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Abstract: Marine macroalgal (seaweed) polysaccharides are highly promising for next-generation
applications in several industries. However, despite the reported comprehensive potential of these
polysaccharides, commercial products are scarce on the market. Seaweed cultivations are increasing in
number and production quantity, owing to an elevated global trend of utilization interest in seaweed.
The extraction of polysaccharides from seaweed generally generates low yields, but novel methods
are being developed to facilitate and improve the extraction processes. Current areas of applications
for seaweed polysaccharides mainly take advantage of the physicochemical properties of certain
polysaccharides, such as gelling, thickening and emulsifying. However, many of the numerous
bioactivities reported are still only at research level and lack clinical evidence for commercialization.
It has been suggested the construction of smaller units may generate better defined molecules that
are more suitable for biomedical applications. Enzymatic modification is a promising tool for the
generation of more defined, targeted biomolecules. This review covers; structural differences between
the most predominant marine algal polysaccharides, extraction processes, modification alternatives,
as well as a summary of current and potential next-generation application areas.

Keywords: seaweed; composition; structure; extraction; enzymatic modification; application; bioactivity

1. Introduction

Marine macroalgae (seaweeds) are highly promising as biomass resources for next generation
biorefineries. Seaweeds include several species of macroscopic, multicellular marine algae. According
to Chapman and Chapman [1], “Seaweeds belong to a rather ill-defined assemblage of plants known
as the algae. The term ‘seaweed’ itself does not have any taxonomic value, but is rather a popular
term used to describe the common large attached marine algae found in the groups Chlorophyceae,
Rhodophyceae, Phaeophyceae or green, red and brown algae respectively”.

Currently, approximately 32 million tonnes (wet weight) of seaweed is harvested globally [2],
of which around one million tonnes are harvested wild, while the harvest of the remaining 31 million
tonnes involves farmed seaweeds—with the largest production countries being China, Indonesia and
the Philippines [2]. In Europe, wild harvests still dominate, with Norway being one of the leading
producers globally (0.16 million tonnes harvested wild in 2016) [2]. Interest in the cultivation of
seaweeds in Europe is however growing, although it is still at an early stage, with a total production of
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less than 2000 tonnes in 2016 (mainly large brown kelps, such as Saccharina latissima, Undaria pinnatifida,
and Alaria esculenta) [3]. The most important farmed seaweed species include the red seaweeds
Eucheuma spp. (10.2 million tonnes), Gracilaria spp. (3.9 million tonnes), Kappaphycus spp. (1.8 million
tonnes) and Porphyra spp. (also called nori, 1.2 million tonnes), and the brown seaweeds Saccarina
japonica (brown seaweed species, 8.0 million tonnes) and U. pinnatifida (also called wakame, 2.3 million
tonnes) [4].

Seaweed cultivation initiatives in Europe are driven both by the demand for sustainable biomass
resources for industrial applications, and the increasing attention on more sustainable food production
and consumption. Seaweeds are promising in these aspects, due to their high productivity (exceeding
terrestrial biomass), the possibilities of bulk-scale farming without the need for fertilizers (not competing
with agricultural land), combined with causing very limited harm to the seabed or to fishery
resources [4–6]. Seaweed farming requires no fresh water for cultivation and occupies no terrestrial
space. In addition, seaweeds have a high carbohydrate content (approximately 50% DW (dry weight)
in different polymeric forms [5,6]) and they contain essential amino acids [7]. Seaweeds are also known
to contain various compounds with bioactivity, including a number of their polysaccharides, which
have been investigated in numerous research articles, but are not yet established as industrial products.

The main components in seaweeds include: polysaccharides, minerals, proteins, small amounts of
lipids, polyphenols and pigments. The seaweed polysaccharides pose a challenge as industrial feedstock
because of their structural complexity, “unconventional” and heterogeneous sugar composition,
sulfation and other modifications. The possible product range from macroalgae may, however, surpass
other biomass of comparable bulk and ease of cultivation. Besides all lignocellulose sugars, hexoses
(glucose, mannose and galactose), and pentoses (xylose and arabinose), appreciable amounts of “rare
sugars” (sugar alcohols, deoxy sugars and sugar acids (uronates)) are present in macroalgae. These
recalcitrant macroalgal polysaccharides are relatively new to industry, but they need to be utilized to
ensure full valorisation of seaweed biomass. Added value derivatives that can be obtained by enzymatic
and microbial conversions include food and feed additives, such as modified polysaccharides and
oligosaccharides with reported health promoting effects. However, the most attractive unrealized
potential may be in unique, speciality chemicals and platform chemicals, based on properties and
possibilities due to their rare sugars, for the chemical and pharmaceutical industries.

The combined potential of underexploited biomass, the prospect of vastly increased global
production, novel added-value products, and the anticipated expanded product range from seaweed
biomass has led to a number of European projects involving both seaweed cultivation and the
development of technological platforms for fractionation, extraction and pre-processing. Continued
work in this field will help to overcome current challenges in terms of limited shelf-life of the harvested
material, and further developments in establishing biocatalytic refining processes will help to expand
the product portfolios that today are mainly confined to purified components from the biomass [8].
The main products of seaweeds are still the carbohydrate polymers alginate (brown seaweeds), agar
and carrageenan (red seaweeds), which are extracted and refined in bulk and have important uses as
hydrocolloids, emulsifiers and thickeners [1]. These compounds are produced by methodologies that
can be described as mechanical and/or physicochemical extraction and fractionation technology, and
hence they are basically unmodified seaweed components. Products (on a more industrial scale) based
on biocatalytic or microbial conversions of seaweed biomass are, in principle, limited to conversion to
energy via anaerobic digestion, which still has some challenges to overcome to become economically
viable [9]. Enzyme conversions are still mostly at research level [8] but hold a range of possibilities as
the necessary processes and tools are being developed at this stage.

In this review, we outline the main components of marine macroalgae, including brown, red,
as well as green seaweed species. Different protocols to extract and fractionate defined components
are shown, and modification possibilities of purified extracts are mentioned. Application areas of
seaweeds are also presented, showing both currently existing as well as novel possibilities.
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2. Brown Seaweed Polysaccharides

Brown seaweed, Phaeophyceae, are widespread macro algae growing abundantly at northern
latitudes in marine cold waters [10], although some species are indigenous to fresh and brackish
waters. Brown algae contain a carotenoid pigment, fucoxanthin, providing the plant’s characteristic
brown color by suppressing other pigments. The sizes of brown algae plant bodies range from a few
millimeters up to some 70 m [11], indicating a variety in structure and composition between species
within the same algal class.

Brown macroalgae consist of a complex and dynamic cell wall rich in polysaccharides, such as
alginate (also alginic acid and algin), fucoidan (also fucoidin and fucan), laminarin (also laminaran),
and cellulose [12,13], but also containing polyphenols, proteins, glycoproteins, phlorotannins (sulfated
phenolic compounds), halogens such as iodine, and minerals, such as sodium, potassium, calcium
and magnesium [11,13]. The relative content of different compounds varies between species and is
highly dependent on seasonal, environmental and regional factors [14]. Additionally, while alginate
seems to constitute a significant part of all brown algae, laminarin and fucoidan appear to occur more
frequently in some species, such as Laminaria spp. and Fucus spp., than in others [11]. The presence of
free sugars, such as glucose, fructose and sucrose in brown algae is insignificant, since monomeric
sugars are immediately converted into d-mannitol and polysaccharides [14]. Glucose content, for
instance, is seasonally dependent, bound mainly in the beta-glucan, laminarin that acts as storage
polysaccharide in the cells.

