO, 2009). Japanese kelp 

(Saccharina japonica – 4.9 million tonnes) was the most cultivated species, followed by 

Wakame (Undaria pinnatifida – 2.4 million tonnes) (FAO, 2009). Many production 

systems are currently in use but they all rely on the same techniques: fragments of adult 

plants, juvenile plants, sporelings or spores are seeded onto ropes or other substrates 

and the plants grow to maturity in the sea. Thorough knowledge of both biology and life 

cycle of the species is essential to achieve pre-culture steps in the laboratory and later 

develop an optimum cultivation at sea.  

Production systems have been investigated for research purposes in various parts 

of Europe (Table 6-3) since the late 1970’s. The technique of “free-living” culture of the 

microscopic gametophytes has been developed (Pérez et al., 1984). This technique 

allows the farmer to seed the ropes on demand, and after a shortened pre-cultivation 

period in the hatchery, the ropes with young sporelings can be transferred at sea.  

The design of hollow cylindrical collectors have also simplified and hence 

reduced the time needed to set the culture at sea. Production at a commercial scale was 

set up for Undaria pinnatifida in France where it peaked at 100 t DW in 1995 (FAO, 

2002), and reached a saturated market for food purposes. There is nowadays a renewal 

of interest for kelp cultivation in Europe, as several companies are now set up for kelp 

cultivation or already cultivating kelps. In Ireland, cultivation trials have used 
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hybridization of North-Atlantic strains of Alaria esculenta in order to improve 

productivity as well as protein content to target the food and feed market (Kraan et al., 

2000). From an engineering point of view, trials with ring structures compared to 

longlines have also taken place to propose a design for offshore seaweed aquaculture 

(Buck and Buchholz, 2004). The use of polyculture (or Integrated Multi-Trophic 

Aquaculture, IMTA) has been performed for some time, and recent research has 

focused on the use of seaweed as biofilters to take advantage of nutrient load from fish 

farming (Table 6-3).  Several types of integrated aquaculture are currently applied in 

Asia: 

• Saccharina japonica + Undaria pinnatifida 

• Saccharina japonica + Mytilus sp. 

• Saccharina japonica + Haliotis (Abalone) 

• Saccharina japonica + Undaria pinnatifida + Mytilus sp. 

• Saccharina japonica + Undaria pinnatifida + Haliotis 

• Saccharina japonica + Undaria pinnatifida + Haliotis + Mytilus sp. 

Integrated cultivation increases the productivity by 45 % and the income rises by 

15 to 20 % when compared to monoculture (Pérez, 1997). It also diversifies the 

production and reduces the risk per species. Finally, it increases the quality of the final 

product by benefiting from positive interactions between species (Chopin et al., 2001). 

Cultivation methods and Productivity 

Productivity (or biomass yield) reflects the ability of a species to sequester 

carbon and produce biomass through photosynthesis but is also a major factor in the 

economical feasibility of large-scale cultivation (Bird, 1987). Land plants such as 

Miscanthus spp. Produced crops between 7-9 t ha-1 (dry weight) during large-scale 

semi-commercial trials, a reasonable estimate over large areas in Europe (Scurlock, 

1998). Sugarcane, one of the most productive terrestrial species, reaches 100 t FW ha-1 

y-1 (29 t DW ha-1 y-1; Cordovés-Herrera, 1999). However, first generation biomass (food 

crops) for biofuel have been associated with various negative impacts (fresh water 

requirement, fertilizer use, competition with agricultural land for food, etc.). 

Productivity of wild populations of kelps ranges from 3.3 to 11.3 kg DW m-2 y-1 (Gao 

and McKinley, 1994) or 22 to 75.3 t DW ha-1 for 8 months. Table 6-3 presents the 

productivity of various kelps in cultivation trials across Europe. The average normalized 
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productivity from 14 European trials is ranging from 12 to 25 t DW ha-1 and for a 

cultivation period of 8 months, or 1.8 kg DW m-2 y-1. The latter figure fits within the 

range of productivity obtained in China more than 25 years ago (Tseng, 1987). Thanks 

to selection programs, nowadays the productivity reaches 35 to 40 t DW ha-1 for kelp 

cultivation farms in Asia. 

 
Table 6-3 Kelp cultivation trials, methods and productivity in Europe. Normalised figures obtained after 
the design of Tseng (1987) (T FW ha-1 y-1) and for a single crop of 8 Months, 5324m of linear cultivated 
rope/ha. Growth and FW:DW ratio are not linear throughout the year. FW:DW ratio of 7:1. The 
normalised figures are displayed in order to compare values of productivity but do not reflect a scaled-up 
situation. GR = growth rate (% of the fresh weight), FW = fresh weight, DW = dry weight, pm = per 
month, FCR = Food conversion ratio, in red=finfish, in blue=shellfish, in green=seaweed. 

Location/Season 
(or culture 
duration) 

Species Production 
(as published) 

Prod. 
normalised 
(T FW ha-1 

y-1) 

Keywords Reference 

Land Tank / Pond / Raceway Cultivation    

Sylt, Germany / 
Spring Saccharina latissima   

2000L tanks, automatic 
blinds to simulate short 

days and achieve 
constant growth during 

summer 

Gomez and 
Luning 2001 

Sea Cultivation (linear meter of rope)    
Canada  (8 

months) Saccharina latissima 3-8 kg FW m-1 
pm-1 

127.8-
340.7 

Yield; cultivation 
methodology 

UK (6 months) Saccharina latissima 4.2-28.4 kg FW 
m-1 pm-1 

178.9- 
1209.6  

Druehl et al. 
1988 

Saccharina latissima    

Saccorhiza polyschides   Detached from ropes in 
strong water movement 

Alaria esculenta 

5.6 kg FW m-1 
y-1 (extrapolated 
from Kain and 
Dawes 1987) 

29.8  
Isle of Man, UK 

Saccorhiza polyschides    

Kain 1991 

Brittany, France Undaria pinnatifida   "Free-living" 
gametophytes technique 

Pérez et al. 
1984 

Ouessant, France     
(8 months) Laminaria digitata 144 plants m-1  Clean small plants for 

food purposes Pérez 1997 

Ireland (5 
months) Alaria esculenta 15.6 kg FW m-1 132.9 Hybridisation 

experiments Kraan 2000 

Kiel, Germany Saccharina latissima 0.5 kg FW m-1 
after 3 months 7.1 

Free floating cultures of 
small plants attached to 
ropes resulted in larger 

plants than seeded 
ropes. Ropes 

overseeded. Positive 
effects of L.saccharina 

culture in the Baltic sea. 

CRM trials 
cited in 

Werner et al.  
2004 

Helgoland, 
Germany Saccharina latissima 4 kg FW m-1 

after 6 months 28.4 Ring structure for 
offshore cultivation 

Buck and 
Buchholz 

2004 

Ireland Alaria esculenta 3-5 kg FW m-1 
after 4-5 months 31.9- 53.2 

Reproducible procedure 
from fertilisation to 
offshore cultivation 

Arbona 1997 
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Location/Season 

(or culture 
duration) 

Species Production 
(as published) 

Prod. 
normalise
d (T FW 
ha-1 y-1) 

Keywords Reference 

Sea Cultivation (linear meter of rope)   
Spain NW 
(Spring) Saccharina latissima 12.7 kg FW m-1 

(after 107 days) 151.7  Peteiro and 
Freire 2009 

Spain NW 
(Spring) Undaria pinnatifida 9.6 kg FW m-1 

(after 107 days) 114.6  Peteiro and 
Freire 2011 

Spain NW 
(Spring) Saccharina latissima 16.1 kg FW m-1 

(after 119 days) 172.9  
Peteiro and 

Freire 
(unpubl.) 

Sea Cultivation: IMTA (linear meter of rope)   
Salmo salar    

Saccharina latissima 10 kg FW m-2 y 53.2  
Laminaria hyperborea 2 kg FW m-2 y 10.6  

Scotland 

Saccorhiza polyschides 17 kg FW m-2 y 90.5  

Sanderson 
2006 

Mytilus edulis    
Galicia, Spain 

(4months) Laminaria saccharina 6.2 kg FW m-1 
after 4 months 66.0 

Decrease in harvestable 
biomass after 13 months 

due to loss of plants. 

Peteiro et al. 
2006 

Salmo salar    
Saccharina latissima    
Laminaria digitata    

Alaria esculenta    
Laminaria hyperborea    

Ireland (winter-
Spring) 

Saccorhiza polyschides    

Ratcliff  2011, 
unpublished 

Average FW 85-175   
Average DW 12-25 

  

Review Papers      
Integrated aquaculture: rationale, evolution and state of the art emphasizing seaweed biofiltration in 

modern mariculture 
Neori  et al. 

2004 

Integrated mariculture: asking the right questions  Troell  et al. 
2003 

Mass cultivation of seaweeds: current aspects and approaches  Luning and 
Pang 2003 

Integrating seaweeds into marine aquaculture systems: A key toward sustainability Chopin et al.  
2001 

Integrated algal farming: a review   Buschmann et 
al. 2001 

Mass production of seaweeds    Yarish and 
Pereira 2008 

Integrated multi-trophic aquaculture (IMTA) in marine temperate waters Barrington 
2009 

Cost of biomass 

The cost of producing biomass largely depends on the productivity of the 

species cultivated and the set-up. The “state of the art cost” approach used by Sanderson 

(2006) indicated a price of £ 500 t-1 FW (% 740 t-1 FW or % 5,920 t-1 DW), for a 1 ha 

monoculture plot producing 130 t FW (16.25 t DW), although he indicates the cost of 

biomass would be greatly reduced if shared between aquaculture farmers. Other pricing 

system also exist, in Brittany, as fixed prices are in place within partners of the Chaco 
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project: % 500 t-1 FW kelp, insuring constant price for the duration of the project, but 

this price is not sufficient to cover production costs. To give an order of comparison, the 

price for Saccharina japonica (Kombu) in China is around % 60 t-1 FW. The prices in 

China reflect both a long experience of kelp cultivation, the economy of scale (over 

60,000 ha cultivated), the co-culture, the segmentation of the industry and a lower 

labour cost.  

