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Fucoidans from brown seaweeds: an update on
structures, extraction techniques and use of enzymes as
tools for structural elucidation

Marcel Tutor Ale and Anne S. Meyer*

Fucoidan or fucoidans cover a family of sulfated fucose-rich polysaccharides, built of a backbone of L-
fucose units, and characteristically found in brown seaweeds. Fucoidans have potential therapeutic
properties, including anti-inflammatory and anti-coagulant activities, as well as anti-proliferative effects on
cancer cells. Recent work has revealed distinct structural features of fucoidans obtained from different
brown seaweed sources. Fucoidans are classically obtained from brown seaweeds by multi-step, hot acid
extraction, but the structural and compositional traits, and possibly the bioactivity, of the fucoidan
polysaccharides are significantly influenced by the extraction parameters. This review discusses the
structural features of fucoidans, the significance of different extraction technologies, and reviews
enzymatic degradation of fucoidans and the use of fucoidan-modifying enzymes for elucidating structural
details of fucoidans. Mild extraction techniques coupled with the use of new tools such as enzymes can
provide the much needed knowledge about structural characteristics of different fucoidan molecules and
thus pave the way for a better understanding of the structural chemistry and bioactivities of fucoidans.

1 Introduction

Marine seaweeds constitute an important part of the diet in
many parts of Asia, and seaweeds have also been used in
traditional medicine since prehistoric times. Seaweeds contain
unique, hydrocolloid polysaccharide components such as
alginate and carageenan that are used in many different food
applications, but seaweeds are also a source of potentially
bioactive polysaccharides, with fucoidans from brown sea-
weeds currently being the most intensely studied type of these
compounds.

Fucoidans in fact designate a group of fucose-rich, sulfated
polysaccharides, usually built of a backbone of a-linked rL-
fucose residues having various substitutions. Fucoidan poly-
saccharides are mainly found in brown seaweeds, but
fucoidans differ in structure among brown seaweed species.
Chemically, fucoidans cover several different structural enti-
ties that designate a family of fucose-containing sulfated
polysaccharides (FCSPs)." While FCSPs comprise many differ-
ent types of fucose-rich polysaccharide structures, including
sulfated fucogalacturonans found in e.g. Sargassum sp., we will
in the present treatise use the terms fucoidan and fucoidan
polysaccharides exclusively for structural polysaccharide com-
ponents from brown seaweeds that have a backbone of o-L-
fucopyranose residues. Fucoidan polysaccharides exhibit a
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number of pharmaceutically interesting biological activities,
including immuno-modulatory, anti-tumor, anti-inflammatory
and anti-coagulant effects (to be discussed in more detail
later). The bioactivities of fucoidans are related to their
structural make-up, monosaccharide composition, sulfate
content, position of sulfate ester groups, and molecular
weight.” Mild extraction technology is essential for maintain-
ing the structural integrity of the fucoidan polysaccharides and
for preserving their biological properties.

Classical extraction of fucoidans from brown seaweeds
involves multi-step extended aqueous extractions, usually with
hot acid (hydrochloric acid),” and may include calcium
addition to promote alginate precipitation during purifica-
tion,>* but no standardized purification procedure is available
for fucoidans at present. Distinct structures can be isolated by
different extraction conditions.>” It has recently been demon-
strated that fucoidans are vulnerable to harsh extraction
conditions and that the extraction method significantly
influences the yields and not least the polysaccharide
composition of the extracted fucose-containing sulfated
polysaccharides.” In addition, the heterogeneity of the
structural make-up of seaweeds within the same species may
lead to pronounced differences in the products extracted. The
problem of elucidating the structural details of fucoidans has
been exacerbated by the use of many different extraction
techniques. There is therefore an urgent demand for more
well-defined, gentle extraction techniques, employing shor-
tened extraction times, lower temperatures, and lower acid
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levels, to help ensure extraction of distinct structures of
fucoidans. For industrial manufacturing, in addition to being
consistent, the extraction technique must be cost-effective and
eco-friendly, and of course abide appropriate legal require-
ments regarding solvent use.

This review provides an overview of the structural traits of
fucoidans, highlights the extraction technologies used for
obtaining fucoidans from brown seaweeds, and discusses the
influence of extraction parameters on the yield and composi-
tional attributes of fucoidan polysaccharides. Newer findings
regarding fucoidan-modifying enzymes are discussed in
relation to their action on fucoidans and their use in
elucidating native fucoidan structures. Lastly, the potential
bioactivities and possible applications of fucoidans are high-
lighted.

2 Structures and chemical nature of
fucoidans

Fucoidans from brown seaweed algae generally consist of a
backbone of «(1—3)-L-fucopyranose residues or of alternating
o(1—3) and o(1—4)-linked L-fucopyranosyls, which in either
case may be substituted with sulfate or acetate and/or have
side branches containing fucopyranoses or other glycosyl
units, e.g. glucuronic acid. Several of the fucoidan structures
reported in the literature have also contained small amounts
of various other monosaccharides e.g. glucose, galactose,
xylose, and/or mannose." These monosaccharides may repre-
sent contamination with other polysaccharides or may in fact
be genuine substitutions on the fucoidan molecular entities.

The fucoidans in brown seaweeds in the order of Fucales,
e.g. Fucus evanescens and Fucus serratus, represent the typical
structures: They possess a large proportion of both o(1—3)-
and «(1—4)-linked 1-fucopyranose residues, which may be
substituted with sulfate (SO;7) on C-2 and C-4 (Table 1).%”*°
Another typical fucoidan structure is found in fucoidans
isolated from the alga Ascophyllum nodosum (Fucales). These
fucoidan molecules have a backbone consisting of a repeating
structure of o(1—3)-linked 1-fucopyranose residues with
sulfate at the C-2 position, with the o(1—3)-linked L-
fucopyranose residues linked to o(1—4)-L-fucopyranose resi-
dues with disulfate at C-2 and C-3 (Table 1). The same
structural elements are also found in fucoidans extracted from
F. vesiculosus.’