Deniaud-Bouët et al. [12] suggest that the cell wall of brown algae consists of fucose containing
sulfated polysaccharides (FCSPs) as a major crosslinking glycan in the cell walls, interlocking the
cellulose microfibrils situated in layers parallel to the cell surface that constitute the framework of the
cell. They also suggest that short fragments of hemicellulose are intermediate links between cellulose
and the cross-linking FCSPs, although the composition of these proposed hemicellulose fragments is not
defined. These structures are embedded in a matrix of alginates. The cell wall matrix is postulated to
consist of mainly alginates, proteins, polyphenols (linked to both these compound groups), and iodine.
Cellulose and/or mixed linkage glucans, comprising only a minor fraction (<10% DW) [15], may also
have a structural role in the cell wall as microfibrils associated with fucoidan or alginate [12,16].

Brown algae appears to have emerged later in time than red algae, green algae and terrestrial plants.
No unicellular brown algae species have been found, and the development of the multicellularity and
plant-like structures of brown algae occurred isolated from other algae and plants. However, brown
algae have cell wall polysaccharides in common with plants (cellulose), animals (sulfated fucans) and
bacteria (alginate) [13]. Although brown algae comprise a wide variety of compounds, most focus
and research has been directed towards the utilization of algal polysaccharides, especially fucoidan,
alginate and laminarin.

2.1. Fucoidan

Fucoidans are categorized as fucose-containing sulfated polysaccharides (FCSPs), which
encompass the polysaccharides of various chain lengths, structures of branching, and degrees of
sulfation. The predominant component in fucoidan is fucose, but it also contains other monomers such
as galactose, mannose, xylose and residues of glucuronic acid [17,18]. Fucoidans are divided into two
subgroups; one group whose backbone structure constitutes α-1,3-l-fucopyranose residues, while the
second group is composed of alternating 1,3- and 1,4-linked α-l-fucopyranose residues [19] (Table 1).
The variation between fucoidans is reflected in the vast divergences in reported molecular weights;
from about 40 kDa up to 1600 kDa [20].

The fucoidan content appears to be higher during autumn than at any other time of the year [11,20].
Fucoidans are considered important components for regulating water and ion retention in extracellular
matrixes of the plant, to prevent desiccation and osmotic stress when exposed to low tides [13]. It is
unclear whether composition alterations correlate only with an increase in storage polysaccharides or
if the changes impact plant tissue structure as well [21].
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Table 1. Basic structures of polysaccharides derived from marine macroalgae: (a) alginate, (b)–(c)
fucoidan, (d) laminarin, (e)–(f) carrageenan, (g)–(h) agar, and (i)–(k) ulvan (where (i)–(j): ulvanobiuronic
acids and k: ulvanobiose).

Polysaccharide Structure 1

Alginate
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Table 1. Cont.

Polysaccharide Structure 1
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2.2. Alginate

Alginates are the salts of alginic acid, which are linear unbranched copolymers comprised of
β-1,4-d-mannuronic acid (M) and α-1,4-l-guluronic acid (G) (Table 1). The size of the copolymer,
M/G-ratio and the properties of integrated G-blocks affects the functions, physical properties, mechanical
strength and biocompatibility of the compound [28,29]. The M/G-ratio of alginates varies between
algal species, harvest period, as well as between the structure and age of the algae tissue. The chelating
properties of alginate are dependent on the length of the compounds’ G-blocks (repetitive structure of
guluronic acid) [30]. Due to the rheological properties of alginates, these polysaccharides are widely
used in industries such as the pharmaceutical, medical technology, cosmetic, food, agricultural, textile
and paper industries [29].

Alginates are mainly used industrially for their physical characteristics such as their stabilizing,
thickening and emulsifying properties, but depending on specific properties, such as gel strength,
porosity or biocompatibility, they are expanding into applications such as biomaterials for tissue
engineering and bioprinting [31]. Alginates are analogues to pectin in terrestrial plants [11]. The current
and potential application of alginates will be further appraised in Section 7.

Alginates extracted from brown algae are categorized as phycocolloids, polysaccharides able to
form colloidal systems when dispersed in water [11]. Alginates are formed when alginic acid interacts
with present metal ions such as calcium, sodium or magnesium. Calcium alginates form gels which are
insoluble in water, while sodium and magnesium salts of alginic acid turn into water-soluble gels [32].
The glycosidic bonds between sugar monomers of alginate polymers can be exposed to cleavage in
both acidic and alkalic conditions, which causes degradation of the compound. Other factors affecting
the stability of the copolymer are temperature and free radicals generated by contaminants such as
polyphenols [29].
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2.3. Laminarin

Laminarin is a β-1,3-glucan, consisting of β-1,3-d-glucopyranose units interspersed with
β-1,6-linked d-glucopyranose units forming branch-points or interchain residues (Table 1). It is
a comparatively short polymer consisting of about 20–25 monomers [14,33]. Laminarin is the
carbohydrate reserve of many brown seaweeds, corresponding to starch (α-1,4-glucans) in terrestrial
plants [10,14,34]. Interchain β-1,6-linkages contribute to the branching structure of laminarin and
determine the water solubility of the compound. Increased branching is associated with elevated
solubility in water [14]. Two different types of laminarin, G-type and M-type, have been explored, and
they simply differ in the reducing end of the polymer chain. Whilst laminarin G-type only contains
glucopyranose residues, the M-type is terminated with 1-O-linked d-mannitol [14,34]. The ratio
between M-type and G-type chains can be as high as 3:1 as observed in Laminaria digitata [35], while
M-types were reported to be absent in laminarin from Eisenia bicyclis [36].

Laminarin, and laminarin-derived oligosaccharides, can be expected to elicit the same
health-promoting responses in organisms as reported for other β-glucans, including prebiotic,
antioxidant, anticoagulant, hypocholesterolemic, and antimutagenic activity, and additionally,
they have reported anti-inflammatory and anti-cancer effects that appear to be confined to
β-1,3-(1,6)-glucans [37]. Immunomodulating activities vary between laminarins (Hreggviðsson
and Nordberg Karlsson, unpublished), depending on species, and may be related to varying content,
type (branchpoints or interchain) and spatial distribution of the β-1,6-linkages. The ratio between
β-1,6- and β-1,3-linkages in laminarin tends to vary between species; from a very low ratio in laminarin
from Laminaria hyperborea, which is composed mainly of β-1,3-linkages [38], to a moderate ratio of 1:7
in laminarin from L. digitata, and to a high range of 1:3 or 2:3 in laminarin from E. bicyclis [35,36].

3. Red Seaweed Polysaccharides

Red seaweed, Rhodophyta, is a group of mainly multicellular photosynthetic eukaryotic organisms,
reported to comprise more than 7000 species. They grow mostly in marine habitats, but up to 5% of
species can grow in freshwater environments, with greater numbers in warmer areas. The red color
is expressed due to the predominance of the pigments phycocyanin and phycoerythrin over other
pigments such as chlorophyll A and carotene. Red algae store sugars as floridean starch, a highly
branched amylopectin without amylose, which is accumulated outside the plastid in the cytosol of the
cells [39]. The cell wall of the seaweed is mainly composed of cellulose, carrageenan and agar, which
all have several industrial applications.