Consideration of co-products and co-services 

The use of co-products and co-services is not reflected in all studies and depend 

mostly on the end products. Co-products have been deliberately excluded from most 

biomass studies, as their market would become quickly saturated compared to the 

amount of biomass required for the energy market (Bird, 1987). However, a multiple-

product facility based on Macrocystis processing once existed and produced ammonia, 

potash, acetone and methane as by-products. In the case of large-scale cultivation for 

food production it is assumed the whole algae is consumed, therefore only a small 

residue fraction, unsuitable for food, remains available for further valorisation. In other 

cases, some of the co-products of methane production have actually been sold as 

compost in significant amounts to resolve an environmental problem (Morand, 1990). 

Tompkins (1983), described a theoretical study in which with 15% of seaweed used for 

co-production of alginates, mannitol, and iodine, the biofuel production cost was 

estimated to decrease by 50 to 80 % for a seaweed-to-methane conversion plant. 

Added value of downstream by-products from macroalgae 

Macroalgae have been reported to be a large reservoir of molecules, several of 

these molecules are important to the industry (both in terms of volume and economical 

value), as is the case for phycocolloids (alginates, agar and carrageenan total sales 

reaches 1,018 M US$ in 2009, Bixler and Porse, 2010) whereas some compounds are 

more recently described as novel bioactive compounds and represent limited volumes 

(e.g. halogenated furanones from Delisea pulchra or Kahalalide F from a species of 

Bryopsis as a possible treatment for lung cancer, tumours and AIDS). Not all 

biodiscovery processes from macroalgae are compatible with biofuels production and 

the biofuel downstream by-products from macroalgae will be discussed in this 

document. 
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Metabolites from macroalgae 

Kelps have been harvested or collected for several hundred years for their large biomass 

and chemical composition. Chemical composition of kelp directly influences the 

conversion rate to biofuel (methane or ethanol) either positively or negatively. The 

conversion rate, along with productivity, are the major biological factors influencing 

overall biofuel production. A diversity of metabolites have found application in the 

cosmetic, pharmaceutical and biotech industries, with low volumes and high value (e.g. 

Fucoidan), and can contribute to the overall feasibility of biofuel from macroalgae. The 

non-exhaustive list in Annexe 2 sums up the various species and their application in 

some industrial sectors. The species names are listed as they appeared in the literature; 

recent updates in the taxonomy might have affected some of the species names (please 

refer to the recent taxonomical publications or electronic publication by Guiry and 

Guiry (2011) for recent updates). 

 Market prices of those metabolites are generally subject to variations, depending 

on the quantity and quality of the products (origin, purification grade, etc.). It must also 

be kept in mind that those natural metabolites sometimes exhibit strong seasonal 

variations, and in some case are not available all year round due to the metabolism and 

life cycle of the macroalgae. Besides, data on market value are often scarce and various 

prices circulating in the literature are obsolete (Tompkins; 1983; is still used as a source 

of information, Kraan; 2010) and would lead to erroneous calculations and further over 

or underestimation.  

Polysaccharides 

Alginate 

This polysaccharide is sold as a salt of alginic acid, extracted from brown 

macroalgae. The quality of its gelling properties depends on the structure of the 

polysaccharide (mainly the guluronic to mannuronic acid ratio (G/M). In order to 

produce a high quality grade alginate for food and pharmaceutical application, species 

with a high G/M ratio need to be selected. Hence, the species chosen for biofuel 

production would have to reach a certain G/M ratio. The average price for alginate in 

2009 is US$ 12 kg-1 with a global market representing 318 M US$ and 26,500 t y-1 

(corresponding to 95,000 t DW of brown algae). High quality grades production still 
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remains in Europe, with 8,900 t y-1 from a few companies (FMC, Danisco, Cargill), and 

represent the biggest increase in terms of market share worldwide (Bixler and Porse, 

2010). It is worth noting that the theoretical conversion rate of alginate to ethanol is 

rather poor, around 20% (Horn, 2000) compared to other polysaccharides in brown 

algae (mannitol, laminaran, etc.). Therefore, alginate might not be the main target for 

bioethanol production. In turn, waste products from alginate production (floating 

residue) might be used for ethanol production and limit the environmental impact of 

alginate production (Ge, 2011). 

Note: the recent price increase in the hydrocolloids market have been driven by 

high energy, chemicals and seaweed costs. The higher seaweed cost reflects seaweed 

shortages and advocates for the use of large-scale cultivation, as all easily harvestable 

seaweed beds are reaching their limits (Bixler and Porse, 2010). 

Fucoidan 

Fucoidan (a polysaccharide mainly composed of sulphated L-fucose, and other 

monosaccharides such as mannose, rhamnose, glucuronic acid, glucose, galactose, 

xylose) is extracted from brown macroalgae, which are of potential interest to biofuel 

production. Whether the processed macroalgae will be suitable for further fucoidan 

extraction would have to assessed. Prices ranges from % 200 kg-1 for some low purity 

material and reaches % 1000 to 1100 kg-1 in the pharmaceutical industry (as a coating 

agent for surgical application) (Hennequart F., OGT-Seaneo, pers. comm.).  

Mannitol 

Mannitol is the alcohol form of mannose. The chemical content of mannitol is 

varying greatly with seasons (cf. Biology of kelps). The highest content is recorded in 

autumn for Laminaria hyperborea (Haug and Jensen, 1954). Mannitol founds 

application as a substitute for sorbitol. 

 

Proteins, peptides and free amino acids 

Proteins and peptides are present in very different levels in macroalgae, ranging 

from 4 to 15 % in European kelps (Jensen and Haug, 1956; Indergaard and Minsaas, 

1991) and are subject to strong seasonal variations following nutrient supply. Algal 

proteins have been reported to have a low digestibility  (Michel et al., 1996); this may 
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be due to their cellular localisation or their putative associations with cell-wall 

polysaccharides (Kloareg and Quatrano, 1988). Free amino acids are widely found in 

numerous seaweed species. The free amino acid fraction of seaweed is mainly 

composed of alanine, aminobutyric acid, taurine, ornithine, citruline and hydroxy-

proline. Levels differ according to the species (Mabeau and Fleurence, 1993). 

Lipids, vitamins and pigments  

Those compounds are present in relative low amount when compared to 

terrestrial plant. However, what macroalgae lacks in quantity, it compensate with high 

nutritional and economical value. Holdt and Kraan, 2011, review the literature for 

Lipids (Fatty acids, Phospholipids, Glycolipids and Sterols) and pigments 

(Chlorophylls, Carotenoids and Phycobiliproteins) with a focus on European species 

from the following genera: Laminaria, Saccharina, Fucus, Undaria, Sargassum, Ulva, 

Chondrus, Porphyra, Gracilaria and Palmaria, of which some are of potential interest 

in biofuel production. 

Seaweed meal – organic improver 

The complexity of extraction of metabolites, and their purification (with 

associated cost, regulation and environmental impact) might not suit all processor for 

biofuel production. A low investment solution could lie on the utilisation of the final 

“cake” as seaweed meal for animal feed or fertiliser. The price of seaweed meal is 

around % 600-700 t-1 DW (Hennequart F., OGT-Seaneo, pers. comm.). 

In a technico-economic assessment, Morand et al. (2006) present the expenses 

and incomes from a methanogenic process after pressing Ulva spp. and digesting the 

“juice”. The remaining “cake” and digestate are respectively expected to provide an 

income of % 60 t-1 of organic matter and % 1 m-3 from the digestate as fertiliser.  

Phenolic compounds 

Phenolic compounds such as phlorotannins are large and complex polymers of 

phloroglucinol and are found in significant amount in brown algae (up to 20 % for 

intertidal species, and below 2 % DW for subtidal species). According to Scalbert 

(1991), polyphenols are potent inhibitors of methanogenesis and would therefore need 

to be removed prior to anaerobic digestion. They also limit the fermentation into 

ethanol; the inhibitory effect of polyphenols on alginate lyase activity could be due to 
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the non-specific binding of phlorotannins to proteins (Horn, 2009). Those compounds 

have been described as having antioxidant properties (Ragan and Glombitza, 1986) and 

valorisation as functional food, or food additive would be suitable. Hence a process 

design could take advantage of the conflictual situation to obtain both a by-product 

(phlorotannins) and facilitate the anaerobic digestion of the kelps.  

The equivalent price for tannins from terrestrial plant is % 68 for 250 g (Extrasynthese, 

Genay, France), or % 272 kg-1. Phlorotannins would be expected to be in the range of % 

400 kg-1, due to the small-scale production costs. It is assumed that further purification 

and fractionation by molecular weight would find niche applications and increase added 

value. 

Discussion on the Biorefinery concept 

The necessity for multipurpose utilization of algal material is agreed by various 

authors (Morand et al., 1991). The biorefinery concept from macroalgae is not new and 

its most accomplished development is concomitant with the outbreak of World War I, 

and subsequent embargo from Germany. At the time, Germany was the main 

manufacturer of chemicals, especially potash and acetone (which entered in the 

production of gunpowder and munitions). A Californian company specialised in 

gunpowder production developed a process from the giant kelp (Macrocystis pyrifera) 

that allowed them to produce both potash and acetone at the same time, alginate being a 

residual by-product. Towards the end of the war, the company had harvested over 1,5 

million t FW of kelp and was able to display a range of 54 products, mainly war 

products, hence wasn’t able to remain in business after the armistice (Neushul, 1987). 

However, other companies took advantage of the alginate production from Macrocystis 

pyrifera.  

More recently, Tompkins, 1983, described a theoretical study in which with 

15% of the seaweed harvested from the wild would be used for co-production of 

alginates, mannitol, and iodine. The biofuel production cost was estimated to decrease 

by 50 to 80% for a seaweed-to-methane conversion plant. However, the economic 

assessment for macroalgal biofuels deliberately focused on the cost of biomass and did 

not include the potential benefits from a bio-refinery system. 