In contrast, the sulfated ‘“pseudo”-fucoidan polysacchar-
ides extracted from some other species in the order Fucales,
such as eg Sargassum stenophyllum, are built mainly of
B(1—6)-p-galactose and/or P(1—2)-D-mannose units in the
polysaccharide backbone with branching points formed by
o(1—3) and/or of1—4)-L-fucose, o(1—4)-p-glucuronic acid,
terminal B-D-xylose, and sometimes o(1—4)-pD-glucose. The
sulfate groups on the fucans are typically located at C-4 of a
(1—3)-linked unit or on C-2 of a (1—4)-linked residue."*

Several fucoidan structures extracted from brown seaweed
species of the order of Laminariales have been reported to
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contain structural elements that mainly consist of a backbone
of a(1—3)-linked L-fucopyranose residues with sulfates at the
C-2 position.""® Fucoidans isolated from L. saccharina
(Laminariales) are thus mainly composed of o(1—3)-linked r-
fucopyranose units, but with sulfate at both C-2 and C-4, or at
C-4 alone, however (Table 1). These structural units are similar
to those found in the fucoidans from Chorda filum
(Laminariales) which consist of a core backbone structure of
poly-0(1—3)-linked L-fucopyranoses sulfated mainly at C-4,
sometimes at the C-2 position, and with some of the o(1—3)-
linked fucose residues being 2-O-acetylated.'* Similarly, the
fucoidans from Cladosiphon okamuranus (Chordariales) are
basically made up of linear backbones of o(1—3)-linked L-
fucopyranose residues (Table 1) with a portion of the fucose
residues being O-acetylated and with some sulfate substitution
at the C-4 position.®

Sulfated B-D-galactan has been isolated in trace amounts
from Laminaria angustata and these polysaccharides have also
been classified as fucoidans, eventhough B-pD-galactose appear
to be the major sugar, and L-fucose and p-glucuronic acid are
present only as trace components."’

By use of advanced analytical technology more recent
studies have verified that fucoidans from brown seaweeds in
the order of Fucales such as F. evanescens and F. serratus do
indeed contain large proportions of both «(1—3) and o(1—4)
glycosidic bonds.®”'° Therefore the initial suggestion that
fucoidan obtained from F. vesiculosus (Fucales) was built of
%(1—2) linked L-fucopyranosyl has been revised.'® More
detailed analysis of F. evanescens by MALDI-TOF and tandem
ESI mass spectrometry has also revealed the presence of minor
components such as mixed mono-sulfated fucooligosacchar-
ides containing both 2-O- and 4-O-sulfated (1—4) bonded
xylose and galactose residues: Xyl-(1—4)-Fuc, Gal-(1—4)-Fuc,
Gal-(1—4)-Gal-(1—4)-Fuc, Gal-(1—4)-Gal.
(GlcA) has also been detected and found to be an integral
part of the non-sulfated fucooligosaccharides: Fuc-(1—3)-GlcA,
Fuc-(1—4)-Fuc-(1—3)-GlcA, Fuc-(1—3)-Fuc-(1—3)-GlcA respec-
tively."?

The variations in the reported structural properties of
fucoidans from different brown seaweed species clearly
confirm the natural biodiversity of fucoidans as exemplified
by the structures found in different seaweed taxonomical
orders, notably Fucales,
(Table 1). It also seems clear that fucoidans extracted from
brown seaweeds under the same seaweed classification (i.e.
order) have different composition, and in turn that the
structural traits cannot be categorized or predicted according
to algal order as also indicated in Table 2.

Hence, the published structural data for algal fucoidans
confirm that there

Glucuronic acid

Laminariales and Chordariales

is no consistent basic structure of
“fucoidan”.

Despite the relatively large variations in the compositional
and structural properties of fucoidans obtained from different
brown seaweed species, it appears that primarily the (1—3)-
linked a-L-fucopyranosyl backbone structure, and secondly the
backbone structure composed of alternating «(1—3) and

This journal is © The Royal Society of Chemistry 2013
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Table 1 Reported fucoidan structure obtained from different brown seaweed species of the order Chordariales, Laminariales, Ectocarpales and Fucales

Seaweed species Order Fucoidan structural element Notes
Chorda filum Laminariales o Contains a poly-0(1—3)-fucopyranose
HaCT o] backbone with a high degree of branching,
osh o ’ mainly of o(1—2)-linked single units. Sulfated
HaCT 0 at O-4 (mainly) and O-2 positions. Some
o a(1—3)-linked fucose residues are 2-O-acetylated.”
0,50 ¢
OH
H3C o
OH ©
0,80 ¢ " o
Hngoj
080~
0,50 9
stw
Q
0,50 |
Laminaria saccharina Laminariales o Mainly made up of 4-sulfated o(1—3)-linked
H360 a-L-fucopyranose residues, some of which are
oH additionally 2-sulfated or carry a 2-O-o-L-fucopyranosyl
-0,50 9 substituent.®
H3C 0
080,-
0,50 ©
H3C7 ™0
o
° HO
04550 | OH
° H3C o
Fucus serratus L. Fucales o Contains a backbone built of alternating 3- and
M 0 /oso:  4linked a-i-fucopyranose moieties, with about
oH ®  half of the 3-linked residues being substituted
H3C 7~ at C-4 by trifucoside units a-L-Fucp-(1—4)-0-L-
S0, Fucp-(1—3)-a-L-Fucp-(1— (not shown)). Sulfate
Ho 9 groups have been shown to be substituted mainly
H3C7™~0 . on C-2 and sometimes C-4, although some terminal
%03 fi id b Ifated.”
o ucose residues may be nonsulfated.
Hsmoso;
o
HO
HaG :
0s0;
nbHO
Cladosiphon okamuranus ~ Chordariales o’ The main structure is a linear backbone of a(1—3)-
HaC7 0 fucopyranose with half of the sulfate substitutions
OH at C-4, and a portion of the fucose residues are
HO © O-acetylated. The o-glucuronic acid residues are
Hac o linked to the C-2 positions of the fucose residues
OH . . s
- which are not substituted by a sulfate group.
0,50
H3C 0
o
°
HO | Ho N0 cooo'-'
oH
Ascophyllum nodosum Fucales OH An o(1—3)-linked fucose backbone and a high
7 < Zosos- proportion of «(1—4) linkages mainly sulfated at
o 0805 0-2, to a lesser extent at O-3, and only slightly at
Haw 0-4, and fucose 2, 3-O-disulfate residues were
5 089y observed. Anticoagulant activity appears related to
e Ho 2-O-sulfation and 2,3-O-disulfation levels.’
° Q 0804
0 0804
HaC o
080;,-