3.1. Carrageenan

Carrageenan is a high molecular weight sulfated polysaccharide, available in the cell wall of
red seaweed interacting with other bioactive compounds including proteins, lipids, pigments and
other polysaccharides. It is composed of alternating α-1,3-linked d-galactopyranosyl and β-1,4-linked
d-galactopyranosyl groups and 3,6-anhydrogalactose residues.
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The three most important commercial types of carrageenan are kappa (κ), iota (ι) and lambda (λ)
carrageenan (Table 1), which differ in the amount and position of sulfate ester groups and the number
of 3,6-anhydrogalactose residues. κ-carrageenan is composed of 25–30% sulfate ester groups and
28–35% anhydrogalactose. The sulfate ester content in ι–carrageenan is similar to that of κ-carrageenan
(28–30%), but it contains a lower fraction of anhydrogalactose units (25–30%). The sulfate substitution
in λ-carrageenan is comparatively high (32–39%), but it contains no anhydrogalactose residues [24].
The backbone can be substituted by pyruvate ketal, which is only reported for the λ-family of
carrageenans [40].

The composition of carrageenan varies between species. For example, carrageenan from
Kappaphycus alvarezii (in the trade also called Eucheuma cottonii) is made of mainly κ-carrageenan,
whereas Eucheuma dendiculatum (trade name Eucheuma spinosum) consists of ι-carrageenan. Chondrus
crispus and Sarcothalia crispata contain both κ- and λ-carrageenan. The water solubility and gelation of
carrageenan depends on the amount of sulfate ester groups and associated divalent cations, such as
sodium and potassium, although λ-carrageenan can form a gel in the presence of trivalent ions [41].
Higher numbers of sulfate ester groups result in lower temperatures required for solubility and lower
gel strengths, which affects the application of carrageenan [42]. Further information about the source,
structure and properties of carrageenan are explained in a comprehensive review by Campo et al. [24]

3.2. Agar

Agar is a mixture of polysaccharides with gelling capacity, such as agarose and agaropectin,
extracted mostly from Gelidium and Gracilaria species [43]. Agarose is the major fraction of agar,
estimated to constitute 70% of agar polysaccharides. It is a high molecular weight polysaccharide
consisting of d-galactose and 3,6-anhydro-α-l-galactose units joined by β-1,3 and α-1,4 glycoside
linkages (Table 1) [26,44]. The agar backbone can be substituted with sulfate esters, methoxyl groups
and pyruvate ketals [44]. Agaropectin has a lower molecular weight and a higher amount of sulfate
ester groups than agarose. It has the same backbone as agarose, which, in agaropectin, is substituted
with various amounts of sulfate esters, d-guluronic acids and pyruvic acids.

4. Green Seaweed Polysaccharides

Green seaweeds are members of the Chlorophyta, which include the majority of the described
species of green algae [45,46]. Members of the Chlorophyta are inhabitants of both marine and freshwater
systems. Marine macroalgae (the focus in this review) from the classes of Chlorophyta in principle
involve the class Ulvophyceae [47] and mainly include candidates from the orders Ulvales-Ulotrichales,
Cladophorales, and Bryopsidales, including species that display large morphological and cellular
diversity [45,48,49]. Well known genera classified under Ulvophyceae include various edible species
of Ulva, Gayralia and Monostroma (classified under the order Ulvales-Ulvotrichales), Cladophora
(Cladophorales), Caulerpa and Codium (Bryopsidales), all of which have been used in human diets in
different parts of the world. Despite this traditional use, green seaweeds are not as well researched as
red and brown, and although having potential, they lack major industrial applications, such as those
seen for red and brown algae.

Green seaweeds contain interesting polysaccharides that are sulfated and/or carboxylated.
The backbones of the main polysaccharides differ in candidate species from different genera, but
roughly, they can be divided into two major groups that are classified as uronic acid rich or uronic acid
limited [22]. The uronic acid rich (sulfated) polysaccharides are represented by the ulvans that can
be found in various species of Ulva, Gayralia and Monostroma. The composition of ulvan is reported
to be dependent on species, season, growth conditions, as well as on the method of isolation [27].
Four different types of monosaccharides (rhamnose (Rha), xylose (Xyl), glucuronic acid (GlcA) and
iduronic acid (IdoA)) have, along with sulfate groups, been reported in different types of ulvans, which
are also described as consisting of several disaccharide fragments. All four types of monosaccharides
can occur in the backbone, while only glucuronic acids have, according to Synytsya et al. [22], also
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been reported as side chains. The repeating bios-unit is often reported to consist of (uronic acid-Rha),
such as in Ulva sp., where the uronic acid is either glucuronic acid or iduronic acid. Repeating units
with alternating (Rha-Glc-Rha-xyl) structures have also been reported from Ulva pertusa [50]. The basic
structures of common ulvans are depicted in Table 1. The uronic acid limited polysaccharides occur,
for instance, in species of Codium and are reported as sulfated galactans, arabinopyranans and mannans.

5. Extraction of Seaweed Polysaccharides

Since seaweeds encompass high levels of water, extraction of polysaccharides from the biomass
should be preceded by water content determination. While traditional methods for determining
moisture level, such as thermogravimetric analyses, are primarily employed, new and faster techniques
have potential as alternatives. For instance, near-infrared spectroscopy has proved successful for the
fast and accurate analysis of water content in corn stover silage [51], and could be a useful tool also for
seaweed. The dry weight is further applied as the basis for yield calculations.

Processes for pretreatment and extraction are usually not distinctly separated when isolating
polysaccharides from seaweed, and different extraction methods are commonly combined with attempts
to increase yields. In this review, pretreatment and extraction refer to different processing steps
applied to macroalgae in order to solubilize the polysaccharides into a liquid medium. Pretreatment
methods include processes employed for swelling of macroalgal fibers and increasing pore sizes, or
reducing sizes of the biomaterial. The pretreatment of macroalgae consists of mainly mechanical (size
reduction, washing, beating, and sonication), thermal (microwave, steam explosion, wet oxidation,
and plasma-assisted), chemical (acid or alkali, peroxide), and biological pre-treatments [52]. However,
other methods such as liquid ammonia pretreatment have been performed as a promising method
for lignocellulosic biomass [53], and might also have potential for the pretreatment of macroalgae.
Traditionally, chemical extraction methods have predominantly been used to extract polysaccharides
from algal biomass, but have recently been accompanied by new techniques with the aims of
increasing extraction yield, using fewer solvents, operating at lower temperatures and decreasing the
extraction time (Table 2) [54,55].These efforts aim to reduce energy consumption, thereby increasing
the sustainability of the method. This review will further cover extraction processes of polysaccharides
from brown, red, and green seaweed.
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Table 2. Overview of extraction methods.

Extraction Method Principle Advantages Disadvantages Ref.

Conventional chemical
extraction

Different procedures of acid or alkaline extraction
and hot or cold water extraction. Acidic or alkaline
conditions are usually applied to facilitate
extraction, as hydrogen ions (H+) and hydroxyl
ions (OH−) interfere with hydrogen linkages
between polysaccharides. The conventional
extraction procedures rely on the solubility
properties of target compounds and are often
preceded by pretreatment steps where lipids,
pigments, proteins and other impurities are
removed by solvents.

Well established methods.

Long extraction time.
High consumption of energy and water.
Alcohol precipitation and recovery are
costly.
Chemical solvents may have health
hazards.
Acids and bases can cause degradation of
the target polysaccharide to compounds of
smaller molecular size.

[56–61]

Ultrasound assisted extraction
(UAE)

UAE acts by exposing the biomass to sound waves
of high frequencies larger than 20 kHz. Strong
ultrasound fields cause the implosion of vapor
bubbles in liquids formed under high pressure
conditions. Implosion of these bubbles in near
proximity to liquid-solid borders, such as cell
walls, subject these solid surfaces to strong forces
resulting in cell breakdown. UAE can be
performed at low temperatures which enable the
extraction of thermosensitive target compounds.

Short extraction time.
Higher yields of extracted bioactives.
Simple method to operate.
Operation at low temperatures.
Relatively low amounts of solvent are
required.

