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a  b  s  t  r  a  c  t

Marine  algae  are  valuable  sources  of  structurally  diverse  bioactive  compounds,  among  them,  the  group
of sulfated  polysaccharides  (SPs).  As  an  example  of SPs, it could  be  cited  the  fucoidans  in brown  algae,
carrageenans  in  red algae  and ulvans  in green  algae.  Since  the  past decades,  SPs  have  been  extracted
from  algae  and evaluated  in respect  to their  beneficial  biological  activities  such  as  anti-inflammatory,
antioxidative,  antimicrobial,  anticoagulant,  antithrombotic,  immunological  and  anticancer.  This review
deals with  the  presentation  of natively  bioactive  SPs  structural  features  in addition  to already  employed
approaches  of  SPs  structure  modifications,  such  as  chemical  and physical  methods.  Moreover,  this  article
presents  the  advantages  and  the  importance  of using  enzymatic  methods  during  SPs modification,  and
particularly,  the use  of  microorganisms  as enzymes  sources.  Enzymes  such  as  hydrolases/glycosidases
arine algae
icroorganisms

ulfatases
ulfotransferases

(e.g.  fucoidanase,  fucosidase,  agarase  and  carrageenase),  lyases,  sulfotransferases  and  sulfatases  could be
used  for  this  purpose.  It has  been  shown  that  more  studies  are  necessary  to obtain/identify  opportunities
to  create  novel,  or to  intensify,  SPs  biological  properties.  Considering  the advantages  in  the use  of  microbial
enzymes  in  biotransformation  processes,  studies  related  to the modification  of  SPs  by  microorganisms
should  be  stimulated.

© 2016  Elsevier  Ltd. All  rights  reserved.
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. Introduction

Sulfated polysaccharides (SPs) are one group of the most inter-
sting and attractive components of marine algae cell walls. They
re a class of compounds with hemi-ester sulfate groups on a
olysaccharide backbone [1]. Based on the algae classification,
ed, green or brown, polysaccharides may  vary accordingly to the
ore abundant monosaccharide (carbohydrate structure), molec-

lar weight, degree of sulfate esterification, the linking position
f glycosidic bonds, sulpho groups and other substituents [2].
ucoidans, sulfated fucans and laminarans are commonly reported
n brown algae, while carrageenans and sulfated galactans in red
lgae, ulvans and sulfated heteropolysaccharides in green [3].

Despite the focus of SPs in food industry applications, in recent
ears, attention has shifted to the exploitation of potential biologi-
al activities and pharmacological properties [4]. Therefore, studies
hat aim to evaluate the importance of polysaccharide structures
ver bioactivity are crucial. Anticoagulation, antiviral, anti-tumor,
nti-inflammatory and antioxidant are some biological activities
lready studied. However, relatively few studies have interpreted
he biological activity of SPs (e.g. fucoidans, sulfated fucans and
ulfated galactans) in terms of molecular structure [5].

Structural elucidation of algal polysaccharides is needed to cor-
elate their physico-chemical or biological properties. Furthermore,
he analysis of distinct structural features may  lead to the improve-

ent of beneficial properties by specific modifications (chemical,
hysical or enzymatic). Prior to structural modifications, structural
nalysis is required in addition to a whole set of modern analytical
rocedures, sometimes together with specific additional methods,
s those for purification steps, for example [6].

Considering that biological activities depend on the molecular
tructure, we have to take a careful look of the poly and oligosac-
haride structure and strategies have to be developed to produce
ure oligosaccharides [7].

Recent insights into the structures of some algal polysaccha-
ides may  help to explain their activity mode, which depend on
he use of enzymes degrading polysaccharides [8]. Nevertheless,
nly a few studies regarding the isolation and characterization of
nzymes used in sulfated polysaccharides modification have been
erformed.

Since microorganisms are potential producers of enzymes with
iotechnological interest, the screening and identification of them
lso remains a challenge.