Attempts of methanisation before the extraction of cell wall polysaccharides 

have been undertaken. The degradation of polymers with a high molecular weight, 
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which have added value, is such that their extraction is uneconomic after methanisation 

(Morand et al., 1991). The reverse procedure has proven to be successful, e.g. using 

flotation sludges (or floating residue) from alginic acid extraction for methanisation 

(Carpentier et al., 1988) or ethanol production (Ge et al., 2011). Whether the biofuel 

production from macroalgae will be the main product of an industry or its by-product is 

not clear yet. It is likely that the two situations will coexists depending on the biomass 

availability, the need for energy in a specific location (e.g. insular locations where 

energy transportation is an issue) and the evolution of the market of the various 

metabolites. 

 
Figure 6-2 Diagram of a basic biorefinery combined with IMTA system. POM=Particulate Organic 
Matters; DOC=Dissolved Organic Carbon; PT=Phlorotannins, FR=Floating residues. 

A theoretical biorefinery was developed using data collected in this study 

(Figure 6-2). The aim of the biorefinery was the production of food, alginate and 

bioethanol with phlorotannins and fertilizer as by-products. We explored different 

routes of valorisation of the main and by-products, Food:Alginate:Bioethanol with the 

following ratios: a) 0:0:10; b) 8:0:2; c) 3:2:5; d) 5:0:5 (Table 6-4). The economical data 

presented are merely here to guide the routes of valorization but do not reflect an 

accurate situation. All scenarii were to integrate bioethanol as a unique product (a), a 
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main product (c and d) and a by-product (b). However, it appeared that in the first 

scenario (a) the fermentation of the totality of the crop (100 t FW) into ethanol (Table 6-

4. a) would not suffice to even cover the cost of longlines. The utilization as foodstuff 

(b) as the main economical driver had more influence on the final price than alginate 

production and it resulted more economical to develop a biorefinery concept mainly 

based on food and biofuel (50:50; d), and including Phlorotannins extraction and 

fertilisers as fermentation by-products (c). Any other co-products (Iodine, proteins, 

pigments) are thought to bring added value. 

Table 6-4 Scenarii for macroalgal biorefineries with various food to alginates to bioethanol ratios. 
FR=Floating residues 

a) 

Biorefinery (Food:Bioethanol=0:10) 

Non biofuel production 

Product 
Percentage of Raw Material 

(DW) required 
Extraction yield   

Price (%/kg 

DW) 

Food 0   11 

Alginate 0 0.25  8 

Phlorotannins 0 0.02  400 

Fertiliser 0 0.4  0.06 

BioEthanol 

Product 
Percentage of Raw Material 

(DW) required 
Extraction yield 

Conversion rate to 

Ethanol (L/ kg DW) 
Price (%/L) 

FR 0 0.25 0.143  

Kelp 1  0.357 0.5 

Raw Material 

 Weight DW (kg)    

Kelps (Sanderson 

2006) 
14000      

Total sales from biorefinery (!) 2499 
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b) 

Biorefinery (Food:Bioethanol=8:2) 

Non biofuel production 

Product 
Percentage of Raw Material 

(DW) required 
Extraction yield   

Price (%/kg 

DW) 

Food 0.8   11 

Alginate 0 0.25  8 

Phlorotannins 0.2 0.02  400 

Fertiliser 0.2 0.4  0.06 

BioEthanol 

Product 
Percentage of Raw Material 

(DW) required 
Extraction yield 

Conversion rate to 

Ethanol (L/ kg DW) 
Price (%/L) 

FR 0 0.25 0.143  

Kelp 0.2  0.357 0.5 

Raw Material 

 Weight DW (kg)    

Kelps (Sanderson 

2006) 
14000      

Total sales from biorefinery (!) 146167 

 

c) 

Biorefinery (Food:Alginate:Bioethanol=3:2:5) 

Non biofuel production 

Product 
Percentage of Raw Material 

(DW) required 
Extraction yield   

Price (%/kg 

DW) 

Food 0.3   11 

Alginate 0.3 0.25  8 

Phlorotannins 0.5 0.02  400 

Fertiliser 0.5 0.4  0.06 

BioEthanol 

Product 
Percentage of Raw Material 

(DW) required 
Extraction yield 

Conversion rate to 

Ethanol (L/ kg DW) 
Price (%/L) 

FR 0.3 0.25 0.143  

Kelp 0.5  0.357 0.5 
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Raw Material 

 Weight DW (kg)    

Kelps (Sanderson 

2006) 
14000      

Total sales from biorefinery (!) 112092.575 

 

d) 

Biorefinery (Food:Alginate:Bioethanol=5:0:5) 

Non biofuel production 

Product 
Percentage of Raw Material 

(DW) required 
Extraction yield   

Price (%/kg 

DW) 

Food 0.5   11 

Alginate 0 0.25  8 

Phlorotannins 0.5 0.02  400 

Fertiliser 0.5 0.4  0.06 

BioEthanol 

Product 
Percentage of Raw Material 

(DW) required 
Extraction yield 

Conversion rate to 

Ethanol (L/ kg DW) 
Price (%/L) 

FR 0 0.25 0.143  

Kelp 0.5  0.357 0.5 

Raw Material 

 Weight DW (kg)    

Kelps (Sanderson 

2006) 
14000      

Total sales from biorefinery (!) 134417.5 

 

Biorefinery for biofuel will probably happen in time, when overlapping 

extraction constraints, uses of organic solvents and purification costs will be solved and 

compatible with a low environmental impact.  
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Conclusion 

Biofuels from macroalgae is heavily linked with a fluctuating energy market 

(IMF, 2011), with its feasibility being considered only when crude oil price is peaking, 

leaving questions about environmental impact of large-scale exploitation unanswered as 

soon as the price drops. Environmental uncertainties associated with macroalgal 

cultivation therefore remain unresolved, slowing the development of the technology.  

The literature review did shine some lights on the feasibility of large-scale kelp 

cultivation, in an integrated aquaculture setup and coupled with a multiproduct system 

(biorefinery) delivering energy, food and high value bio-products while acting as an 

environmental trap for carbon dioxide and for nutrients from finfish aquaculture farms.  

So far, it is clear from the literature that:  

! Cultivation of macroalgae does not present any major technical difficulty in near 

shore farms (Kain, 1991),  

! Cultivation has been demonstrated at a spectacular scale in Asia (Tseng, 1987), and 

European researchers should liaise with Chinese researchers to benefit from their 

vast experience and collaborate on future common interests (EIA, LCAs, 

Biorefinery). 

! Europe can accommodate several sites of large scale for kelps cultivation, whether 

near-shore or off-shore, some of them could present a solution to local 

eutrophication problems. 

! So far the economic assessments seems uncertain, or non-exhaustive, and the 

present study is not different. Economical assessment is out of our range of 

expertise, and was merely used to guide us through the various options of a 

biorefinery. Full economical assessment is required. However, 

! Large-scale cultivation for the sole purpose of biofuels production does not appear 

viable economically, but  

! The biorefinery concept is a proven concept for macroalgae (Neushul, 1987), and 

can improve cost competitiveness of biofuel from macroalgae (Bird, 1987). Even 

when introduced at a small scale (100 t FW), it offers various options to achieve 

economical feasibility if fully integrated. 

! Biofuels would have to be supported by incentives for their environmental benefits 

to compete against fossil fuel (Brigdewater, 2003). Changes in taxation regarding 
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biofuels would also improve competitiveness with fossil fuels. 

! The condition sine qua non for the development of macroalgal biofuels is the 

research input in the optimisation of every aspect of cultivation, coupled with the 

initiation of mechanised production. 

! Cultivation of macroalgae on artificial structures comes with its cohort of 

environmental impacts, whether positive (little or no use of freshwater nor arable 

land, decrease in POM and increase in DOC, “biological carbon sink”, potential 

nutrient scrubbers; provision of habitat for other species) or negative (alteration of 

sedimentation, decrease in nearby macroalgal and macrofauna diversity, risks of 

crop diseases, etc.), depending on the methods of cultivation used. However, there is 

an urgent need for studies in a European context (temperate system), to identify and 

improve the grey areas. 

 

The time has come to scale up cultivation trials (in the range of several hectares 

at sea), with associated funding programs and facilitative legal framework in order to 

perform realistic studies on biomass production from macroalgae. Large-scale trials 

would have to be performed in various parts of Europe in order to reflect the diversity 

of habitats and species to be cultivated.  
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Total macroalgae production, including brown algae, is increasing globally 

(FAO, 2009; Bixler and Porse 2010) and at the same time, the macroalgae market 

undergoes some structural changes. In 1999, Ascophyllum nodosum represented 16% of 

the harvest of alginate raw material, mainly from Canada, France, Iceland, Ireland and 

Scotland. Most of the primary processors of Ascophyllum have since moved from the 

low margin market of alginate production to the more attractive market of plant and 

animal growth promoters (Bixler and Porse, 2010). This denotes a slight change in the 

seaweed industry with the move from a rather inert compound (alginates are not 

digested and only used for their rheological properties in the food industry) to a more 

functional view of the seaweed biomass. Despite representing up to 20% of brown algal 

biomass in some species, there is still no industrial use of phlorotannins in Europe, and 

this family of compounds are hardly mentioned in the review of Cardozo et al. (2007) as 

a metabolite from algae with economical impact. Currently numerous preservatives and 

antioxidants are targeted to be reviewed by 2015 (EFSA, 2012). A study such as this on 

phlorotannins and antioxidant activities are important to support the development of 

functional food from marine origin. Moreover, while wild harvesting is reaching some 

limits, in terms of market and natural resources, cultivation is expanding, especially for 

food and more recently for biofuel interests. Since phlorotannins inhibit the alcoholic 

fermentation and anaerobic digestion, they need to be separated at an early stage in the 

biofuel production and could therefore constitute a co-product in a biorefinery system.  
The overall aims of the study were to assess the behaviour of phlorotannins in an 

industrial context, and select candidate species from the West coast of Ireland for their 

antioxidant activities. In order to assess the potential benefits of the selected species, 

phlorotannins-rich extracts from Ascophyllum and Himanthalia, for human food 

purposes, we performed various assays on biomarkers of cellular oxidative stress in 

cultured cell lines after a simulated digestion of the extracts. Similarly, phloroglucinol 

was screened to standardise and serve as a control for the antioxidant studies of 

phlorotannins. In an attempt to link the structure of phlorotannins with their function, 

profiles of phlorotannins were investigated with LC-MS in crude and fractionated 

extracts. Finally, large-scale cultivation of Phaeophyceae and the biorefinery concept 

were also discussed as a potential way to improve economical feasibility of biofuel from 

macroalgae. 
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Rise and fall of phlorotannins in an industrial context 

Although some studies previously investigated the effect of extraction or 

conservation process on total phenolic content, none of the published work was dealing 

with an industrial process, probably due to the secretive nature of the subject. 