H3C o
0804
INICE
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Table 2 Chemical composition of the different order of brown seaweed species produced using different extraction methods'
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Species Order Extraction Method Composition Reference
Cladosiphon Chordariales Seaweed-H,O suspension was fucose, glucose, Nagaoka et al., (1999)°
okamuranus treated with 30% HCI (pH 3) uronic acid and sulfate

at 100 °C for 15 min. The

supernatant was neutralized

with NaOH, precipitated

with CaCl, and EtOH for

20 h at 4 °C, precipitate was

dissolved with H,O and

subsequently dried
Sargassum Fucales Extracted with water fucose, xylose, Duarte et al., (2001)"*
stenophyllum 7% w/v ml, 12 h, 3 x. mannose, galactose,

Precipitated with EtOH glucose, sulfate and uronic acid

and CaCl, and cetylpyridinium

chloride. Soluble fraction (SF) was

then fractionated (F1-F6)
Fucus evanescens; Fucales Pretreatment: MeOH-CHCl;-H,O fucose, xylose, galactose, Cumashi et al., (2007)°
Fucus distichus (4 : 2 : 1), then extracted with 2% uronic acid and sulfate

CacCl, for 5 h at 85 °C, precipitated

and the precipitate was washed

with water, stirred with 20%

ethanolic solution and

dissolved with water
Fucus serratus Fucales Pretreatment: MeOH-CHCl;-H,O fucose, xylose, mannose, Cumashi et al., (2007)°

(4 :2 : 1), then extracted with 2% CaCl, glucose, galactose,

for 5 h at 85 °C, the extracts were uronic acid and sulfate

collected by centrifugation, combined,

dialyzed and lyophilized
Chorda filum Laminariales Extracted with CHCl;-MeOH-H,0O fucose, xylose, mannose, Chizhov et al., (1999)*

(2:4:1) followed by 80% EtOH, glucose, galactose,

then extracted successively with 2% uronic acid and sulfate

CaCl, at 20 and 70 °C, then with

HCI (pH 2) and 3% Na,COs3,

precipitated with calcium salt.
Adenocystis Ectocapales 80% EtOH, 24 h, 70 °C pretreatment, fucose, rhamnose, glucose, Ponce et al., (2003)"
utricularis then extracted with water galactose, xylose, mannose,

(or 2% CacCly; or HCI) for 7 h, room temp., uronic acid and sulfate

followed by exhaustive extraction at 70 °C
Undaria Laminariales Ground seaweed extracted twice fucose, mannose, xylose, Hemmingson et al., (2006)"®
pinnatifida at rt for 6 h with 1% H,SO,, neutralized rhamnose, galactose,

with 10% NaOH and lyophilized glucose and sulfate
Laminaria Laminariales Water extraction at boiling temp. fucose, xylose, mannose, Maruyama and
religiosa for 4 h, fucoidan fraction was obtained glucose, rhamnose, Yamamoto (1984)"°

by using 0.09 HCI at 4 °C for 2 h, then
precipitated with 85% EtOH and dried

uronic acid and sulfate

o(1—4)-linked L-fucopyranosyls, each with various extents of
sulfate substitutions, are prevalent as the core backbone
structures in the majority of fucoidan polysaccharides ana-
lyzed to date.

3 History of fucoidan extraction technology

Extraction using dilute acetic acid with subsequent purifica-
tion of fucoidan polysaccharides was performed for the first
time 100 years ago, in 1913, on various brown seaweeds,
notably species of Laminaria and Fucus.”® Already then, Kylin*°
reported that fucoidans extracted in this way mainly contained
fucose. He also observed that the fucose occurred together
with mannitol, alginic acid and laminarin; we now know that
this interpretation was a result of co-extraction of these latter
contaminants with the fucoidan polysaccharides. After two
years of rigorous investigation, Kylin (1915) reported that

8134 | RSC Adv., 2013, 3, 8131-8141

fucoidan isolated from Laminaria digitata contained methyl-
pentose, interpreted as L-fucose, as well as some other
pentoses (Table 3).>' Nelson and Cretcher (1931)** used
Macrocystis pyrifera as a fucoidan source, and employed
repeated, extended (48 h) extractions with dilute HCI followed
by isolation of the fucoidan polysaccharides by ethanol
precipitation (Table 3). Nelson and Cretcher®® revealed the
presence of sulfate in the form of ester groupings in the
precipitated product and also confirmed that fucose was the
only sugar present in the unhydrolyzed seaweed residue after
acid hydrolysis-despite their product containing uronic acid
(Table 3), which was considered to be due to alginate
contamination. Alginate or alginic acid is composed of
guluronic and mannuronic acids. In the past, these mono-
meric acid saccharides have been determined together as
uronic acids, which cover several different structures, however.
The presence of alginate (as a contaminant) in fucoidan
polysaccharide extracts has caused some confusion in the