This review aims to give an up-to-date view of the general
tructural properties of SPs from marine algae and to present a
iscussion of the employed methods for polysaccharides modifica-
ions, focusing on specific microbial enzymes, which are expected
o simplify structural and structure/function studies.
. Marine algae

The world’s surface is covered by oceans in more than 70%. In this
ense, the wide diversity of marine organisms could be a rich source
 .  . .  . . . .  . . .  . . . . .  .  . . . . .  . .  .  .  . . .  . . .  . . . . . . .  .  . . .  .  . . . .  .  .  . . . . .  . . . . . . .  .  .  .  . . .  .  . .  . . . .  .  996

of natural products. Among those organisms, marine algae present
diverse bioactive compounds with various biological activities [9].

The term “algae” refers to a complex association of photosyn-
thetic organisms with different origin and evolutionary history. In
a practical manner, algae could be separate into two groups: 1)
multicellular marine organisms (macrophytes, seaweeds) and 2)
unicellular or colonial microalgae that inhabit not only oceans, but
fresh water lakes, rivers, ponds and soil [6].

Seaweeds are macroalgae that can be represented by red
(Rodophyta), brown (Phaeophyceae) and green (Chlorophyta) algae
[6].

During the last decades, seaweeds have been studied because
of their composition, which correspond to their edible characteris-
tics and other commercial purposes, such as their pharmaceutical
properties [4]. The bioactive compounds of marine algae include
polyphenols, polysaccharides [10], proteins, lipids, vitamins and
minerals [11]. The total concentration of components, in dry
weight, will depend on the algae type and growth conditions:
polysaccharides can range from 4 to 76%, protein content in green
and red algae vary from 10 to 30% in comparison to 5–15% of
brown algae, lipids can account for 1–5% of cell composition (major
classes: phospholipids and glycolipids). Other important chemical
groups are phenolic and mineral compounds, that vary qualita-
tively and quantitatively [11].

Marine algae have attracted a special interest because of their
richness in sulfated polysaccharide [9].

3. Sulfated polysaccharide from marine algae

Sulfated polysaccharides, SPs, are complex macromolecules
with broad spectrum of activity as a function of a chemical struc-
ture rich in polyanions, which allows its connection to a large
number of proteins in solution (cell matrix or blood plasma) [12].
These structures have a wide distribution in nature, being found in
microorganisms, seaweeds, vertebrates and invertebrates [13]. In
fact, a great amount of SPs seaweed with biological properties was
so far investigated, showing complex and heterogeneous structures
[14].

The major constituent (sugar) in red algae is galactose, being
designated as galactans [14]. Carrageenans and agar (galactans) are
the main SPs produced by red seaweeds (Rhodophyta) [11].

In green algae (Chlorophyta), the major polysaccharides are,
in turn, polydisperse heteropolysaccharides where glucuronoxy-
lorhamnans, glucuronoxylorhamnogalactans or xyloarabinogalac-
tans are the three main groups, whereas alginate is mainly
found in brown seaweeds (Phaeophyceae) [11]. Studies of algi-
nates indicate that their constitution is based on the existence
of two  different uronic acid residues in blocks of homopolymeric
sequences of either d-mannuronic acid residues (M-blocks) and/or

l-guluronic acid residues (G-blocks), separated by long sequences
of heteropolymeric material (MG-blocks) [15]. Furthermore, fucans
include, among others, compounds such as fucoidin, fucoidan, sar-
gassan, which are SPs that can also be found in brown seaweeds,
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Table  1
Types of sulfated polysaccharide found in marine algae.