Significant decrease was found along the industrial process from the fresh raw material 

to the final product, both in terms of total phenolic content and antioxidant activity 

(IC50). This study also highlights the possibility of improving the product quality and 

saving costs, with the development of low-temperature or room-temperature extraction. 

Hence, together with previous literature, we suggested some guidance for the extraction 

of phlorotannins for antioxidant purposes, minimizing the oxidation during the process.  

A characterisation of the phlorotannins along the process would have helped to 

relate any changes in antioxidant activity with the chemical structure (complexation of 

phlorotannins, binding with proteins or polysaccharides). Moreover, in order to reach 

criteria for the pharmaceutical and cosmetic industry, further work should focus on 

hydrolysis or enzymatic depolymerisation of phlorotannins in order to standardise the 

size and polydispersity of the oligomers or polymers produced for industrial uses. 

 

Phloroglucinol: a standard for antioxidant activities in macroalgae? 

While the studies about phlorotannins currently use different standards for 

phenolic content and antioxidant activities, the use of phloroglucinol as antioxidant 

standard over Trolox was not found to be justified. However, when assessing the 

phenolic content in macroalgae, one should always refer to phloroglucinol equivalent 

(or PGE). In cultivated liver cells, phloroglucinol was able to directly scavenge free 

radicals, to indirectly modulate the activity of antioxidant enzymatic defenses and 

exhibited a significant protection against lipid peroxidation in cultivated liver cells. This 

protection by phloroglucinol against an induced lipid peroxidation in a cell culture is in 

line with previous studies showing a similar effect by single polyphenols. 

Phloroglucinol is rarely found as a free form in brown macroalgae but can result from 

the degradative process of phlorotannins, although the yields remain generally low 

(Ragan and Glombitza, 1986). Improvement in degradative studies of phlorotannins to 

produce phloroglucinol could therefore find some applications in the protection against 
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lipid peroxidation although phloroglucinol is likely to come from chemical synthesis. 

Overall, phloroglucinol compared poorly with phlorotannins-rich extracts when it 

comes to protective assays in HepG2 cell cultures as high concentrations of 

phloroglucinol failed to protect against oxidative damages. 

 

Phlorotannins: antioxidant activities in vitro and in vivo  

The phlorotannins-rich extracts from Ascophyllum and Himanthalia have shown 

no signs of toxicity in this study, even at high concentrations, and are able to protect 

human HepG2 cells against an oxidative challenge by reducing free radical activity and 

enhancing antioxidant defences. Therefore, products enriched in phlorotannins can play 

a role in the protection against oxidative-stress related diseases. Since seaweeds (or sea-

vegetables) constitute only an anecdotal part of the Western diet, they could be used as 

bioactive ingredients in the production and development of functional foods. The use of 

phlorotannins in functional food is also the take home message of previous studies on 

bioactivities of phlorotannins.  

 

There are very few studies on human nutrition and phlorotannins, and by using a 

simulated digestion prior to the assays in cell line, this study has open some general 

questions about phlorotannins and nutrition. What are the effects of gastric and 

intestinal digestion on phlorotannins? and their subsequent bioavailability? Are cell-

wall-bound phlorotannins liberated during the digestion of seaweeds? How much of the 

phlorotannins are complexed with proteins, including digestive enzymes? One of the 

limits of this study is that we used phlorotannins in a matrix, which hides the interaction 

of phlorotannins with other compounds in the diet. Hence, we could have developed 

some assays using purified phlorotannins, phlorotannins/polysaccharides or 

phlorotannins/proteins complexes to clarify the part of phlorotannins in the bioactivity 

observed. It is necessary to build up some knowledge on the detailed composition of the 

phlorotannins pool, before and after digestion, as well as on the transport of the 

metabolised phlorotannins, whether free or conjugated. Such a study would have to rely 

on a thorough characterization of phlorotannins. 
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Assessment of phlorotannins profiling using LC-MS  

As highlighted previously, any effect, whether due to an industrial process or 

digestion, that might affect the pool of phlorotannins might be followed by structural 

changes. Those structural changes can then be analysed qualitatively by LC-MS. The 

LC-MS method developed in this study, along with the molecular formulae suggested, 

allow us to compare theoretical molecular formula with the observed mass spectra, and 

obtain a profile for the phlorotannins. The LC-MS method was developed too late in the 

study to be applied in chapter 2 and 4. However, LC-MS and variants (QQQ, QTOF, 

MS/MS) can be a powerful method to profile phlorotannins in various matrixes, which 

is especially useful in the food industry or in a biorefinery system. 

 

Large-scale exploitation of macroalgae, a source of phlorotannins 

I reviewed the literature in order to shine some lights on the feasibility of large-

scale kelp cultivation, in an integrated aquaculture setup and coupled with a 

multiproduct system (Biorefinery) delivering energy, food and high value bioproducts 

while acting as an environmental trap for carbon dioxide and for nutrients from finfish 

aquaculture farms. This review was done in the context of the AQUAFUELS project, 

which also aimed at developing the European Algal Biomass Association (EABA), a 

lobbying group advocating for algal biomass and the interest of its stakeholders, in the 

EU commission. 

The biorefinery scheme presented in this study is lacking numerous data, 

especially economical (market value of numerous compounds in macroalgae), in order 

to develop a valid model supporting a feasibility study. In that sense, this thesis failed to 

establish economical feasibility of a hypothetical biorefinery, and in our view, so did 

many studies prior to that one using obsolete or erroneous data. However, based on 

hypothetical sales values, the biorefinery would benefit from developing co-products 

(including phlorotannins) rather than only producing bioethanol. The time has come to 

scale up cultivation trials (in the range of several hectares at sea), with associated 

funding programs and facilitative legal framework in order to perform realistic studies 

on biomass production from macroalgae. 
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On a positive note, following the AQUAFUELS project, the European 

Commission (DG Energy and DG Climat Action) has issued a new proposal for the 

“Renewable Energy Directive” (RED 2009/28) addressing the controversial topic of 

indirect land use change (ILUC) impact of biofuels. “The key point is that in order to 

encourage the greater production of advanced biofuels, the Commission has proposed 

that the contribution made by biofuels produced from municipal solid waste, aquatic 

material, agricultural, aquaculture, fisheries and forestry residues and renewable liquid 

and gaseous fuels of non-biological origin shall be considered to count four times 

within the EU’s 10% target. If approved this would represent an enormous incentive to 

algae biofuels since biofuels made of advanced feedstock would be considered four 

times their energy content towards the 2020 target, this would also have immediate 

increased market price consequences making it more affordable to attain larger scale 

market price with algae operations” (Zanasi, EABA, pers. comm.). 

 

Conclusion 

This thesis provides experimental evidence that seaweed and seaweed-derived 

products enriched in phlorotannins may contribute to the dietary protection against 

diseases in which oxidative stress is implicated. The results support the industry in the 

move towards functional uses of phlorotannins, by providing a profiling method and 

guidance on the best practices in their extraction. The industrial utilisation of 

phlorotannins will have to match the standard already in place for other polymers of 

natural origin, such as polysaccharides or phenolic compounds from terrestrial origin, 

hence further research should focus on depolymerisation, purification and 

characterisation. Phlorotannins can be valuable to the seaweed industry and the future 

challenges to come. 
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Annexe 1 Theoretical molecular size of various phlorotannins. * Structure as described in Ragan and Glombitza (1986). PT =phlorotannins.  

Family formula compound Structure* n cycle MW m/z (z=-1) m/z (z=-2) m/z (z=-3) 
Phloroglucinol C6 H6 O3 Phloroglucinol  1 126.110 125.103   

Halogenated PT C6n H4n+1 O3n Br  81 1 205.003 203.995   
Halogenated PT C6n H4n+1 O3n I  82 1 252.003 250.995   

Sulphated PT C6n H4n O3n+7 S2  84 1 300.288 299.280   
Fucol C6n H4n+2 O3n Difucol 5 2 250.205 249.197 124.599  

Phlorethol C6n H4n+2 O3n Diphlorethol 9 2 250.205 249.197 124.599  
Fuhalol C6n H4n+2 O3n+1 Bifuhalol 47 2 266.204 265.196 132.598  
Fuhalol C6n H4n+2 O3n+1   2 266.204 265.196 132.598  
Eckol C6n H4n-2 O3n-1 Fucofuroeckol A 68 3 354.269 353.261 176.631  
Eckol C6n H4n-2 O3n Dioxinodehydroeckol 67 3 370.268 369.260 184.630  
Eckol C6n H4n O3n Eckol 64 3 372.284 371.276 185.638  
Fucol C6n H4n+2 O3n Trifucol 6 3 374.300 373.292 186.646 124.431 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   3 374.300 373.292 186.646 124.431 

Fucophlorethols C6n H4n+2 O3n Fucophlorethol A 16 3 374.300 373.292 186.646 124.431 
Fucophlorethols C6n H4n+2 O3n Fucophlorethol B 29 3 374.300 373.292 186.646 124.431 
Fucophlorethols C6n H4n+2 O3n Fucophlorethol C 42 3 374.300 373.292 186.646 124.431 

Phlorethol C6n H4n+2 O3n Triphlorethol A 10 3 374.300 373.292 186.646 124.431 
Phlorethol C6n H4n+2 O3n Triphlorethol B 12 3 374.300 373.292 186.646 124.431 
Phlorethol C6n H4n+2 O3n Triphlorethol C 14 3 374.300 373.292 186.646 124.431 