This journal is © The Royal Society of Chemistry 2013
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Table 3 The development of fucoidan extraction methodology over the years (1913-1950s), and its influences on fucoidan polysaccharide composition from

different brown seaweed species. Adapted from Ale et al. (2011)"

Year Brown Seaweed sp. Reported FCSPs Composition Extraction Method References
1913 Laminaria and Fucus Fucoidan contaminated Dilute acetic acid extraction Kylin (1913)*°
with mannitol,
alginate and laminaran
1915 Laminaria digitata Fucoidan contained methylpentose, Dilute acetic acid extraction Kylin (1915)*'
L-fucose, and some pentoses
1915 Macrocystis pyrifera Dominantly alginic acid, Seaweed was soaked in Hoagland and Lieb (1915)*¢
with fucose-sulfate 2% Na,CO; for 24 h,
filtered, HCl was added,
the precipitate filtered,
and then resolved in 2% Na,CO;
1931 Laminaria digitata Substantial amounts of calcium Soaking of seaweed in water, Bird and Haas (1931)*
sulfate and uronic acid precipitation of crude
sulfate by ethanol
1931 Macrocystis pyrifera Methylpentose monosulphate Repeated extraction with Nelson and Cretcher (1931)*
polymer with mainly fucose 2% HCI at room
and alginate contaminants temperature for 48 h,
precipitated with 90% EtOH.
1937 Laminaria digitata Sulfate residue must be Prepared by precipitating Lunde et al., (1937)**
substituted by fucose or the droplets exuded from
another sugar residue seaweed in boiling ethanol
1950 Fucus vesiculosus, Substantial amount Acid pH 2-2.5, 70 °C Percival and Ross (1950)*°
Fucus spirales, of fucose and sulfate; for 1 h, 3-times;
Himanthalia lorea, and small amounts of uronic acid, or aqueous at 100 °C for 24 h,
Laminaria clustoni galactose and xylose; lead acetate treatment,
ash was mainly calcium sulfate. barium hydroxide addition
1952 Fucus vesiculosus Fucose, ash, sulfate pH 2-2.5, 70 °C for 1 h, 3-times Black et al., (1952)*’

structural elucidation of fucoidan polysaccharides in the past.
Bird and Haas (1931) obtained fucoidan from fresh fronds of
Laminaria digitata by soaking the seaweed in water followed by
precipitating crude sulfate from the extract with ethanol.*
Uronic acid was also present in the preparation (Table 3).
Lunde et al., (1937)** used fresh Laminaria digitata fronds and
precipitation of the extracted fucoidan product using boiling
ethanol. The extracted fucoidan specimen was found to
contain 33-37% methylpentose (correctly interpreted as
fucose), and the total sulfate estimated in the polysaccharide
was 35-38% by weight. Later, boiling water was used to extract
fucoidan polysaccharide fractions from Fucus vesiculosus,
Fucus spirales, Himanthalia lorea and Laminaria clustoni by
using 24 h extraction; and alginates and protein were removed
with lead acetate and addition of barium hydroxide (Table 3).
The resulting lead-hydroxide-fucoidan complex was then
decomposed with dilute sulphuric acid, and the fucoidan
molecules were isolated after prolonged hydrolysis and
filtration.>> The product from Himanthalia lorea was consid-
ered the purest fucoidan specimen since it contained
substantial amounts of fucose and sulfate. Still,
quantities of uronic acid, galactose and xylose were found.
The ash was mainly composed of calcium sulfate.

Fucoidan production at the larger lab scale was done in the
early 1950s to obtain larger quantities of fucoidans.>” The
fucoidan extraction procedure was optimized by using one
part by weight of dried ground seaweed and 10 parts by
volume of 0.1 M HCI at pH 2.0-2.5 contacted at 70 °C with
constant stirring for 1 h.>” A single acid hydrolysis extraction
treatment using this method recovered about 50% by weight

small

This journal is © The Royal Society of Chemistry 2013

(w/w) of the theoretical maximum of the fucoidan polysacchar-
ides (recovered yield measured as % fucose obtained of total
fucose present in the seaweed dry weight), whereas three
rounds of the acid extraction recovered more than 80% of the
fucose present; the triple acid hydrolysis treatment (0.1 M HCI,
pH 2.0-2.5, 70 °C, 1 h x 3) was therefore selected as the
optimal extraction method. After the acid hydrolysis treatment
the crude fucoidan polysaccharides were isolated by fractional
precipitation with alcohol and further purified by precipitation
after addition of formaldehyde. By this procedure, samples of
crude fucoidans containing 30-36% fucose were obtained; for
example, the fucoidan polysaccharides recovered from F.
vesiculosus using this optimal extraction protocol was analyzed
to contain (by weight) 44% fucose; 26% total sulfate, and 31%
ash. Fucoidan yield was calculated as % fucose of total fucose
present in the seaweed raw material and the results obtained
for the four different algal species were: Pelvetia canaliculata
76%; F. vesiculosus 62%; Ascophyllum nodusum 54%, and L.
cloustoni 20%.”” The triple-step HCI extraction procedure®’
appears to be the one being used for the laboratory grade
fucoidan product supplied by Sigma-Aldrich. However, already
in the original report it was suggested that higher fucose yields
might be achieved by increasing the solvent/seaweed ratio,
extraction time or number of extractions.