Polymer Algae species Alga Reference

Fucans Laminaria digitata, Pelvetia canaliculata, Fucus vesiculosus, Sargassum muticum and Ascophyllum nodosum Brown (Grauffel et al.) [16]
Carrageenan Solieria chordalis Red (Bondu et al.) [17]
Fucoidan Fucus evanescens Brown (Anastyuk et al.) [18]
Kappa-carrageenan Hypnea musciformis Red (Arman and Qader) [19]
Carrageenan Chondracanthus chamissoi Red (Wang et al.) [20]
Agarose Gloiopeltis furcata Red (Hu et al.) [21]
Fucan Sargassum vulgare Brown (Dore et al.) [22]
Laminaran Eisenia bicyclis Brown (Menshova et al.) [23]
Fucoidan Saccharina gurjanovae Brown (Shevchenko et al.) [24]
Aginates Cystoseira trinode, Cystoseira myrica, Sargassum dentifolium, Sargassum asperifolium Sargassum latifolium Brown (Larsen et al.) 15]
Galactan Gelidium crinale Red (Pereira et al.) [14]
Alginate Sargassum fusidorme Brown (Cong et al.) [25]
Laminarans and fucoidans Alaria fistulosa, A. marginata, Laminaria cichorioides Fucus evanescens Brown (Zvyagintseva et al.) [26]
Carrageenan Hypnea musciformis Red (Ghannam et al.) [27]
Xylofucoglucuronan Spatoglossum schroëderi Brown (Leite et al.) [28]
Agar, carrageenan Osmundea pinnatifida, Grateloupia turuturu, Gracilaria graci
Alginates, fucoidans Sargassum muticum, Saccorhiza polyschides 
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neutral sugar rhamnose and xylose; LP fucose and galactose; EP
ig. 1. Complexity in structure of sulfated polysaccharides from marine algae as a
unction of its various features.

resenting one of the possible monomers, l-fucose [11]. Table 1
hows some of the SPs reported in the literature by different
esearcher groups.

Studies with SPs from algae have been demonstrated that the
tructure varies from specie to specie and in the same plant, as well
s its localization in plant tissue. The complexity in the structure
f these compounds is due to a variety of linkages between the
onosaccharides and the distribution of sulfate groups. Therefore,

ach polysaccharide may  possess unique structural conformation
nd thus exhibits different biological activities [29,30] (Fig. 1).

. Biological activities of algal sulfated polysaccharides and
tructural requirements

Algae’s sulfated polysaccharide have attracted an increasing
nterest due to their physical properties, such as gelling, thick-
ning and stabilizing ability as well as their beneficial biological
ctivities [3]. Currently, the research on the chemical elucida-
ion of algal products with pharmaceutical activity has increased,

ainly in respect to binomial structure versus biological activ-
ty. Plenty of studies have focused in different biological activities
f SPs as anti-inflammatory activity [31], antioxidant activity
32–34], antimicrobial activity [4], anticoagulant and antithrom-
otic activities [14,16], immunological activity [17], anticancer

ctivity [18,23], even though still few of them have demonstrat-
ng the importance of a specific structural requirement in such
ctivities.
lis Red (Rodrigues et al.) [11]
Brown [11]
Green [11]

4.1. Anti-inflammatory activity

The migration of proliferating leucocytes from blood to tis-
sues is a characteristic of inflammatory process that causes various
diseases (e.g. rheumathoid arthritis, sepsis). Wu et al. (2015)
[31] investigated the anti-inflammatory activity of three algae
species namely Porphyra tenera,  Monostroma nitidum, and Sargas-
sum cristaefolium (red, green and brown algae, respectively). The
evaluation was based on inhibition of LPS-induced nitric oxide (NO)
production in murine RAW264.7 macrophages. NO is an inflamma-
tory mediator induced by inflammatory cytokines or bacterial LPS
in cell types like macrophages. The researchers observed that S.
cristaefolium had higher NO inhibitory activity. In accordance with
several reports, in this study it was also evaluated the correlation
between biological activity and molecular weight (fractions with
1193.2, 864.4 and 386.1 kDa) and polysaccharide sulfate content
(original 31.1%, desulfated polysaccharide with 0.84 and 9.42% and
sulfurized with 50.83%). Results showed that fractions with low
molecular weight (386.1 kDa) and sulfate content (9.42%) potently
downregulated iNO expression [31].

4.2. Antioxidant activity

Some macroalgae live in complex habitats exposed to adverse
conditions that lead to the formation of oxidizing agents suggest-
ing that their cells possess mechanisms against oxidative stress.
Besides polyphenolic compounds, SPs show potential antioxidant
activity [34].