Eckol C6n H4n O3n+1 7-Hydroxyeckol 65 3 388.283 387.275 193.637 129.092 
Fuhalol C6n H4n+2 O3n+1 Trifuhalol A 48 3 390.299 389.291 194.645 129.764 
Fuhalol C6n H4n+2 O3n+1 Trifuhalol B 58 3 390.299 389.291 194.645 129.764 
Fuhalol C6n H4n+2 O3n+1   3 390.299 389.291 194.645 129.764 

Isofuhalol C6n H4n+2 O3n+1 Triisofuhalol 61 3 390.299 389.291 194.645 129.764 
Isofuhalol C6n H4n+2 O3n+1 Triisofuhalol 61 3 390.299 389.291 194.645 129.764 

Halogenated PT C6n H4n+1 O3n Cl  78 3 408.742 407.734 203.867 135.911 
Halogenated PT C6n H4n-1 O3n Br  83 3 451.176 450.168 225.084 150.056 
Halogenated PT C6n H4n+1 O3n Br  79 3 453.192 452.184 226.092 150.728 
Halogenated PT C6n H4n+1 O3n Br  80 3 453.192 452.184 226.092 150.728 

Eckol C6n H4n-2 O3n-1 Fucofuroeckol A 68 4 478.364 477.356 238.678 159.119 
Eckol C6n H4n-2 O3n-1 Fucofuroeckol C 71 4 478.364 477.356 238.678 159.119 
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Family formula compound Structure* n cycle MW m/z (z=-1) m/z (z=-2) m/z (z=-3) 
Eckol C6n H4n-2 O3n-1   4 478.364 477.356 238.678 159.119 
Eckol C6n H4n-2 O3n Fucofuroeckol B 70 4 494.363 493.355 246.677 164.452 
Eckol C6n H4n O3n 3-Phoroeckol 66 4 496.378 495.371 247.685 165.124 
Fucol C6n H4n+2 O3n Tetrafucol A 7 4 498.394 497.386 248.693 165.795 
Fucol C6n H4n+2 O3n Tetrafucol B 8 4 498.394 497.386 248.693 165.795 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   4 498.394 497.386 248.693 165.795 

Fucophlorethols C6n H4n+2 O3n Fucodiphlorethol A 17 4 498.394 497.386 248.693 165.795 
Fucophlorethols C6n H4n+2 O3n Fucodiphlorethol B 35 4 498.394 497.386 248.693 165.795 
Fucophlorethols C6n H4n+2 O3n Fucodiphlorethol C 36 4 498.394 497.386 248.693 165.795 
Fucophlorethols C6n H4n+2 O3n Fucodiphlorethol D 30 4 498.394 497.386 248.693 165.795 
Fucophlorethols C6n H4n+2 O3n Fucodiphlorethol E 24 4 498.394 497.386 248.693 165.795 
Fucophlorethols C6n H4n+2 O3n Fucodiphlorethol F 43 4 498.394 497.386 248.693 165.795 
Fucophlorethols C6n H4n+2 O3n Difucophlorethol A 44 4 498.394 497.386 248.693 165.795 

Phlorethol C6n H4n+2 O3n Tetraphlorethol A 15 4 498.394 497.386 248.693 165.795 
Phlorethol C6n H4n+2 O3n Tetraphlorethol B 13 4 498.394 497.386 248.693 165.795 
Phlorethol C6n H4n+2 O3n Tetraphlorethol C 11 4 498.394 497.386 248.693 165.795 

Eckol C6n H4n O3n+1   4 512.377 511.370 255.685 170.457 
Isofuhalol C6n H4n+2 O3n+1 Tetraisofuhalol 62 4 514.393 513.385 256.693 171.128 
Isofuhalol C6n H4n+2 O3n+1   4 514.393 513.385 256.693 171.128 

Fuhalol C6n H4n+2 O3n+2 Tetrafuhalol A 49 4 530.392 529.384 264.692 176.461 
Fuhalol C6n H4n+2 O3n+2 Tetrafuhalol B 59 4 530.392 529.384 264.692 176.461 
Fuhalol C6n H4n+2 O3n+2 Tetrafuhalol C 60 4 530.392 529.384 264.692 176.461 
Fuhalol C6n H4n+2 O3n+2   4 530.392 529.384 264.692 176.461 
Eckol C6n H4n-2 O3n-1 Phlorofucofuroeckol 69 5 602.458 601.450 300.725 200.483 
Eckol C6n H4n-2 O3n-1   5 602.458 601.450 300.725 200.483 
Eckol C6n H4n-2 O3n   5 618.457 617.449 308.725 205.816 
Eckol C6n H4n O3n   5 620.473 619.465 309.733 206.488 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   5 622.489 621.481 310.740 207.160 

Fucophlorethols C6n H4n+2 O3n Fucotriphlorethol A 18 5 622.489 621.481 310.740 207.160 
Fucophlorethols C6n H4n+2 O3n Fucotriphlorethol B 31 5 622.489 621.481 310.740 207.160 
Fucophlorethols C6n H4n+2 O3n Fucotriphlorethol C 37 5 622.489 621.481 310.740 207.160 
Fucophlorethols C6n H4n+2 O3n Fucotriphlorethol D 25 5 622.489 621.481 310.740 207.160 
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Family formula compound Structure* n cycle MW m/z (z=-1) m/z (z=-2) m/z (z=-3) 
Fucophlorethols C6n H4n+2 O3n Fucotriphlorethol E 22 5 622.489 621.481 310.740 207.160 
Fucophlorethols C6n H4n+2 O3n Fucotriphlorethol F 27 5 622.489 621.481 310.740 207.160 

Eckol C6n H4n O3n+1   5 636.472 635.464 317.732 211.821 
Isofuhalol C6n H4n+2 O3n+1 Pentaisofuhalol 63 5 638.488 637.480 318.740 212.493 
Isofuhalol C6n H4n+2 O3n+1   5 638.488 637.480 318.740 212.493 

Fuhalol C6n H4n+2 O3n+3 Pentafuhalol 50 5 670.486 669.478 334.739 223.159 
Fuhalol C6n H4n+2 O3n+3   5 670.486 669.478 334.739 223.159 
Eckol C6n H4n-2 O3n 7,7'-Bieckol 73 6 726.553 725.545 362.772 241.848 
Eckol C6n H4n-2 O3n 7,9'-Bieckol 74 6 726.553 725.545 362.772 241.848 
Eckol C6n H4n-2 O3n 9,9'-Bieckol 75 6 726.553 725.545 362.772 241.848 
Eckol C6n H4n-2 O3n 7,2'''-Bieckol 76 6 726.553 725.545 362.772 241.848 
Eckol C6n H4n-2 O3n-1   6 726.553 725.545 362.772 241.848 
Eckol C6n H4n-2 O3n 8,4'''-Dieckol 72 6 742.552 741.544 370.772 247.181 
Eckol C6n H4n-2 O3n   6 742.552 741.544 370.772 247.181 
Eckol C6n H4n O3n   6 744.568 743.560 371.780 247.853 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   6 746.583 745.576 372.788 248.525 

Fucophlorethols C6n H4n+2 O3n Fucotetraphlorethol A 32 6 746.583 745.576 372.788 248.525 
Fucophlorethols C6n H4n+2 O3n Fucotetraphlorethol B 38 6 746.583 745.576 372.788 248.525 
Fucophlorethols C6n H4n+2 O3n Fucotetraphlorethol C 19 6 746.583 745.576 372.788 248.525 
Fucophlorethols C6n H4n+2 O3n Fucotetraphlorethol D 21 6 746.583 745.576 372.788 248.525 
Fucophlorethols C6n H4n+2 O3n Fucotetraphlorethol E 28 6 746.583 745.576 372.788 248.525 
Fucophlorethols C6n H4n+2 O3n Fucotetraphlorethol F 26 6 746.583 745.576 372.788 248.525 
Fucophlorethols C6n H4n+2 O3n Fucotetraphlorethol G 23 6 746.583 745.576 372.788 248.525 
Fucophlorethols C6n H4n+2 O3n Bisfucotriphlorethol A 39 6 746.583 745.576 372.788 248.525 

Eckol C6n H4n O3n+1   6 760.567 759.559 379.779 253.186 
Isofuhalol C6n H4n+2 O3n+1   6 762.582 761.575 380.787 253.858 

Eckol C6n H4n-2 O3n+2 7,7'-Dihydroxy-9,9'-Bieckol 77 6 774.550 773.542 386.771 257.847 
Fuhalol C6n H4n+2 O3n+3 Hexafuhalol 51 6 794.580 793.573 396.786 264.524 
Fuhalol C6n H4n+2 O3n+3   6 794.580 793.573 396.786 264.524 
Eckol C6n H4n-2 O3n-1   7 850.647 849.640 424.820 283.213 
Eckol C6n H4n-2 O3n   7 866.646 865.639 432.819 288.546 
Eckol C6n H4n O3n   7 868.662 867.654 433.827 289.218 
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Family formula compound Structure* n cycle MW m/z (z=-1) m/z (z=-2) m/z (z=-3) 
Fucols, Phlorethols, 

Fucophlorethols C6n H4n+2 O3n   7 870.678 869.670 434.835 289.890 

Fucophlorethols C6n H4n+2 O3n Fucopentaphlorethol A 33 7 870.678 869.670 434.835 289.890 
Fucophlorethols C6n H4n+2 O3n Fucopentaphlorethol B 20 7 870.678 869.670 434.835 289.890 
Fucophlorethols C6n H4n+2 O3n Bisfucotetraphlorethol A 40 7 870.678 869.670 434.835 289.890 
Fucophlorethols C6n H4n+2 O3n Trifucotriphlorethol A 45 7 870.678 869.670 434.835 289.890 

Eckol C6n H4n O3n+1   7 884.661 883.653 441.827 294.551 
Isofuhalol C6n H4n+2 O3n+1   7 886.677 885.669 442.835 295.223 