Degradation and structural changes in the
structure of polysaccharides. [54,62,63]

Microwave assisted extraction
(MAE)

MAE utilizes non-ionizing electromagnetic
radiation with frequencies between 300 MHz and
300 GHz which cause the disruption of hydrogen
bonds and migration of dissolved ions. This
enables the solvent to enter the cell matrix and
facilitate the withdrawal of compounds of interest.
Variables such as temperature, pressure, time and
algae/water ratio can be altered to optimize the
yield of the desired product.

Short extraction time.
Relatively low amounts of solvent are
required.
Higher quality of product.

Lower yield is achieved due to
degradation. [54,61,64,65]
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Table 2. Cont.

Extraction Method Principle Advantages Disadvantages Ref.

Enzyme assisted extraction
(EAE)

EAE operates by using enzymes for degradation of
the algal cell wall, thereby releasing target
compounds. Critical parameters, including pH,
temperature and treatment time, should be
optimized for specific enzymes to maximize the
extraction result. Enzymes catalyzing degradative
reactions of cell wall structure compounds like
cellulose, β-glucan and hemicellulose are usually
used to facilitate the extraction of target molecules.

Relatively low amounts of solvent are
required.
Relatively low-cost technique.
Disruption of cell wall components is
enzymatically performed.
Original efficacy of bioactives is preserved to
a high degree.
Potential of a higher yield of the target
compound.
The mild conditions applied to the sample
during EAE are advantageous when
isolating sensitive bioactive compounds.

Extraction yield is dependent on optimum
treatment time, pH and temperature
conditions of enzymes.
Target compounds risk being degraded by
non-specific enzymes.
Extraction efficiency is dependent on
enzyme properties.

[54,66–69]

Supercritical fluid extraction
(SFE)

A supercritical fluid is a substance at a temperature
and pressure above its critical point, where gas
and liquid phases are indistinct. Altering the two
parameters can change the solubility of the fluid.
Carbon dioxide is commonly used as its critical
point is relatively low and thus requires less
energy input to become supercritical, compared to
substances with higher critical points. Supercritical
fluids are characterized for their low viscosity and
high diffusivity which gives them better transport
properties than liquids. SFE is considered an
environmentally friendly process as it does not
require the use of solvents. However, procurement
costs are high in relation to other extraction
methods. This concept is therefore predominantly
employed to extract highly valuable compounds.

Use of non-toxic and non-flammable solvent.
Supercritical CO2 is inexplosive, readily
available, and can be removed easily from
the final extract.
Does not cause degradation and structural
disruptions in bioactive compounds.

High pressure is needed to maintain the
solvent in critical state, which can have
negative effect on compounds.
Relatively high procurement costs.

[54,70–72]
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5.1. Extraction of Brown Seaweed Polysaccharides

The available literature suggests a comprehensive number of methods for the extraction of
polysaccharides from macroalgae. However, the majority of these refer to modifications of existing
conventional methods. The development of extraction methods of fucoidan, one of the more difficult
polysaccharides to extract in good yield from brown algae, is reviewed by Ale et al. [18] with a historical
perspective (1913–1950).

A general, simplified flow chart of the extraction of brown macroalgal polysaccharides is
illustrated in Figure 1. For brown algae, a calcium compound (usually CaCl2) can be introduced to
the polysaccharide fraction during extraction to precipitate alginate, and thereby separate laminarin
from the alginate fraction, while fucoidan is present in various amounts in both fractions [73]. Sulfated
polysaccharides in the supernatant are often precipitated with ethanol, and further purification
steps—often repeated extractions in acid followed by precipitation, size-exclusive chromatography, or
filtration—can be applied to achieve pure fucoidan [59,60,74]. It has been suggested to always include
a benchmark procedure when employing new extraction methods for fucoidan, in order to get better
comparisons of fucoidan structures [75]. The extraction of laminarin is predominantly performed
at increased temperatures, since the water solubility of different forms of laminarin vary. Branched
forms tend to be more water soluble than non-branched. The typical extraction yields of laminarin are
presented in Table 3. Alginates, being industrially produced from brown macroalgae, are commonly
extracted by several ion-exchange procedures using either the ‘acid precipitation method’ or the
‘calcium precipitation method’ [76,77]. Simplified, water-insoluble divalent alginate gel or alginic acid
gel are swelled in acidic water prior to extraction. Sodium-containing compounds are then introduced
to convert the divalent alginate into water-soluble sodium alginate during extraction. Aqueous alginate
is highly viscous and must be diluted prior to clarification and filtration. The typical yield of alginate
extraction (Table 3) is usually higher than that of fucoidan and laminarin. However, different isolation
methods seem to affect the mannuronic/guluronic acid ratio (M/G ratio) of the extracts differently,
which impacts the gelling properties of alginate [78,79].

Table 3. Extraction yields from different extraction methods.

Polysaccharide Yield 1 Species Method Ref.

Fucoidan

1.63% Padina tetrastromatica Conventional extraction (HCl) [74]

9.46% P. tetrastromatica Conventional extraction (hot water) [74]

3.51% Nizamuddinia zanardinii UAE [80]

4.44% (4.7%, CaCl2) Fucus evanescens UAE [81]

18.22% Fucus vesiculosus MAE [64]

16.08% (20.98%, HCl) Ascophyllum nodosum MAE [65]

5.58%, Alcalase
4.80%, Cellulase
4.36%, Flavourzyme
4.28%, Viscozyme
(5.20%, hot water)

N. zanardinii EAE [82]

1.5 ± 0.3% U. pinnatifida EAE [83]

3.02% (5.11%, EtOH) F. evanescens SFE [84]

1.26% (1.35%, SFE-EtOH)
(1.28%, EtOH) S. japonica SFE [84]

0.57% (0.55%, SFE-EtOH)
(0.65%, EtOH) Sargassum oligocystum SFE [84]

Alginate

51.8% L. digitata Conventional extraction (HCl) [79]

13.47% Sargassum muticum Conventional extraction (HCl) [78]

54% 2 Sargassum binderi UAE [85]

23.6 ± 1.2% U. pinnatifida EAE [83]
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Table 3. Cont.

Polysaccharide Yield 1 Species Method Ref.

Laminarin

6.0 ± 0.7% S. latissima Conventional extraction (HCl + EtOH) [33]

19 ± 2.6% S. latissima Conventional extraction (HCl + NaOH) [33]

20% S. latissima Conventional extraction (hot H2SO4) [33]

6.1 ± 1.6% S. latissima Conventional extraction (hot HCl) [33]

3.2 ± 0.9% U. pinnatifida EAE [83]

Agar

29.7 ± 1.9%
Gel strength: 271 ± 38 g/cm2 Gracilaria lemaneiformis Conventional extraction (hot water) [86]

25.8 ± 2.9% (Gel strength:
1761 ± 35 g/cm2) G. lemaneiformis

Conventional extraction (alkali
pre-treatment with 5% NaOH +
hot water)

[86]

25.4 ± 1.7% (Gel strength:
1913 ± 38 g/cm2) G. lemaneiformis

Conventional extraction
(alkali pre-treatment with 5% NaOH
+Photobleaching + hot water)

[86]

29.7–34.6% (Gel strength:
72 g/cm2)

Gracilaria
vermiculophylla Conventional extraction (hot water) [87]

15.03% (Gel strength:
1064 g/cm2) G. vermiculophylla Conventional extraction (pre-treatment

with 7% NaOH + hot water) [87]

Carrageenan

46.43% E. cottonii Conventional extraction (hot water) [88]

37.02% E. cottonii Conventional Extraction (KOH) [88]

76.3% Furcellaria lumbricalis
Coccotylus truncates Conventional extraction (hot water) [89]

72.6% F. lumbricalis
C. truncatus Conventional extraction (0.15 M NaOH) [89]

55.3% F. lumbricalis
C. truncatus Conventional extraction (0.15 M KOH) [89]

50–55% (for both species) 3 K. alvarezii
Euchema denticulatum UAE [85]

28.65% Mastocarpus stellatus EAE [90]
1 Based on dried biomass. 2 Ultrasound extraction resulted in doubling the extraction yield from 28% to 54%.
3 Longer ultrasound treatment of up to 30 min did not further improve the extraction yield. Additionally, in this
study, degradation and structural modification were not observed in extracted polysaccharide.