The classical treatment with dilute acid at ambient or
slightly elevated temperature is still a preferred first step in
extraction protocols for isolating fucoidan from different types
of brown seaweeds prior to any fractionation and purification
process.” Transformation of alginate in the residual biomass

RSC Adv., 2013, 3, 8131-8141 | 8135
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into insoluble calcium salts by the aid of aqueous calcium
chloride has been found to be a very useful technique.*®

In recent years, inclusion of a pretreatment step prior to
acid extraction has become common, especially for analysis of
the (extracted) seaweed poly-saccharides. The pretreatment
step involves contacting the seaweed with a mixture of
methanol, chloroform and water (Table 2), and helps to
eliminate low molecular components (e.g. phenols);” removal
of protein can be facilitated using proteolytic enzymes.>®

Based on an analysis of the extraction methods employed in
different studies, it has become clear that the use of different
acids-or no acid at all- and differences in extraction time and
temperature during the extraction and purification treatments
of fucoidans, have generated very diverse compositional
results and structural suggestions for fucoidan polysacchar-
ides' (Tables 2 and 3).

A study was conducted to elucidate the structural compo-
nents of a sulfated heteropolysaccharide obtained from
Sargassum linifolium. The extraction was done using HCI at
pH 1.0 for 3 h at 80 °C; the extract was then neutralized with
aqueous sodium carbonate and precipitated with ethanol.>
The resulting sulfated polysaccharide material was acid
hydrolyzed and the structure was proposed to consist of a
backbone composed of glucuronic acid, mannose, and
galactose residues with partially sulfated side-chains com-
posed of galactose, xylose and fucose residues.”® A similar
brown seaweed species, Sargassum stenophyllum, was also
extracted for fucoidans using water (7% w/v), for 12 h-repeated
3x (Table 2), but the resulting sulfated polysaccharide
material, termed ‘sargassan”, was proposed to be built of
glucuronic acid, mannose, and galactose residues with
partially sulfated side-chains composed of galactose, xylose
and fucose residues."!

3.1 Influence of extraction parameters on fucoidan yield and
composition

The available compositional data evidently indicate the large
variation in the composition of the fucoidan products
obtained from different extraction methods. As already
mentioned, the majority of extraction methods involve
repetitive extraction in acid (i.e. HCI) at elevated temperature.

To assess the influence of the extraction parameters notably
acid, reaction time, temperature and repeated extraction on
the yields and composition of the extracted fucoidan poly-
saccharides, we developed a single-step extraction procedure
using Sargassum henslowianum as a model brown seaweed.’ All
extraction parameters had significant effects on the yields, i.e.
the fucose-containing sulfated polysaccharide yield, with the
temperature and time exerting positive effects, and the acid
concentration having a negative effect. A maximal fucoidan
yield of ~7% was achieved by the optimal extraction
procedure of: 0.03 M HCI, 90 °C, 4 h. Lower polysaccharide
yield, but relatively higher fucose content was obtained with
shorter extraction time.

The HPAEC-PAD analysis of the TFA hydrolysate of S.
henslowianum confirmed that fucose, galactose, and glucuro-
nic acid were the major constituents of the extracted

8136 | RSC Adv.,, 2013, 3, 8131-8141
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polysaccharides obtained by the optimized method.® The
composition agrees with the prevalent polysaccharide struc-
tures known among the Sargassum species; hence, in the case
of S. patens and S. stenophyllum®*>' fucose-containing ele-
ments have been found to contain a linear backbone built of
(1—6)-B-p-galactose and/or (1—2)-B-D-mannose units with
branched chains formed by (1—3) and/or (1—4)-a-L-fucose,
(1—4)-0-p-glucuronic acid, terminal B-D-xylose and sometimes
(1—4)-0-p-glucose.

Structural integrity of the polysaccharide was best conserved
at low acid treatment. The use of 0.2 M HCI apparently broke
the integrity of the polysaccharide molecules resulting in a
decline of fucose at elevated time and temperature.® This
indicated that the higher acid levels might have caused a
loosening of the cell wall matrix allowing local penetration of
the acid into the fucoidan. It has also been shown by others
that longer extraction time at higher temperatures led to
higher polysaccharide yield with lower amounts of sulfate and
a higher proportion of glucuronic acid.'™"’ Ponce et al.
(2003)"” thus reported that longer extraction time led to
poorer fucose content, whereas glucuronic acid increased
while sulfate decreased with time, i.e., the sulfate content was
highest when glucuronic acid was lowest."”” We also noticed
this trend during the experimental extraction work on S.
henslowianum.’

The data demonstrate the vulnerability of fucoidan struc-
tures to harsh extraction conditions and confirm that the
extraction method significantly influences the yields and not
least the composition of the extracted polysaccharides.

The differences caused by differences in extraction meth-
odologies obviously may have major bearings on the results
when the fucoidan polysaccharide products are being evalu-
ated for biological activity.

The available published data, including our own findings,
thus generally show that the term “fucoidan” has been used
for several chemical structures, and vice versa, that fucoidans
is a term that covers a family of fucose-containing sulfated
polysaccharides. It is therefore more correct to use the term
fucose-containing sulfated polysaccharides (FCSPs) as a
collective name for these polysaccharides. Also, a consensus
to employ defined extraction protocols for extraction of
fucoidan polysaccharides, or at least an agreement among
scientists in the field to always include a benchmark extraction
procedure in their studies, would help to advance the
understanding of these intriguing fucose-rich seaweed sub-
stances that exert unique bioactivities.