Fuhalol C6n H4n+2 O3n+3 Heptafuhalol 52 7 918.675 917.667 458.834 305.889 
Fuhalol C6n H4n+2 O3n+3 Desoxyheptafuhalol 53 7 918.675 917.667 458.834 305.889 
Fuhalol C6n H4n+2 O3n+3   7 918.675 917.667 458.834 305.889 
Eckol C6n H4n-2 O3n-1   8 974.742 973.734 486.867 324.578 
Eckol C6n H4n-2 O3n   8 990.741 989.733 494.867 329.911 
Eckol C6n H4n O3n   8 992.757 991.749 495.874 330.583 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   8 994.773 993.765 496.882 331.255 

Fucophlorethols C6n H4n+2 O3n Bisfucopentaphlorethol A 41 8 994.773 993.765 496.882 331.255 
Fucophlorethols C6n H4n+2 O3n Trifucotetraphlorethol A 46 8 994.773 993.765 496.882 331.255 
Fucophlorethols C6n H4n+2 O3n Fucoheptaphlorethol A 34 8 994.773 993.765 496.882 331.255 

Eckol C6n H4n O3n+1   8 1008.756 1007.748 503.874 335.916 
Isofuhalol C6n H4n+2 O3n+1   8 1010.772 1009.764 504.882 336.588 

Fuhalol C6n H4n+2 O3n+4 Octafuhalol 54 8 1058.769 1057.761 528.880 352.587 
Fuhalol C6n H4n+2 O3n+4   8 1058.769 1057.761 528.880 352.587 
Eckol C6n H4n-2 O3n-1   9 1098.837 1097.829 548.914 365.943 
Eckol C6n H4n-2 O3n   9 1114.836 1113.828 556.914 371.276 
Eckol C6n H4n O3n   9 1116.851 1115.844 557.922 371.948 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   9 1118.867 1117.859 558.930 372.620 

Eckol C6n H4n O3n+1   9 1132.850 1131.843 565.921 377.281 
Isofuhalol C6n H4n+2 O3n+1   9 1134.866 1133.858 566.929 377.953 

Fuhalol C6n H4n+2 O3n+4 Nonafuhalol 55 9 1182.863 1181.855 590.928 393.952 
Fuhalol C6n H4n+2 O3n+4   9 1182.863 1181.855 590.928 393.952 
Eckol C6n H4n-2 O3n-1   10 1222.931 1221.923 610.962 407.308 
Eckol C6n H4n-2 O3n   10 1238.930 1237.922 618.961 412.641 
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Family formula compound Structure* n cycle MW m/z (z=-1) m/z (z=-2) m/z (z=-3) 
Eckol C6n H4n O3n   10 1240.946 1239.938 619.969 413.313 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   10 1242.962 1241.954 620.977 413.985 

Eckol C6n H4n O3n+1   10 1256.945 1255.937 627.969 418.646 
Isofuhalol C6n H4n+2 O3n+1   10 1258.961 1257.953 628.976 419.318 

Eckol C6n H4n-2 O3n-1   11 1347.026 1346.018 673.009 448.673 
Eckol C6n H4n-2 O3n   11 1363.025 1362.017 681.008 454.006 
Eckol C6n H4n O3n   11 1365.041 1364.033 682.016 454.678 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   11 1367.056 1366.049 683.024 455.350 

Eckol C6n H4n O3n+1   11 1381.040 1380.032 690.016 460.011 
Isofuhalol C6n H4n+2 O3n+1   11 1383.055 1382.048 691.024 460.683 

Fuhalol C6n H4n+2 O3n+5 Undecafuhalol 56 11 1447.051 1446.044 723.022 482.015 
Eckol C6n H4n-2 O3n-1   12 1471.120 1470.113 735.056 490.038 
Eckol C6n H4n-2 O3n   12 1487.119 1486.112 743.056 495.371 
Eckol C6n H4n O3n   12 1489.135 1488.127 744.064 496.042 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   12 1491.151 1490.143 745.072 496.714 

Eckol C6n H4n O3n+1   12 1505.134 1504.126 752.063 501.375 
Isofuhalol C6n H4n+2 O3n+1   12 1507.150 1506.142 753.071 502.047 
Dieckol C6n H4n-2 O3n+2   12 1519.117 1518.110 759.055 506.037 
Eckol C6n H4n-2 O3n-1   13 1595.215 1594.207 797.104 531.402 
Eckol C6n H4n-2 O3n   13 1611.214 1610.206 805.103 536.735 
Eckol C6n H4n O3n   13 1613.230 1612.222 806.111 537.407 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   13 1615.246 1614.238 807.119 538.079 

Eckol C6n H4n O3n+1   13 1629.229 1628.221 814.110 542.740 
Isofuhalol C6n H4n+2 O3n+1   13 1631.245 1630.237 815.118 543.412 

Fuhalol C6n H4n+2 O3n+6 Tridecafuhalol 57 13 1711.240 1710.232 855.116 570.077 
Eckol C6n H4n-2 O3n-1   14 1719.310 1718.302 859.151 572.767 
Eckol C6n H4n-2 O3n   14 1735.309 1734.301 867.150 578.100 
Eckol C6n H4n O3n   14 1737.324 1736.317 868.158 578.772 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   14 1739.340 1738.332 869.166 579.444 
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Family formula compound Structure* n cycle MW m/z (z=-1) m/z (z=-2) m/z (z=-3) 
Eckol C6n H4n O3n+1   14 1753.323 1752.316 876.158 584.105 

Isofuhalol C6n H4n+2 O3n+1   14 1755.339 1754.331 877.166 584.777 
Eckol C6n H4n-2 O3n-1   15 1843.404 1842.396 921.198 614.132 
Eckol C6n H4n-2 O3n   15 1859.403 1858.395 929.198 619.465 
Eckol C6n H4n O3n   15 1861.419 1860.411 930.206 620.137 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   15 1863.435 1862.427 931.213 620.809 

Eckol C6n H4n O3n+1   15 1877.418 1876.410 938.205 625.470 
Fuhalol C6n H4n+2 O3n+7   15 1975.428 1974.420 987.210 658.140 
Eckol C6n H4n-2 O3n-1   16 1967.499 1966.491 983.245 655.497 
Eckol C6n H4n-2 O3n   16 1983.498 1982.490 991.245 660.830 
Eckol C6n H4n O3n   16 1985.514 1984.506 992.253 661.502 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   16 1987.529 1986.522 993.261 662.174 

Eckol C6n H4n O3n+1   16 2001.513 2000.505 1000.252 666.835 
Eckol C6n H4n-2 O3n-1   17 2091.593 2090.586 1045.293 696.862 
Eckol C6n H4n-2 O3n   17 2107.592 2106.585 1053.292 702.195 
Eckol C6n H4n O3n   17 2109.608 2108.600 1054.300 702.867 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   17 2111.624 2110.616 1055.308 703.539 

Eckol C6n H4n O3n+1   17 2125.607 2124.599 1062.300 708.200 
Fuhalol C6n H4n+2 O3n+8   17 2239.616 2238.608 1119.304 746.203 
Eckol C6n H4n-2 O3n-1   18 2215.688 2214.680 1107.340 738.227 
Eckol C6n H4n-2 O3n   18 2231.687 2230.679 1115.340 743.560 
Eckol C6n H4n O3n   18 2233.703 2232.695 1116.347 744.232 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   18 2235.719 2234.711 1117.355 744.904 

Eckol C6n H4n O3n+1   18 2249.702 2248.694 1124.347 749.565 
Dieckol C6n H4n-2 O3n+2   18 2263.685 2262.677 1131.339 754.226 
Eckol C6n H4n-2 O3n-1   19 2339.783 2338.775 1169.387 779.592 
Eckol C6n H4n-2 O3n   19 2355.782 2354.774 1177.387 784.925 
Eckol C6n H4n O3n   19 2357.797 2356.790 1178.395 785.597 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   19 2359.813 2358.805 1179.403 786.268 
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Family formula compound Structure* n cycle MW m/z (z=-1) m/z (z=-2) m/z (z=-3) 
Eckol C6n H4n O3n+1   19 2373.796 2372.789 1186.394 790.930 

Fuhalol C6n H4n+2 O3n+9   19 2503.804 2502.796 1251.398 834.265 
Eckol C6n H4n-2 O3n-1   20 2463.877 2462.869 1231.435 820.956 
Eckol C6n H4n-2 O3n   20 2479.876 2478.868 1239.434 826.289 
Eckol C6n H4n O3n   20 2481.892 2480.884 1240.442 826.961 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   20 2483.908 2482.900 1241.450 827.633 

Eckol C6n H4n O3n+1   20 2497.891 2496.883 1248.442 832.294 
Eckol C6n H4n-2 O3n-1   21 2587.972 2586.964 1293.482 862.321 
Eckol C6n H4n-2 O3n   21 2603.971 2602.963 1301.481 867.654 
Eckol C6n H4n O3n   21 2605.987 2604.979 1302.489 868.326 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   21 2608.002 2606.995 1303.497 868.998 

Eckol C6n H4n O3n+1   21 2621.986 2620.978 1310.489 873.659 
Fuhalol C6n H4n+2 O3n+10   21 2767.992 2766.985 1383.492 922.328 
Eckol C6n H4n-2 O3n-1   22 2712.066 2711.059 1355.529 903.686 
Eckol C6n H4n-2 O3n   22 2728.065 2727.058 1363.529 909.019 
Eckol C6n H4n O3n   22 2730.081 2729.073 1364.537 909.691 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   22 2732.097 2731.089 1365.545 910.363 

Eckol C6n H4n O3n+1   22 2746.080 2745.072 1372.536 915.024 
Eckol C6n H4n-2 O3n-1   23 2836.161 2835.153 1417.577 945.051 
Eckol C6n H4n-2 O3n   23 2852.160 2851.152 1425.576 950.384 
Eckol C6n H4n O3n   23 2854.176 2853.168 1426.584 951.056 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   23 2856.192 2855.184 1427.592 951.728 