In Table 3, a selection of different extraction approaches including novel techniques have been
compared with respect to their yields. However, although calculated yields are often used as measures
of efficacy of the extraction method, the structural integrity of the yielded compound is as important
for its function. Additionally, the estimated yield does not take into consideration the variation in
polysaccharide content between different species and other external factors, and the purity of the
extracted polysaccharide is usually not specified.
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5.2. Extraction of Red Seaweed Polysaccharides

Carrageenan is extracted from several species of red seaweed including Hypnea, Gigartina, Chondrus,
Eucheuma, Kappaphycus, and Mastocarpus [91]. In conventional extraction, an alkali solution is used to
extract carrageenan, because in alkaline conditions some of the sulfate ester groups are removed with
the formation of 3,6-anhydro-d-galactose units, thus improving gel strength. Extraction parameters
such as operation time, temperature, concentration of alkali, and the ratio between the weight of the
seaweed and the volume of the alkali solution depend on the seaweed species and the desired quality
of extracted carrageenan [25,91–94].

There are two conventional extraction procedures to extract refined carrageenan (RC) and
semi-refined carrageenan (SRC) (Figure 2a). In RC production, carrageenan is solubilized in hot water
containing alkali, such as sodium hydroxide, and the remaining insoluble compounds are separated
via filtration. The solution containing carrageenan is concentrated and carrageenan is subsequently
precipitated by alcohol, dried and milled.
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(SRC) (a). Alkaline method for agar extraction [95] (b).

In SRC production, carrageenan is not solubilized from the seaweed but forms a gel in the presence
of potassium chloride. In this method, the seaweed is initially boiled in hot potassium chloride solution.
Thereafter, compounds solubilized in the alkali solution including protein, carbohydrate and salts are
separated and the remaining seaweed is rinsed to remove residual alkali. The product which looks like
seaweed is dried and milled. This method is mainly applied to extract κ-carrageenan, but can also be
applied to produce semi-refined ι-carrageenan. The market for κ-carrageenan is significantly higher
than for ι-carrageenan due to the favorable properties of κ-carrageenan in many industries [91,95].
SRC is generally cheaper than RC, as no alcohol precipitation is used, hence alcohol recovery steps are
not needed. Different grades of refined carrageenan and semi-refined carrageenan, such as Philippine
natural grade (PNG) and processed Eucheuma seaweed (PES), have been developed to have a quality
suitable for human consumption whilst being less expensive than mere refined carrageenan [96].

Agar is typically extracted by solubilization in hot water. For some species such as Gelidium,
hot water is used directly after an initial cleaning step to extract agar, but for other species such
as Gracilaria, alkali treatment is essential before hot water extraction, to improve the gel strength
(Table 2b), otherwise the agar quality is too low for commercial applications. Similar to carrageenan,
the extraction time, temperature and alkali concentration have to be optimized for individual seaweed
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species. Following alkali treatment, extensive rinsing is essential to neutralize residual alkali. Hot
water extraction can also be combined with pressure to improve the extraction yield [43,86,97].

Alkali treatment in the extraction of agar and carrageenan does not always cause an improvement
in the yield, but enhances the gel strength significantly, which can be observed in Table 3. During
the washing step, after alkaline treatment, massive amounts of by-product are produced, which are
currently poorly valorized. The study from Lebbar et al. [43] showed that the alkali waste contained low
molecular weight compounds belonging to the glycerol-galactoside family, which have the potential
for industrial applications.

5.3. Extraction of Green Seaweed Polysaccharides

The extraction of ulvan (the most well-known polysaccharide from green algae) has recently been
reviewed by Kidgell et al. [27], and hence only a brief summary is included here. In accordance with
the data found for other seaweed polysaccharide extractions (see Table 3), the quantitative yield was
shown to vary significantly, ranging from 2.7–40% of the dry weight (expressed as median% of algal
dry weight), and was dependent on both the applied process and the source of biomass.

The authors also highlighted that the main focus in published literature is on the physicochemical
composition of the polymer and its interaction with the cell wall, while less attention is generally given
to the risk of degradation and eventual co-extracted products. Factors of importance were identified to
be pH, temperature and duration of extraction [27].

6. Co-Extraction of Seaweed Byproducts

The extraction of seaweed cell wall polysaccharides will, in most of the extraction processes, result
in co-extraction of other polysaccharides (e.g., mixtures of alginate/fucoidans in brown seaweed or of
ulvan/glucuronan in green seaweed) [22], proteins from cell wall polysaccharides-protein complex, and
minerals which are adsorbed to the charged cell wall polysaccharides. These co-extracted byproducts
make the extraction process challenging, requiring more purification steps to obtain the pure target
polysaccharides. Sequential extraction of all seaweed compounds can be a solution to this, in order
to extract the target compound selectively and also take advantage of the extraction of multiple
compounds for different applications [98].

Many of the extraction processes described above result in products that in addition to the target
polysaccharide also contain minerals (unpublished data). Brown macroalgae have a high content of
ash, which mainly corresponds to different minerals, and have for example been reported as good
sources of sodium (Na) and potassium (K), and can be used in the place of salt in food. They are also
very good contributors of copper (Cu), zinc (Zn), molybdenum (Mo) and selenium (Se). Red and
green macroalgae contain high amounts of manganese (Mn) and green algae are a great source of iron
(Fe). Many macroalgae are also rich in iodine (I) [99]. An analysis of these minerals is thus important,
especially if the products are to be considered for consumption, to take into account recommended
daily allowances (RDAs) of minerals and trace elements [99,100]. Moreover, the absorption of heavy
and toxic metals by algae (e.g., arsenic (As), cadmium (Cd) and lead (Pb)), has raised concerns about
macroalgae consumption. Arsenic can occur in two forms: organic form (which has shown very low or
no toxicity), or inorganic form (which contrarily has presented high toxicity), making analysis of the
two forms important [101,102]. Generally, brown macroalgae accumulate As to a greater extent than
red and green algae. High amounts of Cd and Pb have also been reported in the brown and red algae
from some sites [99]. It can be concluded that the consumption of macroalgae should conform with the
tolerable daily intake (TDI) established by the World Health Organization (WHO).
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7. Modification of Seaweed Polysaccharides

7.1. Fucoidan

The depolymerization of crude fucoidan is considered necessary for effective treatment in
biomedical applications; both due to the heterogeneity of fucose containing sulfated polysaccharides
(FCSP) and due to the large molecular sizes. Fucoidan of low molecular weight has namely demonstrated
better absorption and bioavailability compared with compounds of larger molecular weight [103].
The structural data of fucoidan suggest that there is no coherent basic structure of the polysaccharide, but
rather a large variation between species, with varying compound sizes and sulfate groups substituted
intermittently at C-2, C-3 and C-4. An example of fucoidan structure is presented in Table 1. Further
investigation of the grade and position of sulfation in combination with compound size and linkage
type is crucial for understanding the bioactivity of the compound [75].