4 Fucoidan modifying enzymes and their
use for structural elucidation of fucoidans

Enzymes catalyzing partial cleavage of seaweed polysacchar-
ides, for instance fucoidanase and sulfatase, have been
proposed to be useful tools for investigating the structural
features and biological activity-function relationship of
fucoidan polysaccharides. A number of studies, some of them
originally initiated to study bacterial degradation of fucoidans
have identified endo- and exo-type hydrolysis of fucoidan

This journal is © The Royal Society of Chemistry 2013
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Table 4 Fucoidan structures from different brown seaweed sources catalysed by Fucoidanases obtained from different microorganisms and their mode of cleaving
patterns. For simplicity, we have distinguished the cleavage patterns as type 1 and 2 for (1—4)-a-L-fucoidan endohydrolase and (1—3)-a-L-fucoidan endohydrolase,

respectively (Fig. 1); and the exo-action as type 3 (Fig. 1)

Fucoidanases source Fucoidan source Fucoidan structures

Cleaving pattern Reference

Mariniflexile Pelvetia canaliculata

fucanivorans SW5

Fucophilus Cladosiphon okamuranus
fucoidanolyticus
Fucanobacter Kjellmaniella crassifolia

marina SA-0082
Littorina kurila Fucus distichus
(1—] repeating units
Pseudoalteromonas Fucus evanescens
citrea KMM 3296 (1—] repeating units
Pseudoalteromonas
citrea KMM 3298

Chorda filum

Vibrio sp. N-5 Kjellmaniella crassifolia

Pecten maximus Ascophyllum nodosum

(1—] repeating units

polysaccharides. During the last 10 years the enzymes have
been used as an aid in investigating structural features of
fucoidans.

4.1 Fucoidan modifying enzymes

Enzymes catalyzing modifications of fucoidan polysacchar-
ides, i.e. “fucoidanases”, include: i) Fucoidanases, EC 3.2.1.44,
which catalyze the endo-hydrolysis of (1—2)-o-L-fucoside
linkages in fucoidans without release of sulfate, and @) o-L-
Fucosidases, EC 3.2.1.51 which catalyze the hydrolytic release
of L-fucose, via cleavage of a(1—3)-, a(1—4)- and possibly also
of a(1—2)-O-fucosyl bonds in fucoidan oligosaccharides. The
enzymatic cleaving pattern and the structures of the products
obtained from various fucoidan seaweed sources by the action
of different types of fucoidanases from different microorgan-
isms are listed in Table 4 and illustrated in Fig. 1.>*7®
Enzyme-assisted extraction of fucoidan polysaccharides has
recently been proposed,® using enzymes that do not catalyze
the hydrolysis of the target fucoidan polysaccharides. Enzyme
assisted extraction is a clean and green type of technology.
However, as compared to the quite advanced stage of
development of designed enzyme mixtures for hydrolysis of
complex plant materials or heterogenous plant cell wall
polysaccharides,***® only various crude, commercial enzyme
mixtures, designed for plant material processing, have been
used as hydrolysis aids for extraction of brown seaweed bio-
functional polysaccharide fractions.>*' On the other hand,
fucoidanases have been intensely studied in relation to
bacterial degradation of fucoidans and molecular structure

This journal is © The Royal Society of Chemistry 2013

[3)-0-L-fucp-(280; ™~ )-(1—4)-a-L-fucp-
(2,3S0; " )-(1—] repeating units

[3)-0-L-fucp-(1—3)-0-L-fucp-(4S0; ™ )-
(1—3)-0-L-fucp-(450; )-(1—3 [(1—>2)-
a-GlcUAJ-o-L-fucp-(1— 3)-o-L-fucp-(1—]
[—3)-0-L-Fucp-(1—3)-a-L-Fucp-(1—3)-0-L-
Fucp-(1—3)-0-L-Fucp-(1—]; branching mainly
of (1—>>2)-o-L-Fucp single units
[3)-0-L-Fucp-(2,4S0;  )-(1—4)-0-L-Fucp-(2S05 ™ )-

[3)-0-L-fucp-(2S0; ™~ )-(1—4)-0-L-fucp-(2S05 ™ )-

[—3)-0-L-Fucp-(1—3)-0-L-Fucp-(1—3)-0-L-Fucp-
(1—>3)-0-L-Fucp-(1—3)-0-L-Fucp-(1—]; sulfated
groups at C2 and C4; branching mainly of
(1—2)-0-L-Fucp single units

[—3)-0-L-Fucp-(1—3)-a-L-Fucp-(1—3)-o-L-Fucp-
(1—>3)-0-L-Fucp-(1—]; branching mainly
of (1—2)-a-L-Fucp single units

[3)-0-L-fucp-(250; ™ )-(1—4)-0-L-fucp-(2,350; ™ )-

(1—4)-o-L-fucoidan Descamps (2006)**

endohydrolase
(Enzyme type 1)
(1—3)-0-glycosidic
bonds in fucoidan
(Enzyme type 2)
(1—3)-0-L-glycosidic
bonds in fucoidan
(Enzyme type 2)
hydrolyzed some
glycosidic bonds in
fucoidan molecules
(1—3)-o-L-fucoidan
endohydrolase
(Enzyme type 2)
(1—3)-o-L-fucoidan
endo-hydrolase
(Enzyme type 2);
resulting product:
sulfated o-L-
fucooligosaccharides
Exo-type fucoidanases;
main products: monomers
and dimers of sulfated
L-fucose (Enzyme type 3)
(1—4)-o-L-fucose
glycosidic bonds
(Enzyme type 1)

Sakai (2003)**
Sakai (2002)**
Bilan (2005)*°
Bakunina (2002)*¢

Bakunina (2002)%¢

Furukawa (1992)*”

Berteau (2002)*®

elucidation of fucoidan polysaccharides.***** A study of the
fucosidase action on fucoidan polysaccharides from Fucus
distichus has thus established that the native fucoidan
polysaccharides contain blocks of acetylated and partially
sulfated repeating units.*®> Likewise, the enzymatic treatment
confirmed that the main fucoidan structural unit from this
brown seaweed Fucus spp. consists of repeating di-saccharide
units of [—3)-a-L-Fucp-(2,4di-SO; ™ )-(1—4)-0-L-Fucp-(2S0; ™ )-
(1_)].35