The in vitro methods used to evaluate antioxidant activity
include measurement of reducing power, scavenging of radicals
and reactive species, chelating properties and protection of lipid
oxidation [34]. Zhang et al. [33] studied the antioxidant activity of
polysaccharides extract from five algae: Laminaria japonica (brown
alga), Porphyra haitanensis (red alga), Ulva pertusa,  Enteromorpha
linza and Bryopsis plumose (green algae). Firstly, they determined
chemical composition and characterization of the samples LP (from
L. japonica), PP (from P. haitanensis), UP (from U. pertusa), EP (from
E. linza) and BP (from B. plumose)—polysaccharide extracts for each
species. Total sugar (%), sulfate content (%) and molecular weight
(kDa) for UP, LP, EP, BP and PP were, respectively: 33.4, 19.9 and
151; 66.7, 25.9 and 250; 47.9, 16.2 and 200; 41.8, 7.56 and 227;
78.9, 17.7 and 159. UP had in its composition, predominantly, the
rhamnose and xylose; BP galactose and arabinose; PP galactose.
All samples had stronger scavenging activity for superoxide radical
than vitamin C, a well recognized natural antioxidant. For hydroxyl
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adical, the assays resulted in a concentration-dependent manner.
P, EP and PP showed good scavenging effect, although LP and BP
ad bad effect even at high polysaccharide concentrations. It was
bserved that sulfate group had high nucleophilic characteristic
nd could chelate with metal ion, leading to a stronger hydroxyl
adical scavenging activities of the four samples when compared to
P. In respect to reducing power, UP, EP, BP and PP showed excel-

ent effect, except of LP, which present the highest sulfate content.
he reason was probably that the ability of donating a hydrogen
tom declined because of the decreases of OH [33].

.3. Antimicrobial activity

Most of the compounds responsible for the antimicrobial
ctivity of seaweeds are phenolic and polysaccharide compo-
ents, being the mechanism of action the stasis (microorganism’s
rowth inhibition) or cidal (direct destruction of microorganism).
he antimicrobial nature of algal polysaccharide is attributed to
lycoprotein-receptors in bacteria cell-surface, for example, which
s capable of recognizing and binding to charged polysaccha-
ide molecules. However, antimicrobial activity of those types of
olysaccharides is correlated to their molecular weight, charge
ensity, sulfate content, structure and conformation [4].

Abou Zeid et al. [35] evaluated the water soluble polysaccharide
xtracts of both Pterocladia capillacea (red algae) and Dictyopteris
embranacea (brown algae) and their antimicrobial activity. In the

tudy, it was showed that the water temperature for extraction
f algae polysaccharides was imperative not only to the polysac-
haride yield but also for the presence of some sugars in those
xtracts. Total yield of the water-soluble polysaccharide extracted
rom P. capillacea and D. membranacea at 25 ◦C (room temperature)
as 2.87, 2.14% and at 80 ◦C was 6.46, 3.89%, respectively. P. capil-

acea polysaccharide hydrolyzate of cold water presented as major
ugars galactose (25.36%), glucose (20.59%), arabinose (12.61%) and
ructose (9.17%), while galactose (17.81%), glucose (16.99%), fruc-
ose (9.38%) and mannose (7.37%) were the major sugars of the
ot hydrolyzate. D. membranacea cold water hydrolyzate was con-
tituted by galacturonic acid (32.53%), glucuronic acid (30.54%)
nd fructose (7.56%) as major sugars; while hot water hydrolyzate
as galacturonic acid (27.32%), glucuronic acid (22.02%) and man-
ose (6.01%). Cold and hot water extracts of P. capillacea showed
ide range of antimicrobial activity against Gram positive (Bacil-

us cereus,  Staphylococcus aureus,  Streptococcus pyogen)  and Gram
egative (Pseudomonas flouresens)  bacteria in addition to fungi
Fusarium oxysporium). Differently, D. membranacea extracts, of
oth cold and hot water, had no effect on Gram positive bacteria
nd fungi, despite of having good effect on Gram negative bacte-
ia (Escherichia coli and P. flouresens).  Based on other reports and
ttained results, authors concluded that the chemical and structural
haracteristics of the marine algal polysaccharides are considered

 prerequisite for understanding their biological activity [35].