Creation of oligosaccharides from sulfated polysaccharides is postulated as a way of controlling
the compound size and its bioactivity. Enzymatic degradation by hydrolysis, using glycosidases such
as endo- and exo-fucoidanases (also fucosidase, EC 3.2.1.44 and EC 3.2.1.51), can thus be valuable for
the generation of oligosaccharides of lower molecular weight. Three types (suggested denomination
‘Type 1-3, by Ale and Meyer [75]) of fucoidanases with different cleavage mechanisms are currently
identified, all classified under glycoside hydrolase 107 in the CAZy database (GH107, see www.cazy.org).
Type 1 catalyzes the endo-acting cleavage of α-1,4-glycosidic bonds, while Type 2 correspondingly
catalyzes the cleavage of α-1,3-glycosidic bonds. Type 3, however, includes α-l-fucosidase, which are
exo-acting enzymes that catalyze the degradation of α-l-fucosyl bonds at the non-reducing termini,
releasing fucose from the backbone of fucoidan [75]. These enzymes occur in different GH-families in
the CAZy database, of which the enzymes classified under GH29 are structurally related to the GH107
endofucoidanases [8].

Another important group of enzymes for the modification of fucoidan structure and bioactivity is
sulfatases (EC 3.1.5.6). Modifying the degree of sulfation, by sulfation or de-sulfation, is important
to control the effects of fucoidan and increase its biofunction [104]. Sulfatases are a uniform group
of enzymes with highly conserved sequences, structures, and mechanisms. However, four different
classes of enzyme are distinguished. Type I, formylglycine dependent sulfatase, comprises the majority
of the identified sulfatases to date. Type II consists of Fe(II) α-ketoglutarate-dependent alkylsulfatases
and Type III contains enzymes involved in Zn2+- or Mn2+-dependent metallo-β-lactamase activity.
Type II and III do not encompass any sulfatases active in carbohydrates. Finally, Type IV is another
potential sulfatase family member, with predicted marine polysaccharide activity [104].

The reported activity of sulfatases on polysaccharides and their specificity to oligosaccharides
suggest potential in the effective modification of marine sulfated compounds. Most recognized
sulfatases are constructed of one catalytic module, but dimodular and multimodular enzymes also
occur. Structural analyses indicate that sulfatases with human and bacterial origins have a similar
structure [104,105]. They act by catalyzing the hydrolytic desulfonation mechanism of sulfate esters
(CO-S) and sulfamates (CN-S).

7.2. Alginate

Within the pharmaceutical industry, alginic acid and alginates are primarily used as excipients in
formulations for oral and topical administration, due to their physiochemical properties. The primary
usage is for the assurance of controlled drug release, which is affected by systemic pH and temperature,
as well as the binding strength of alginate. G-residues of alginates have a stronger affinity to
divalent ions compared with M-residues, as they crosslink in the form of a pocket (denominated ‘the
egg-box’) surrounding the ion, generating alginates with significantly higher strength. Therefore,
the physiochemical properties are highly dependent on the M/G ratio of the polymer. The properties
of alginate products can accordingly be altered by enzymatically modifying the M/G ratio [106–108].

www.cazy.org
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Four groups of alginate modifying enzymes have been characterized: mannuronan C-5-epimerases,
alginate lyases, alginate acetylases, and alginate deacetylases [106]. Mannuronan C-5-epimerases
are involved in the epimerization of mannuronic acid to guluronic acid, increasing the crosslinking
properties of alginate. Alginate lyases are well studied and have been demonstrated to catalyze alginate
degradation with different affinities to the four different bonds (M–M, G–G, M–G, G–M) of the polymer.
Most alginate lyases operate by endolytic modes, generating oligomers usually in the size range of two
to five monomers. However, some alginate lyases are not able to accommodate acetylated substrates in
their active site. Therefore, to facilitate or hinder enzymatic hydrolysis, alginate acetylases and alginate
deacetylases, respectively, can be utilized to modify the accessibility of the enzyme to the substrate.
Moreover, the degree of acetylation affects the water-binding properties and increases the viscosity of
the alginate.

7.3. Laminarin

Complex and highly potent structures could be engineered from laminarin as health-promoting
agents, if appropriate enzymes are accessed and used. Hydrolytic enzymes, including
endo-β-1,3-glucanases and -d-glucosidases (EC 3.2.1.6 and EC 3.2.1.39), as well as exo-β-1,3-glucanases
(EC 3.2.1.58), can be used for depolymerization reactions of the laminarin backbone structure, to generate
possibly more potent bioactive derivatives. Endo-acting enzymes act randomly by catalyzing the
hydrolysis reaction of the backbone structure into glucose and oligosaccharides, while exo-enzymes
catalyze hydrolysis of the reducing end into glucose. Although β-1,3-glucanases are a well-studied
group of enzymes, their β-1,6-linked side-chain analogues are less explored. Endo-acting enzymes can
be limited by steric hindrance from side groups in highly branched laminarins, resulting in reduced
enzyme activity [109].

Of perhaps greatest interest is the use of laminarin oligosaccharides as anti-inflammatory and
anticancer agents, relating to the potential effect of β-1,3-(1,6)-glucans. They bind primarily to the
receptor Dectin-1 [110], a type II transmembrane receptor expressed in high levels on blood and
splenic monocytes, neutrophils and alveolar and inflammatory macrophages, and at lower levels on
dendritic cells [110,111]. These properties are neither found in mixed β-1,3- and β-1,4-linked glucans,
1,6-glucans (pustulan), nor in 1,4-glucans [37]. The determinants of these important activities are,
however, not completely resolved, but they appear to relate to the size and content of β-1,6-linkages as
well as their type (branch points or kinks). β-1,3-linked oligosaccharides smaller than heptose do not
bind to Dectin-1. The smallest oligosaccharide binding to recombinant Dectin-1 is a β-1,3-d-glucan
oligomer, having a degree of polymerization of 7 (DP 7), with a single β-1,6-linked glucose unit [37].
Laminarin-derived oligosaccharides have also been shown to inhibit the proliferation of U937 leukemia
cells to a greater degree than the source laminarins from L. digitata and E. bicyclis [112]. A NMR
analysis indicated that the active β-glucan oligomers were larger than DP 8 with a ratio of 3:1
between β-1,3- and β-1,6-linkages. Oligosaccharides with a higher degree of branching derived
from E. bicyclis laminarin elicited a stronger reaction. Hreggviðsson et al. [113–115] have developed
efficient transglucosidases, which are highly promising as glucan engineering tools for making potent
bioactive laminarin oligosaccharides, as they can catalyze, depending on the enzyme, β-1,3-elongation,
β-1,6-branching or β-1,6-interchain kinking of β-1,3-glucan oligomers.

7.4. Carrageenan

There are many studies on enzymes hydrolyzing plant polysaccharides, but enzymes degrading
marine polysaccharides are not largely explored [116]. Indeed, enzymes acting on marine
polysaccharides must be adopted to accommodate the sulfate group of marine polysaccharides
which is not available in plant polysaccharides. Carrageenan is the most well-known sulfated marine
polysaccharide from red seaweed. Enzymes acting on carrageenan belong to different glycoside
hydrolase (GH) families listed in in the carbohydrate-active enzymes (CAZy) database. The enzymes
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acting on κ-carrageenan (κ-carrageenase) and ι-carrageenan (ι-carrageenase) belong to the families
GH16 and GH82, respectively [117,118], while there is no specified GH family for λ-carrageenase.