Three different cleavage mechanisms for fucoidan polysac-
charides are principally known to date: o-L-fucosidase only
catalyses the cleavage the a-L-fucosyl linkages at the non-
reducing termini, releasing fucose from the fucose-backbone
structure in fucoidans (Enzyme type 3, Fig. 1). For fucoida-
nases there are two different types of mechanisms known: one
type of fucoidanase catalyses the cleavage of small, low
molecular weight oligosaccharides from the end of the
fucoidan backbone chains while the other type of fucoidanase
catalyses the glycosidic bonds (both o(1—3)-, a(1—4)-bonds)
in the fucose-back bone via random endo-type hydrolysis
(Table 4).>*7*® We have chosen to differentiate these two types
of enzymatic endo-attack as type 1 for o(1—4) cleavage, and
type 2 for the «(1—3) cleavage (Table 4 and Fig. 1).

Fucoidanase activities were first detected in several different
marine microorganisms, including marine bacteria such as
Vibrio sp., Alteromonas sp., Pseudoalteromonas sp., and bacteria
of the family Flavobacteriaceae.?**%3”** Twenty five strains of
epiphytic marine bacteria obtained from brown seaweed and
53 bacteria isolated from sea cucumber were also screened for
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OH
H3C 0 )
0S0,
o OH
H3C o) .
0s0,
(@]

HO €——Enzyme type 2
HaC 0] R
0SO,
o HO

€——Enzyme type 1

H3C 0] -
0s0,
0]
HO €————Fnzyme type 3
H3C
0s0,
HO HO

Fig. 1 Enzymatic attack patterns of a-L-fucoidan endohydrolase and fucosidase, respectively: For simplicity, we have distinguished the cleavage patterns as type 1 for
(1—4)-a-L-fucoidan endohydrolase and type 2 for (1—3)-a-L-fucoidan endohydrolase; and the exo-action, EC 3.2.1.51, as type 3. (Since the EC 3.2.1.44 fucoidanase
activity only designates catalysis of the endo-hydrolysis of (1—2)-a-L-fucosides, the enzymes type 1 and type 2 a-L-fucoidan endohydrolases are in principle not EC

categorized.) References in Table 4.

efficient fucoidanase production. Bacteria of the genera
Cytophaga and Alteromonas/Pseudoalteromonas exhibited the
highest fucoidanase activities.*®

Fucoidan structures of brown seaweeds from the orders
Fucales and Chordariales are known to differ from those of
Laminariales." The L-fucopyranose backbone of the fucoidan
extracted from A. nodosum and F. vesiculosus is connected by
alternating «(1—3) and o(1—4) linkages with sulfate substi-
tuted at the 2- and 3-position of the fucose residues while
fucoidan of Chorda filum and Laminaria saccharina consist of a
poly-0-(1—3)-fucopyranoside backbone with sulfate mainly at
C-4 and sometimes at the C-2 position (Table 1). Fucoidanase
from the marine bacterium Fucanobacter lyticus has shown to
exhibit extracellular endo-fucoidanase degrading activity on
fucoidan polysaccharides obtained from brown seaweed in the
order of Laminariales but not Fucales and Chordariales
indicating specificity of an endo-1,3-o-fucoidanase.** Marine
bacteria such as Fucophilus fucoidanolyticus are to a certain
extent able to consume fucoidans of various structures and
apparently synthesize a number of fucoidan-degrading
enzymes. At least one of them (intracellular fucoidanase)
seems to have the ability to catalyse the splitting of 1,3-
a-glycosidic bonds and has also been demonstrated to express
deacetylase activity being effective on acetylated fucoidans
from Cladosiphon okamuranus.*

From the information available about enzymes able to
catalyse modification of fucoidans from brown seaweeds, it
appears that these enzymes may have a broad spectrum of
biological roles and potential applications. As mentioned
earlier, fucoidan polysaccharides and other FCSPs exhibit
significant biological properties in vitro such as anti-prolif-
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erative activity on cancer cells. However, the exact structural
element(s) in the fucoidan molecules being responsible for
these potentially protective activities are still unidentified. In
this connection, the targeted use of fucoidanases might assist
in determining the precise molecular structures accountable
for preventive bioactivity effects. Also, as proposed by
Holtkamp et al. (2009)** more knowledge about the fucoi-
dan-degrading enzymes might help in the elucidation of
different fucoidan structures and could pave the way for use of
these enzymes in industrial processes.

5 The prospects for seaweed
polysaccharides from brown seaweeds

Fucoidan polysaccharides have been reported to have potential
beneficial bioactive functions, including anti-proliferative
effects on certain types of cancer cells.*® The biological activity
of fucoidans depend on the seaweed source, the compositional
and structural traits, the content (charge density), distribution,
and bonding of the sulfate substitutions, and the purity of the
fucoidan product. Thus the extraction process employed for
the fucoidans is crucially important for maintaining the
structural integrity and the relevant structural features
required for specific biological activity. A consistent extraction
process is also a prerequisite for elucidating the structure-
function relationship that promotes these biological proper-
ties. The lack of a standardized extraction methodology
prevents detailed comparison and most importantly obstructs
the understanding of the correlation between fucoidan

This journal is © The Royal Society of Chemistry 2013
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polysaccharide structures and biological functions. As a
consequence, no pharmaceutical, dermatological, nutraceuti-
cal or other applications have as yet been officially approved
for these polysaccharides or their lower molar mass oligosac-
charide derivatives. Nevertheless, fucoidan capsules are
marketed as nutracuetical supplements, and seaweed extracts
have been used as a remedy in traditional medicine in parts of
Asia, notably in Japan, the Philippines, and Koreas for
centuries.