.4. Anticoagulant and antithrombotic activities

One disorder of blood coagulation leads to an increased risk
f clotting (thrombosis), making the use of anticoagulants, sub-
tances that prevent coagulation, necessary. An example of widely
sed medication for thrombotic disorders is the heparin. Heparin

s a highly sulfated polysaccharide present in mammalian tissues
not in algae). Nevertheless, there is a high demand to obtain novel
tructures with anticoagulant and antithrombotic activities due to
he bad and long-term side effects of heparin, as the risk of excessive

leeding and induction of thrombocytopenia [10].

Grauffel et al. [16] screened the anticoagulant properties of var-
ous fucan fractions extracted from different algal species (brown
lgae) to assess the relationship between fucan structure and activ-
chemistry 51 (2016) 989–998

ity. Fucans were extracted from Laminaria digitata (Ld), Pelvetia
canaliculata (Pc), Fucus vesiculosus (Fv), Sargassum muticum (Sm)
and Ascophyllum nodosum (An) with different solvents: cold water,
Triton, hot-acidic water, hot-alkaline water. The authors observed
that coagulation assays (thrombin clotting time and anticoagulant
activity) were very dependent on fucans chemical compositions.
One of the results that corroborate with this conclusion occurred
in extracts obtained with Triton-fucans of Pc and Fv had higher
contents of fucose and sulfate and lower levels of uronic acid and
galactose and consistently exhibited higher anticoagulant activi-
ties compared with those extracted from Ld or Sm. A remark of
the study was  that fucans with high sulfate content presented a
significantly increased anticoagulant activity [16].

4.5. Immunological activity

It is well known that marine algae are great sources of polysac-
charides. Carrageenans isolated from some red algae, particularly,
have been used to induce various effects on immune system. As
carrageenans interact with a variety of sulfated polysaccharides-
binding proteins, the immune response could be inhibited or
stimulated. Immune-suppression action, for example, is due
to transduction block of inflammatory signal induced by pro-
inflammatory cytokines, suppression of complement activation
and inhibition of two other processes: leukocyte-adhesion and
leukocyte-passing through the endothelium. Although the initia-
tion of an immune response can be achieved through interaction
between immune cells and SPs, the structure of this polymer may
play a critical role in their controversial effects [17].

Bondu et al. [17] investigated the structural features of car-
rageenan extracted from the red alga Solieria chordalis and
the influence of polymer molecular weight over immunolog-
ical activity. The structure was determined by CG-MS, NMR
and FTIR spectroscopies, elucidating a galactan polymer with
pyruvate acetal- and methyl ether-substitutions in carrabiose
repeating units in the carrageenan. The protection against dis-
ease exerted by immune system within the organism is mediated
by immune cells (macrophage, lymphocytes, natural killers—NK)
and molecules (complement and antibody). The activities of these
cells and molecules rely on mechanisms that constitute the innate
immunity (e.g. phagocytosis, ADCC—antibody-dependent natu-
ral killer cells activity, direct NK citotoxicity). In this study, the
highest immunological activities, mainly in the direct cytoxic-
ity by NK cells and on the ADCC mechanism, were attained
with low molecular weight fractions of the carrageenan (after
chemical treatment: free-radical depolymerization and mild-acid
hydrolysis). Authors concluded that the low molecular frac-
tions demonstrated good immunostimulating properties due to
enhancement of neutrophil phagocytosis, cytotoxicity by natural
killer cells, antibody-dependent cell cytotoxicity and stimulation
of lymphocyte proliferation (immunological assays) [17].

4.6. Anticancer activity

Several studies have reported that SPs inhibit tumor cell
proliferation and tumor cell adhesion. Indeed, the exact action
mechanisms are not yet understood [9].