κ-carrageenases are endo-acting enzymes that hydrolyze the β-1,4-linkage between
d-galactose-4-sulfate and 3,6-anhydro-d-galactose residues. The endo-hydrolase ι-carrageenase
cleaves the β-1,4-linkages between the d-galactose-4-sulfate and 3,6-anhydro-d-galactose-2-sulfate in
ι-carrageenan. λ-carrageenase is also an endo-acting enzyme hydrolyzing the glycoside linkage in
λ-carrageenan backbone-producing tetrasaccharides [119].

7.5. Agar

Agarases are enzymes that catalyze the hydrolysis of agarose. They can be intra-cellular or
extra-cellular and are isolated from different genera of bacteria available in seawater and marine
sediments, marine algae, marine mollusks, fresh water, and soil. Two types of agarase are classified
according to their cleavage pattern; α-agarase (E.C. 3.2.1.158) and β-agarase (E.C. 3.2.1.81) [120,121].
α-agarase hydrolyzes the α-1,3-linkages in agar backbone producing agarooligosaccharides (AOs) with
3,6-anhydro-l-galactopyranose as the reducing end [122], while β-agarase cleaves the β-1,4-linkages
producing neoagarooligosaccharides (NAOs) with d-galactose as the reducing end [120].

In addition to the production of oligosaccharides from agar with potential application in
pharmaceutical industries, agarases are also used for the recovery of DNA from agarose gel and
preparation of protoplasts of the seaweed to recover substances with biological activities, including
unsaturated fatty acids, vitamins, and carotenoids [120].

7.6. Ulvan

The enzymatic depolymerization mechanisms of ulvan, the major polysaccharide in green seaweed,
remain largely unknown [123]. Ulvan is degraded by ulvan lyases by β-elimination mechanisms
releasing oligosaccharides with unsaturated uronic acids at the nonreducing end. Some of the
characterized ulvan lyases are classified into the polysaccharide lyase family 24 (PL24), PL25 or PL28
in the CAZy database. To date, only a few ulvan lyases from marine bacteria have been isolated
and characterized, but have not been industrially employed further. Research on the isolation and
characterization of ulvan lyases is ongoing, but more investigation is needed to recognize the usability of
these enzymes. Additionally, the applicability of hydrolyzed products in the production of value-added
chemicals is investigated.

8. Current and Potential Novel Applications

Many coastal countries, especially Japan, Korea and China, have the culture of using macroalgae in
their food as ingredients in different soups, combined with fish or meat, or as a substitution for vegetables.
Examples of some edible macroalgae include Ulva spp., Enteromorpha spp., Caulerpa spp., Codium spp.,
Monostroma spp., Sargassum spp., Hydroclathrus spp., Laminaria spp., Undaria spp., Macrocystis spp., Porphyra
spp., Gracilaria spp., Eucheuma spp., Laurencia spp., and Acanthophora spp. [124].

Red algae have historically been consumed as feed [125], food, food ingredients and food
supplements. For example, Palmaria palmata, also called dulse or dillisk, which grows on the northern
coast lines of Atlantic and Pacific oceans, has been a part of the human diet in Iceland, Ireland and
Scotland for a long time, and its popularity is increasing in other western countries [126,127]. Porphyra
species including Porphyra tenera, Porphyra pseudolinearis and Porphyra yezoensis, also known as Nori,
are other well-known species grown mainly in Japan, the Republic of Korea, and China. These species
are reported as being among the most nutritious types of algae. They have a long history in the human
diet in many Asian countries and the consumption of these species has shown an increasing trend in
other countries as well [128,129]. In addition, red algae can have potential as a meat substitute due to
its relatively high protein content and amino acid composition [130].

In vitro studies of bioactive compounds in macroalgae have shown health promoting effects on
the human body. However, more in vivo trials are required in order to support the claims of the health
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promoting effects of macroalgae. Additionally, sustainable and cost-effective pretreatment, extraction
and purification methods are needed with zero waste for industrial application [131]. Nutritional
compatibility, low production cost, constant accessibility, and enough quality are the main prerequisites
for commercialization [132]. Although seaweed as a whole product is emerging globally, extracted
polysaccharides from algae have received much research attention. This review focuses on the most
prominent polysaccharides in brown, red and green seaweeds.

8.1. Fucoidan

Fucoidan has been of interest in many applications due to its potential biomedical effects,
including anticarcinogenic, antimicrobial, anticoagulant, antiviral, immunomodulatory, and antioxidant
effects [133]. However, although the biomedical potential of fucoidan has been studied comprehensively
in vitro, and to some extent in vivo in non-human animal systems, only a few clinical studies on
humans have been performed. Studies on orally administrated fucoidan have indicated that they
are urinarily excreted. However, further studies on the absorption, distribution, metabolism and
excretion of fucoidan are required to understand its systemic effects [134]. A phase I clinical study
(ClinicalTrials.cov, NCT03422055) on tolerance, biodistribution and dosimetry of radio-labelled fucoidan
on healthy volunteers is currently ongoing. The study primarily aims to investigate the potential
adverse effects and serious adverse events after intravenous administration of the drug.

The anticarcinogenic properties of fucoidan have probably received the most attention so far and
have been studied in several in vitro systems to assess the mechanisms of action towards various types
of cancer. Several papers review the potential applications of fucoidan in cancer treatment, and these
also present which anti-cancer mechanisms have been studied to date [103,135,136]. Most studies
presented in the literature are performed in vitro or in vivo in non-human animal expression systems.
However, a phase II clinical study (ClinicalTrials.gov, NCT04066660), primarily investigating the
disease control rate of oligo-fucoidan as a dietary supplement for patients with advanced hepatocellular
carcinoma, is currently recruiting.

Although clinical evidence so far on the effectivity and bioavailability of fucoidan is scarce, several
dietary supplements are marketed as capsules, liquids and powders, with claimed indications such
as support of a healthy immune system, optimal cellular aging, a healthy digestive function, and a
healthy inflammation response.

8.2. Alginate

Alginate is currently used in a wide range of industries for applications such as feed stabilizer,
paper and welding rod coatings, and dye thickener in textile printing [77]. The polysaccharide is
also widely used in the food and drink industries due to its gelling, thickening, stabilizing and
emulsifying properties. The salts of alginic acid with monovalent cations form a viscose solution in
water. The viscosity of alginate solutions is affected by alginate concentration and molecular weight,
pH [137], and temperature [138]. Sodium alginate is not effective in acidic solutions because insoluble
alginic acid is formed. In mild acidic conditions, propylene glycol alginate (PGA) is preferred, since it
demonstrates a higher grade of stability. PGA, an emulsifier, stabilizer, and thickening agent, is an
ester form of alginate in which some of the carboxyl groups are esterified with propylene glycol, some
are neutralized with alkali, and some remain free. Alginate can form a hydrogel in the presence of
divalent cations due to the crosslinking of the carboxylate groups of G blocks in the polymer backbone,
constituting the egg-box model. This ability makes alginate a potential candidate for the production of
edible films and coatings for food packaging [139]. More information on the applications of alginate as
a food additive was published in a comprehensive review by Qin et al. [140]

In addition to its use in the chemical, food and feed industries, alginates are also used in
pharmaceutical applications. Although alginates are already utilized as excipients in drug delivery
systems, they are of interest as primary ingredients in some pharmaceutical applications. Several
clinical studies on human subjects focus on alginate applications for symptoms such as; obesity,
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diabetes, dry eyes, gastroesophageal reflux, cystic fibrosis and topical disorders (clinicaltrials.gov,
search term ‘alginate’). In particular, studies linking alginate to decreased small intestinal fat absorption
and increased satiety have been conducted and have generated varying results [141–143].