5.1 Fucoidan bioactivity and potential applications

Algal fucoidans have been the subject of numerous scientific
studies due to their diverse biological functions and possible
therapeutic properties including antitumor, immunomodula-
tory,*> anti-inflammatory,® antithrombotic, and anticoagulant
effects.*® The direct anti-proliferative effects of fucoidan
polysaccharides against certain cancer cells have been shown
in vitro using cell viability analysis. Both FCSPs from
Sargassum sp. and more classic fucoidan polysaccahrides from
Fucus vesiculosus significantly decreased the viable number of
lung carcinoma and melanoma cells in vitro in a dose-
response fashion.*® Histochemical staining showed morpho-
logical changes of melanoma cells after exposure to the
fucoidans and were indicative of crude fucoidan induced
apoptosis.*®> Fucoidan was also reported to induce apoptosis in
HT-29 colon cancer cells,"” MCF-7 human breast cancer
cells,”® and HS-Sultan human lymphoma cells.*® It has been
suggested that the bioactive properties of fucoidans are
defined by their structural make-up, and notably related to
the fucose sulfated chains.'” Nevertheless, it appears that the
anti-cancer activity of fucoidans is not a function of a single
specific structural trait but a combination of many factors
such as the amount of sulfate groups, the monosaccharide
composition, and the types of linkages of the sugar
residues.*° Some findings indicate that the antitumor activity
of fucoidan is a result of an indirect effect which may be
associated with a significant enhancement of the cytolytic
activity of natural killer (NK) cells augmented by increased
production of macrophage-mediated immune response signal-
ing molecules,’>*" namely interleukins (IL)-2, IFN-y and IL-
12.°° Hence, stimulation with IL-2 and IL-12 may promote the
secretion of IFN-y by NK cells, probably via enhanced NK cell
activity by fucoidan.

The bioactive properties of fucoidans currently attract
research institutions and private companies to undertake
comprehensive investigations for potential applications of
fucoidan molecules in the nutraceutical food ingredients
industry and in the cosmetic industry. In the USA and UK,
fucoidan is already commercially available as health supple-
ments in the form of beverages and tablets which are mostly
marketed over the internet. Brown seaweeds like Cladosiphon
okamuranus (Mozuku) and Undaria pinnatifida (Mekabu), and
Laminaria japonica (Kombu) are the most important sources of
fucoidans in Japan. The company Kanefuku Co, Ltd, Japan
produces and supplies fucoidan polysaccharides (Umi No
Shizuku) as a dietary supplement in the form of powder,
capsules and drinks to enhance the immune system and
increase longevity. Fucoidan products from Takara Bio Inc,
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Japan are marketed as an anti-inflammatory and immune-
boosting formulation and used in nutritional drinks and
functional foods. Production of pure fucoidan products is
challenging because of the presence of other polysaccharides,
such as alginate. In Korea, Seaherb Co. Ltd. has patented a
technology for the manufacture of low molecular weight
fucoidan saccharides aimed at increasing absorption rate.
However, this technology does not remove other polysacchar-
ide impurities but only degrades large molecular size
compounds (including contaminants such as alginate) to
reduce the molecular sizes of the polysaccharides in the final
crude fucoidan product.

Applicability of fucoidans as ‘“cosmeceuticals” in the
cosmetic industry has also been studied. Most of these studies
focus on the inhibitory effects of topically applied fucoidans
on aging and photo-damaged skin. Fucoidans may enhance
dermal fibroblast proliferation and deposition of collagen;**
protect the elastic fiber network in human skin culture;>® and
to have potential for inclusion in lotion as a natural whitening
agent.’ The prospects of using fucoidans as a protective agent
in topical cosmetic formulations thus seem very promising.
Since fucoidans are water soluble, they can easily be
incorporated into lotions, creams and other beauty products.
As a pharmaceutical or nutraceutical ingredient, fucoidans
clearly offer distinctive possibilities for immuno-modulation
and anti-cancer effects.

6 Conclusions and outlook

Brown seaweed is an important source of valuable techno-
functional and potentially bioactive polysaccharides. Among
the polysaccharides from brown seaweeds, fucoidans have
turned out to exert potentially significant pharmaceutical
effects, but at the same time to be a family of differently
structured polysaccharides comprising structural units having
distinct traits. Despite intensive research, the exact correla-
tions between the various bioactivities and the molecular and
structural features of fucoidans still have to be clarified. It is
known now that the fine structural details of fucoidans vary
depending on seaweed type and species. Fucoidanases may
provide new tools for elucidation of detailed fucoidan
structures from various sources. Preservation of the structural
integrity of the fucoidan molecules appears crucial for
maintaining their biological properties. It has been convin-
cingly shown that the extraction treatment employed affects
the composition and thus the structural features of the
fucoidan substances. It is also clear that acid treatment used
as the major step/steps in the extraction of fucoidans causes
degradation and affects the integrity of overall fucoidan make-
up. Thus milder extraction procedures must be implemented
in order to preserve the native fucoidan structures in order to
bring out the distinct biological properties. The extraction
methodology employed may thus significantly affect the
results obtained when the fucoidan products are being
evaluated for biological activity. Despite the availability of
early, seminal studies on fucoidans, the understanding of
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their complex structures still requires more research. However,
the potential biological effects and the application possibi-
lities for fucoidans seem promising.

Harsh chemicals are environmentally burdensome and
have detrimental effects on the yield and compositions of the
end product polysaccharides. These facts call for implementa-
tion of milder and greener extraction technologies for
fucoidan polysaccharides from brown seaweeds. Seaweeds
may in general represent a renewable biomass source that can
be cultivated for sustainable processes and products. More
research is warranted to improve extraction and purification of
defined fucoidan polysaccharide
seaweeds using gentler methods especially in relation to
scale-up for industrial production.

structures from brown
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