A study dealing with the impact of sulfated polysaccharide
molecular weight showed that only the native fucoidan from the
brown alga Fucus evanescens exerted anticancer activities in human
malignant melanoma cell lines: SK-MEL-28 and SK-MEL-5. Native
polymer was subjected to autohydrolysis for depolymerization and

MALDI-TOFMS analysis (for both native and fragmented polysac-
charide). Native fucoidan exhibited a 60 kDa weight and highly
sulfated pattern (28%). Researchers observed that fragments with
low molecular weight had no action into cell proliferation in
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oth cell lines and colony formation on SK-MEL-5. On the other
and, these fragments presented almost the same inhibition activ-

ty against colony formation for SK-MEL28, in comparison to the
ative fucoidan. Probably, the inhibition activity for SK-MEL-28 cell

ines is dependent of sulfate groups and (1 → 4)-linked �-l-fucose
esidues in the main chain of fucoidan (native)/oligosaccharides
fragments). The results are in accordance with other reports; this

eans that a reduction of molecular weight of fucoidans and an
versulfation potentiated anticancer activity [18].

. Structural modifications of sulfated polysaccharide

Modified SPs are those not only extract from their natural
ources, but those that was subjected to consciously modification
y the use of physical, chemical or enzymatic treatments. The major
easons for modification of SPs aim both structural evaluation and
he enhancement of their biological activity, simplifying structural
nd structure/function studies. Relatively few studies have inter-
reted the biological activity of SPs in terms of molecular structure
iversity. As previously mentioned, the diversity concerns first the
ariety of monosaccharides present in the molecules, that accounts
o carbon 1 anomery (� or �) and the absolute configuration of
he sugars (d or l). In addition, the glycosidic linkage between

onosaccharides and their substitution (nature, yield, and posi-
ion of substituents) must be elucidated. Another important feature
hat should be considered is the molecule size characterized by
olymerization degree [7]. The modification of natively bioactive
olysaccharides could not only extend their applications, but also

ntroduce bioactivity (functionalization) in SPs that do not possess
hem or improving the innate bioactivities (Fig. 2).

Some environment friendly processes for extraction of polysac-
harides have been successfully used, prior structural elucidation
nd modification. These processes could be designated as pretreat-
ents, such as supercritical fluid extraction, microwave-assisted

xtraction and hot-water extraction. Effectiveness is based on
igher extraction efficacy, low cost and structure preservation
bility. Enzymatic pretreatments are also employed since they
educe extraction time, diminish energy consumption, minimizes
he usage of solvents, increase the yield, and mainly preserve bio-
ogical activities [3]. Generally, polysaccharides are submitted to
MR  spectroscopy after pretreatments aiming structural analysis

14,21] (Fig. 2).
As an example, it has been reported that SPs derived from

arine algae are alternative sources for manufacture of novel
nticoagulant drugs. The activities of those types of sulfated
olysaccharides are compared to a well known standard, the hep-
rins. Heparins are SPs currently used as anticoagulant drugs for
ore than 50 years, being extracted from mammalian tissues. In

he same manner, the activity and its potency will depend on a
pecific pentasaccharide sequence with high affinity for the ser-
ne protease inhibitor antithrombin, this means a specific structure
14,5].

Recent insights into the structures elucidation may  explain their
nfluence and importance over biological activities of SPs, which
ould be attained after polymer modification [23–25].

.1. Physical modification

Physical methods for modification of SPs are considered envi-
onmentally safe and can be separated into: ultrasonic, microwave
nd thermal depolymeraziation, among others.
Holme et al. [36] investigated the thermal depolymerization
f two commercial purified alginates, one with high content of
lucuronic acids and another with mannuronic acid. Thermal treat-
ent was attained at moderate temperatures 60–120 ◦C in order
chemistry 51 (2016) 989–998 993

to evaluate its kinetic, using intrinsic viscosity data for analysis.
Activation energies for the depolymerization of the alginates were
determined to get information about possible depolymerization
mechanisms. The authors demonstrated that oxidative–reductive
depolymerization mechanism was  not responsible for the thermal
depolymerization, even in the presence of oxygen, and that man-
nuronic acid-rich alginate is more susceptible to acid hydrolysis
than the glucuronic acid-rich alginate, when pH solutions varied
from 3.8 to 9.5 (influence of H+ and OH−) [36].