8.3. Laminarin

Commercial applications of laminarin are limited, and so far the amount of research is inferior
to other polysaccharides of brown algae. However, similar to other β-1,3-(1,6)-glucans, laminarin is
reported to have a broad range of biological activities and to have similar potential for applications in
functional foods, nutraceuticals, pharmaceuticals, and cosmeceuticals [144]. Laminarin from brown
seaweed is used in agricultural applications where it has been shown to limit pathogen infections by
stimulating plant defense systems [145], and is commercialized as Vacciplant® [146]. Additionally,
unprocessed marine macroalgae have historically been used as agricultural nourishment and are today
commercialized as organic liquid fertilizer.

Since laminarin does not possess any chelating properties, its primary potential emerges within
medical and nutraceutical applications. It is suggested that laminarin has potential applicability as a
dietary fiber [33,147]. Dietary fibers, divided into soluble and insoluble fibers, are carbohydrates that
cannot be degraded by the endogenous enzymes of the body and are either fermented in the colon or
provide bulking. Laminarin from S. latissima has been demonstrated to evade hydrolysis in the upper
intestinal tract, while not being excreted with the feces of rat models, suggesting fermentation in the
colon. Laminarin has been shown to exert beneficial metabolic effects on gut health as a modulator
of intestinal metabolism through its effects on mucus composition, intestinal pH, and short-chain
fatty acid (SCFA) production, especially butyrate, by the gut microbiota [148]. However, although
studies suggest the prebiotic effects of laminarin, further studies on the digestibility, bioavailability
and biodistribution are required to better understand the systemic effects of the compound.

Laminarin may also be used as an immunomodulating and anti-cancer agent. These effects
are observed in related glucans and can be attributed to specific glycosidic β-1,3-(1,6)-linkage
patterns [149–151] that modulate the immune response [152] and inhibit cell proliferation in HT-29
colon cancer cells. On the basis of such properties, derivatives of insolubleβ-1,3-(1,6)-glucans from yeast
are currently being developed as ‘imprime PGG’ by the company Biothera as intravenous agents against
cancer, affecting the innate immune system. Dietary products (Yestimun) developed from unmodified
yeast β-1,3-(1,6)-glucan and based on its immunomodulatory effects [153] are also commercialized.

8.4. Carrageenan

Carrageenan is used in a wide variety of applications in the food industry; mainly in dairy and
meat applications, based on its physiochemical properties as a thickening, gelling, and stabilizing agent.
Various types of carrageenan can show a broad range of gelling and emulsifying properties, such
as rigidity or elasticity, transparency or turbidity, toughness or tenderness, heat stability or thermal
reversibility, as well as low or high melting/gelling temperatures. These physiochemical properties are
affected by the chemical structure of carrageenan, the type and concentration of cations including salts
and proteins present in the solution, and the heating and cooling profile of the carrageenan solution.
In fact, ι-carrageenan can form an elastic gel in the presence of calcium salt, while κ-carrageenan forms
a brittle gel in the presence of calcium but forms a strong and rigid gel with potassium. On the other
hand, λ-carrageenan is not gel-forming in the presence of divalent salts, but develops a highly viscous
solution [154,155]. However, it exhibits gelation in the presence of trivalent ions [41].

Carrageenan has potential applications in the pharmaceutical industry because of its biological
activities including anticoagulant [156], antiviral [157,158], cholesterol-lowering [159], anti-tumor
and immunomodulatory [160–162], and antioxidant activities [163,164]. Degradation of carrageenan
polysaccharides into smaller compound structures could be a way of controlling the bioactivity.
Although oligosaccharides derived from carrageenan have reported antitumor [165], antioxidant
activity [166] and immune regulation activities [167], which make them very valuable in the
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pharmaceutical industry, carrageenan also has various applications in bioethanol production, in
the textile industry, as a detergent additive and in the isolation of the protoplast of algae [168].

Recent applications of carrageenan in the pharmaceutical industry were summarized by
Li et al. [169], including as a polymer matrix in oral extended-release tablets, as a novel extrusion
aid for the production of pellets, and as a carrier/stabilizer in microparticle/nanoparticle systems.
Moreover, carrageenan is used in the production of nanoengineered injectable hydrogels in tissue
regeneration therapy [170]. Other potential applications of carrageenan include utilization as fertilizer,
and studies by Vera et al. [171] showed that oligo-carrageenan induces a broad range of protection
against pathogens in plants.

8.5. Agar

Agar is widely used as a gelling agent due to its unique physiochemical properties which enable
gel formation in water at temperatures around 38 ◦C and facilitate melting at temperatures around
85 ◦C [172]. In addition to food application, including bakery, confectionery, dairy products, canned
meat and fish products [173], agar is used in the preparation of bacteriological culture media [174].
Agarose, a fraction of agar with a lowest possible charge, is used for electrophoretic separation
in agarose gel electrophoresis [175], the preparation of porous beads for chromatographic protein
purifications, and mobility assay [176,177]. Agarose is also used as a support for the three-dimensional
cultures of human and animal cells [178,179].

8.6. Ulvan

Sulfated polysaccharides from marine seaweeds have recently received attention in the food,
cosmetics and pharmacology areas. Sulfated polysaccharides can originate from red (carrageenans) or
brown (fucoidans) macroalgae, but are also present in the form of ulvans in green seaweeds.

Ulvan has been reported to mimic glycosaminoglycans in animals, and hence mimic these
types of activities. For this purpose, sulfation is proposed as important [27], with the degree of
sulfation and sulfation patterns influencing the bioactivity. In addition, the molecular weight,
constituent sugars linkages and degree of branching are suggested as factors that influence bioactivity.
The bioactivities reported from green seaweeds, include antioxidant activity, shown from Ulva
pertusa [180], immunomodulating activity (from sulfated polysaccharides of e.g., Monostroma nitidum
and U. pertusa [181,182], antihyperlipidemic activity (reported from U. pertusa) [183], anticoagulant
activity from M. nitidum and anticancer from, for example, M. nitidum [181,184].

Recently, ulvans have also been found to influence plant immunity, including stimulation of the
inducible defenses involving recognition of microbes/pathogens. In this field, the sugar constituents
are reported as important, and rhamnose has for instance been shown to be important for triggering
plant defense in several different plants, including apple leaves, tomatoes, and thale cress (Arabidopsis
thaliana), as reviewed by Kidgell et al. [27].

9. Conclusions and Future Aspects

Although polysaccharides from marine macroalgae have comprehensively reported potential
in valuable biomedical applications, commercial products are scarce on the market. Many of the
numerous bioactivities reported are still only at research level, and more work remains before reaching
mature application. Today, marine macroalgal polysaccharides are mainly used industrially for their
distinctive physiochemical properties as additives or excipients. It is obvious that the extraction
processes of polysaccharides are crucial for the properties of the extractive. Strong acids and bases
can exert uncontrolled chemical degradation and introduce unwanted structural changes that alter
the bioactive properties of the polysaccharides. Yet, novel extraction methods are not optimized
for an industrial scale. Additionally, extraction yields are sometimes remarkably low, and require
improvements for industrial realization.
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Polysaccharides exert a large structural variation depending on factors such as algae species,
harvest season, and growth geography, as well as extraction and purification methods, which is
problematic for commercialization. A few products from macroalgal polysaccharides are currently
marketed, although clinical evidence is scarce. One of the bottlenecks in commercializing the
bioactivities lies in the complex structure of the glycans, and enzymatic deconstruction into more
defined small units may be a way of achieving better defined molecules which are more suitable for
the applications. Enzymatic treatment, as mentioned, can be a useful tool for necessary modification of
the compound structure to achieve structures with bioactivity in humans. However, better knowledge
about structures and activities of both enzymes and bio-compounds are crucial.
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