Eckol C6n H4n O3n+1   23 2870.175 2869.167 1434.583 956.389 
Fuhalol C6n H4n+2 O3n+11   23 3032.181 3031.173 1515.586 1010.391 
Eckol C6n H4n-2 O3n-1   24 2960.256 2959.248 1479.624 986.416 
Eckol C6n H4n-2 O3n   24 2976.255 2975.247 1487.623 991.749 
Eckol C6n H4n O3n   24 2978.270 2977.263 1488.631 992.421 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   24 2980.286 2979.278 1489.639 993.093 

Eckol C6n H4n O3n+1   24 2994.269 2993.262 1496.631 997.754 
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Family formula compound Structure* n cycle MW m/z (z=-1) m/z (z=-2) m/z (z=-3) 
Dieckol C6n H4n-2 O3n+2   24 3008.253 3007.245 1503.622 1002.415 
Eckol C6n H4n-2 O3n-1   25 3084.350 3083.342 1541.671 1027.781 
Eckol C6n H4n-2 O3n   25 3100.349 3099.341 1549.671 1033.114 
Eckol C6n H4n O3n   25 3102.365 3101.357 1550.679 1033.786 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   25 3104.381 3103.373 1551.686 1034.458 

Eckol C6n H4n O3n+1   25 3118.364 3117.356 1558.678 1039.119 
Eckol C6n H4n-2 O3n-1   26 3208.445 3207.437 1603.718 1069.146 
Eckol C6n H4n-2 O3n   26 3224.444 3223.436 1611.718 1074.479 
Eckol C6n H4n O3n   26 3226.460 3225.452 1612.726 1075.151 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   26 3228.475 3227.468 1613.734 1075.823 

Eckol C6n H4n O3n+1   26 3242.459 3241.451 1620.725 1080.484 
Eckol C6n H4n-2 O3n-1   27 3332.539 3331.532 1665.766 1110.511 
Eckol C6n H4n-2 O3n   27 3348.538 3347.531 1673.765 1115.844 
Eckol C6n H4n O3n   27 3350.554 3349.546 1674.773 1116.515 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   27 3352.570 3351.562 1675.781 1117.187 

Eckol C6n H4n O3n+1   27 3366.553 3365.545 1682.773 1121.848 
Eckol C6n H4n-2 O3n-1   28 3456.634 3455.626 1727.813 1151.875 
Eckol C6n H4n-2 O3n   28 3472.633 3471.625 1735.813 1157.208 
Eckol C6n H4n O3n   28 3474.649 3473.641 1736.820 1157.880 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   28 3476.665 3475.657 1737.828 1158.552 

Eckol C6n H4n O3n+1   28 3490.648 3489.640 1744.820 1163.213 
Eckol C6n H4n-2 O3n-1   29 3580.729 3579.721 1789.860 1193.240 
Eckol C6n H4n-2 O3n   29 3596.728 3595.720 1797.860 1198.573 
Eckol C6n H4n O3n   29 3598.743 3597.736 1798.868 1199.245 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   29 3600.759 3599.751 1799.876 1199.917 

Eckol C6n H4n O3n+1   29 3614.742 3613.735 1806.867 1204.578 
Eckol C6n H4n-2 O3n-1   30 3704.823 3703.815 1851.908 1234.605 
Eckol C6n H4n-2 O3n   30 3720.822 3719.814 1859.907 1239.938 
Eckol C6n H4n O3n   30 3722.838 3721.830 1860.915 1240.610 
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Family formula compound Structure* n cycle MW m/z (z=-1) m/z (z=-2) m/z (z=-3) 
Fucols, Phlorethols, 

Fucophlorethols C6n H4n+2 O3n   30 3724.854 3723.846 1861.923 1241.282 

Eckol C6n H4n O3n+1   30 3738.837 3737.829 1868.915 1245.943 
Eckol C6n H4n-2 O3n-1   31 3828.918 3827.910 1913.955 1275.970 
Eckol C6n H4n-2 O3n   31 3844.917 3843.909 1921.954 1281.303 
Eckol C6n H4n O3n   31 3846.933 3845.925 1922.962 1281.975 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   31 3848.948 3847.941 1923.970 1282.647 

Eckol C6n H4n O3n+1   31 3862.932 3861.924 1930.962 1287.308 
Eckol C6n H4n-2 O3n-1   32 3953.012 3952.005 1976.002 1317.335 
Eckol C6n H4n-2 O3n   32 3969.011 3968.004 1984.002 1322.668 
Eckol C6n H4n O3n   32 3971.027 3970.019 1985.010 1323.340 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   32 3973.043 3972.035 1986.018 1324.012 

Eckol C6n H4n O3n+1   32 3987.026 3986.018 1993.009 1328.673 
Eckol C6n H4n-2 O3n-1   33 4077.107 4076.099 2038.050 1358.700 
Eckol C6n H4n-2 O3n   33 4093.106 4092.098 2046.049 1364.033 
Eckol C6n H4n O3n   33 4095.122 4094.114 2047.057 1364.705 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   33 4097.138 4096.130 2048.065 1365.377 

Eckol C6n H4n O3n+1   33 4111.121 4110.113 2055.056 1370.038 
Eckol C6n H4n-2 O3n-1   34 4201.202 4200.194 2100.097 1400.065 
Eckol C6n H4n-2 O3n   34 4217.201 4216.193 2108.096 1405.398 
Eckol C6n H4n O3n   34 4219.216 4218.209 2109.104 1406.070 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   34 4221.232 4220.224 2110.112 1406.741 

Eckol C6n H4n O3n+1   34 4235.215 4234.208 2117.104 1411.403 
Eckol C6n H4n-2 O3n-1   35 4325.296 4324.288 2162.144 1441.429 
Eckol C6n H4n-2 O3n   35 4341.295 4340.287 2170.144 1446.762 
Eckol C6n H4n O3n   35 4343.311 4342.303 2171.152 1447.434 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   35 4345.327 4344.319 2172.159 1448.106 

Eckol C6n H4n O3n+1   35 4359.310 4358.302 2179.151 1452.767 
Eckol C6n H4n-2 O3n-1   36 4449.391 4448.383 2224.191 1482.794 
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Family formula compound Structure* n cycle MW m/z (z=-1) m/z (z=-2) m/z (z=-3) 
Eckol C6n H4n-2 O3n   36 4465.390 4464.382 2232.191 1488.127 
Eckol C6n H4n O3n   36 4467.406 4466.398 2233.199 1488.799 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   36 4469.421 4468.414 2234.207 1489.471 

Eckol C6n H4n O3n+1   36 4483.405 4482.397 2241.198 1494.132 
Eckol C6n H4n-2 O3n-1   37 4573.485 4572.478 2286.239 1524.159 
Eckol C6n H4n-2 O3n   37 4589.484 4588.477 2294.238 1529.492 
Eckol C6n H4n O3n   37 4591.500 4590.492 2295.246 1530.164 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   37 4593.516 4592.508 2296.254 1530.836 

Eckol C6n H4n O3n+1   37 4607.499 4606.491 2303.246 1535.497 
Eckol C6n H4n-2 O3n-1   38 4697.580 4696.572 2348.286 1565.524 
Eckol C6n H4n-2 O3n   38 4713.579 4712.571 2356.286 1570.857 
Eckol C6n H4n O3n   38 4715.595 4714.587 2357.293 1571.529 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   38 4717.611 4716.603 2358.301 1572.201 

Eckol C6n H4n O3n+1   38 4731.594 4730.586 2365.293 1576.862 
Eckol C6n H4n-2 O3n-1   39 4821.675 4820.667 2410.333 1606.889 
Eckol C6n H4n-2 O3n   39 4837.674 4836.666 2418.333 1612.222 
Eckol C6n H4n O3n   39 4839.689 4838.682 2419.341 1612.894 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   39 4841.705 4840.697 2420.349 1613.566 

Eckol C6n H4n O3n+1   39 4855.688 4854.681 2427.340 1618.227 
Eckol C6n H4n-2 O3n-1   40 4945.769 4944.761 2472.381 1648.254 
Eckol C6n H4n-2 O3n   40 4961.768 4960.760 2480.380 1653.587 
Eckol C6n H4n O3n   40 4963.784 4962.776 2481.388 1654.259 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   40 4965.800 4964.792 2482.396 1654.931 

Eckol C6n H4n O3n+1   40 4979.783 4978.775 2489.388 1659.592 
Eckol C6n H4n-2 O3n-1   41 5069.864 5068.856 2534.428 1689.619 
Eckol C6n H4n-2 O3n   41 5085.863 5084.855 2542.427 1694.952 
Eckol C6n H4n O3n   41 5087.879 5086.871 2543.435 1695.624 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   41 5089.894 5088.887 2544.443 1696.296 
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Family formula compound Structure* n cycle MW m/z (z=-1) m/z (z=-2) m/z (z=-3) 
Eckol C6n H4n O3n+1   41 5103.878 5102.870 2551.435 1700.957 
Eckol C6n H4n-2 O3n-1   42 5193.958 5192.951 2596.475 1730.984 
Eckol C6n H4n-2 O3n   42 5209.957 5208.950 2604.475 1736.317 
Eckol C6n H4n O3n   42 5211.973 5210.965 2605.483 1736.988 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   42 5213.989 5212.981 2606.491 1737.660 

Eckol C6n H4n O3n+1   42 5227.972 5226.964 2613.482 1742.321 
Eckol C6n H4n-2 O3n-1   43 5318.053 5317.045 2658.523 1772.348 
Eckol C6n H4n-2 O3n   43 5334.052 5333.044 2666.522 1777.681 
Eckol C6n H4n O3n   43 5336.068 5335.060 2667.530 1778.353 

Fucols, Phlorethols, 
Fucophlorethols C6n H4n+2 O3n   43 5338.084 5337.076 2668.538 1779.025 

Eckol C6n H4n O3n+1   43 5352.067 5351.059 2675.529 1783.686 
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Annexe 2 Some metabolites from macroalgae and their applications. From Arasaki and Arasaki (1983), Guiry and Blunden (1991), Guiry and Guiry (2011), Pérez (1997), Smit 
(2004), Werner et al. (2004) References in Chapter 6. 

Industry Applications Species 

Human 
consumption 
(in Europe 
only) 

Sea vegetables, food ingredients 

Saccharina latissima Laminaria hyperborea, Undaria pinnatifida (Wakame) , Fucus 
serratus, Fucus vesiculosus, Fucus spiralis, Ascophyllum nodosum, Himanthalia elongata, 
Alaria esculenta, Porphyra yesoensis (Nori), Porphyra tenera (Nori), Porphyra leucostica, 
Porphyra linearis, Porphyra umbilicalis, Palmaria palmata, Chondrus crispus, 
Mastocarpus stellatus, Iridae edulis, Enteromorpha prolifera (Ao Nori), Enteromorpha 
linza (Ao Nori), Ulva rigida 

Animal feed Food additive Alaria esculenta 
 trace element and vitamins source Ascophyllum nodosum 
 Protein source for fish, shellfish, poultry, cattle Palmaria palmata 
 Animal feed supplement Phymatolithon calcareum, Lithothamnion corallioides (Maerl) 
 Antibiotics against fish pathogenes Red algae 
  Protein source for fish, shellfish, poultry, cattle Ulva spp. 

Health Nutraceuticals (Functional food, food 
supplements) Alaria esculenta, Saccharina latissima 

 Seaweed bath, wrap, spa, thalassotherapy Ascophyllum nodosum, Fucus spp. 
 Calcium supplements (aragonite) Padina pavonica 

 Para-pharmaceuticals  Palmaria palmata Porphyra spp., Chondrus crispus 

Cosmetics 
Seaweed extracts as additives with claimed 
function (Antioxidant, moisturising, 
antibacterial, anti-UV) 

Himanthalia elongata 

 Emulsifier and emulsion stabilizer in cream and 
lotions. (alginate/carrageenan) 

Laminaria digitata, Laminaria hyperborea, Saccharina japonica, Macrocystis pyrifera, 
Ascophyllum nodosum, Ecklonia maxima, Gigartinaceae, Solieriaceae, Phyllophoraceae, 
Hypneaceae 

 Excipient absorbable in gels, creams, ointments 
and pomades. (alginate/carrageenan) 

Laminaria digitata, Laminaria hyperborea, Saccharina japonica, Macrocystis pyrifera, 
Ascophyllum nodosum, Ecklonia maxima., Gigartinaceae, Solieriaceae, Phyllophoraceae, 
Hypneaceae 

 Seaweed extracts as additives with claimed 
function (anti-cancer, anti-UV, nutritive) Palmaria palmata 
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Industry Applications Species 

 Foam stabilizer (Alginate/carrageenan) 
Laminaria digitata,Laminaria hyperborea, Saccharina japonica, Macrocystis pyrifera, 
Ascophyllum nodosum, Ecklonia maxima., Gigartinaceae, Solieriaceae, Phyllophoraceae, 
Hypneaceae 

 Seaweed extracts as additives with claimed 
function Chondrus crispus 

 "Peeling" effect in creams Lithothamnium calcareum 

  
Bioactive algal compounds with proven effects 
(e.g. Anti-wrinkle, anti-acne, anti-dandruff), 
"phykosyl" 

Asparagopsis armata 

Agrochemicals growth enhancer Laminaria digitata 

 stimulant for plant defence systems ("Plant 
vaccine"), liquid extracts. Ascophyllum nodosum, Fucus spp., Ecklonia maxima, Laminaria spp., Durvillaea spp. 

 Fungicides  Dictyopteris undulata, Dictyopteris zonaroides, Dictyopteris justi, Chondria spp., 
Laurencia spp., Asparagopsis armata, Falkenbergia spp. 

 Soil additive Phymatolithon calcareum, Lithothamnion corallioides (Maerl) 
  Bactericides Red algae 
Biotechnology Surface protecting substances (alginate) Laminaria spp. 

 Enzymes for specifically modifying chemical 
compounds  Fucus spp. 

 Biomedicine (surgery, transplantation, 
encapsulation, etc) Brown algae (alginate) 

 immobilization of cells, enzymes on gel 
(alginate/carrageenan/agar) 

Laminaria digitata,Laminaria hyperborea, Saccharina japonica, Macrocystis pyrifera, 
Ascophyllum nodosum, Ecklonia maxima. Gelidium spp., Pterocladia spp., Gracilaria spp., 
Gigartinaceae, Solieriaceae, Phyllophoraceae, Hypneaceae 

 Food engineering Red algae 

Biomedicine Bioactive algal compounds with proven 
activities, such as:   

 Antiviral (neoagarobiose HP) Gelidium spp. 
 Antiviral (carrageenan iota and lambda) Chondrus crispus 
 Antiviral (sulfoglucine) Palmaria palmata, Dumontiaceae 
 Antiviral (cetonic extracts) Cladophora rupestris 
 Antibacterial (furanone) Pelvetia canaliculata, Polysiphonia nigrescens, Iridaea violacea, Delisea pulchra, 
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Industry Applications Species 
Spongomorpha elonga 

 Antibacterial (terpenes) 

Laminaria digitata, Chondria littoralis, Cystoseira spp., Sargassum spp., Dictyota spp., 
Delisea fimbriata, Ceramium rubrum, Chondria littoralis, Laurencia hybrida, Laurencia 
ridea, Ulva lactuca, Caulerpa taxifolia, ,Caulerpa proliera, Udotea flabellum, Codium 
ramosum, Cladophora rupestris, Derbesia enita, Caulerpa lentillifera,   

 Antibacterial (Halogenated aliphatics) Asparagopsis armata, Asparagopsis taxiformis, Falkenbergia hildenbrandii, 
Bonnemaisonia hamifera, Gracilaria gracilis, Hypnea musciformis, Anadyomene stellata 

 Antibacterial (cyclical polysulfides) Dictyopteris zonaroides, Dictyopteris justi, Chondria californica 

 Antibacterial (phenolic compounds) 

Fucales, Dictyotales, Sphacelariales, Laminariales Halopteris scoparia, Halopteris 
incurvus, Delesseria sanguinea, Rhodomela confervoides, Polysiphonia nigrescens, 
Polysiphonia urceolata, Polysiphonia lanosa, Dasya pedicellata,Caulerpa lentillifera, 
Caulerpa racemosa, Bryopsis plumosa, Cladophora cornuta, Acetabularia fragilis 

 Antibacterial (sulfuric acid) Desmarestia aculeata 
 Antifungal (hydroquinone) Dictyopteris undulata 
 Antifungal (sterols isozonarol and zonarol) Dictyopteris zonaroides, Dictyopteris justi 
 Antifungal  Chondria spp., Laurencia spp., Asparagopsis armata, Falkenbergia spp. 
 Antihelminthic (Kainic and allokainic acid) Digenea simplex 
 Antihelmintihc (domoic acid) Chondria armata 

 Antihelminthic (active compounds not defined) Durvillaea antarctica, Sargassum vulgare, Corallina officinalis, Palmaria palmata, Hypnea 
musciformis, Ulva lactuca 

 Hypocholesteroelemic 

Sargassum muticum, Fucus serratus, Pelvetia spp., Laminaria spp., Undaria pinnatifida, 
Chordaria spp., Heterochordaria spp., Gelidium latifolium, Porphyra spp., Gelidium 
amansii, Enteromorpha compressa, Enteromorpha prolifera, Ulva pertusa, Monostroma 
nitidum 

 Hypotenser Laminaria digitata, Saccharina latissima, Saccharina japonica, Undaria pinnatifida, 
Undaria undaroides, Ecklonia cava 

 Anti-coagulant Laminaria spp., Ecklonia spp., Pelvetia spp., Fucus spp., Ascophyllum nodosum, Delesseria 
spp., Asparagopsis spp., Halopteris spp., Chondrus spp., Euchema spp., Gigartina spp. 

 Anti-mitotic 
Fucus vesiculosus, Ascophyllum nodosum, Padina pavonica, Spatoglossum schmittii, 
Stypopodium zonale, Laurencia pinnatifida, Laurencia hybrida, Ceramium rubrum, 
Asparagopsis spp., Hypnea spp., Spyridia spp. 
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Industry Applications Species 
 Anti-inflammatory Ascophyllum nodosum 
 Neuroactive (caulerpicin) Caulerpa spp. 
 Neuroactive (costadiol, anxiolytic) Plocamium costatum 

 Neuroactive (deridol, enhance effect of 
phenobarbital) Laurencia derida,  

 Insecticide and anti-epidemic (phenolic + 
halogenated compounds) Laurencia pinnatifida, Laurencia obtusa, Odonthalia flacosa, Plocamium cartilagineum 

Bioconversion 
of seaweeds 
(Mostly 
research trials) 

Biomethane/Biogas 

Alaria esculenta, Laminaria hyperborea, Ascophyllum nodosum, Saccorhiza polyschides,  
Saccharina latissima, Saccharina japonica, Sargassum spp, Fucus spp., Chondrus 
crispus, Gracilaria tikvahiae, Gracilaria verrucosa, Iridaea spp., Ulva spp., Codium 
fragile, Chaetomorpha aerea, Cladophora spp. 

  Bioethanol Laminaria digitata,Laminaria hyperborea, Saccharina latissima, Saccharina japonica, 
Macrocystis pyrifera. 

Environmental 
uses Aquaculture nutrient output purification Ulva spp. 

 Heavy metal chelation Laminaria spp. 
 Carbon sink Saccharina japonica 

 Integrated Multitrophic Aquaculture in tanks 

Saccharina latissima, Gracilaria lemaneiformis, Gracilaria bursa pastoris, Gracilaria 
chilensis, Gracilaria tenuistipitata, Gracilaria conferta, Gracilariopsis longissima, 
Gracilaria spp., Palmaria mollis, Palmaria palmata, Chondrus crispus, Ulva rigida, Ulva 
rotundata, Ulva lactuca, Ulva spp. 

  Integrated Multitrophic Aquaculture at sea Macrocystis pyrifera, Saccharina latissima, Laminaria digitata, Laminaria hyperborea, 
Saccorhiza polyschides, Gracilaria chilensis, Palmaria palmata  

Biomaterial Poly-alcanolate derivatives  
 Poly-lactate derivatives Cladophora rupestris 

 

 