Zhou et al. [37] evaluated the in vivo antitumor and
immunomodulation activities of different molecular weight �-
carrageenan from Chondrus ocellatus (red alga). To attain different
fractions of sulfated polysaccharide, purified �-carrageenan was
submitted to microwave short reaction times (0–10 min) and
stress (0–15 atm). The fractions were distinct in molecular weight,
although contents of total sugar and sulfate group of most sam-
ples were similar to each other. Molecular weight of �-carrageenan
could influence on its antitumor and immunological activities:
highest inhibition rate of cell tumors and lymphocyte proliferation
ratio were observed with shorter fractions (9.3 and 15 kDa) [37].

In another study, changes in intrinsic viscosity during ultra-
sonic depolymerization of agarose, k- and �-carrageenans in water
were investigated. Authors observed that the intrinsic viscos-
ity agarose and carrageenans ultrasonicated at 0.5 wt%  decreased
exponentially with increasing ultrasonic time. It was suggested the
existence of a linear relationship between depolymerization ratio
and intrinsic viscosity by low-frequency, highintensity ultrasound
(35 kHz, 300 W/cm2) in the order of agarose > k-carrageenan > �-
carrageenans [38].

Reduction of polymer size is the main effect over SPs by using
physical treatments. However, when these processes are associ-
ated with high temperature (>100 ◦C) and the presence of residual
amounts of proteins or peptides in the sample, Maillard reaction
could occur, thereby, forming unwanted molecules (toxic). In addi-
tion, depolymerization induced by free radical mechanisms may
produce combinations between radicals from carbohydrate deriva-
tives, generating undesirable molecules [7].

5.2. Chemical modification

There is an increasing interest in polysaccharide depolymer-
ization reactions due to three roles: applications in important
industrial process (e.g. brewing), in chemical structural elucidation
and bioactivities studies [39,7]. More common methods employed
are acid hydrolysis with HCl or H2SO4 (used mostly for analyti-
cal purposes), alkaline hydrolysis (with aqueous 0.5 M NaOH), and
oxidation using Fe-H2O2.

Controlled acid hydrolysis is used to obtain SPs with changes
on the length, producing oligomers of varied molecular weight. At
lower pH values, linkages between uronic acid residues are very
stable. However, linkages between neutral sugars could be suscep-
tible to acid action, resulting in a fast degradation of side-chains
to oligomers and monomers. The backbone is more resistant to
glycosidic bonds cleavage [40]. Oligo-ulvans could be obtained by
depolymerization of ulvans (a sulfated polysaccharides present in
green seaweeds) from Ulva armoricana,  U. rigida, U. lactuca, U. com-
pressa and U. intestinalis using 2 M HCl at 100 ◦C for 45 min, which
produced mainly monosaccharide and disaccharide units. Oligo-
alginates (from brown seaweeds), formed by D-glucuronic acid or
d-mannuronic acid with an average molecular weight of 3.5 kDa,
were obtained by acid hydrolysis of alginates extracted from Lesso-

nia trabeculata and L. vadosa [41]. Although this method is rather
employed, it is not the best choice, since cleavages of glycosidic
linkages are not specific and a wide diversity of oligomers can be
obtained [7].
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ig. 2. Scheme of algal biomass pretreatment and methods for sulfated polysaccha

The depolymerization of polysaccharides over free radical
nduced oxidation could be another method of choice. In the case
f Fenton-like reaction, transition metals as copper or iron in the
resence of H2O2 generate hydroxyl free radicals. In some cases,
he radical attack glycosidic linkage and in others the polysac-
haride pyranosidic ring is attacked [7,39]. In a literature report,
he oxidation of laminaran molecules by H2O2/FeSO4 redox sys-
em generated aldehyde groups. Some laminaran molecules were
leaved into small oligosaccharide fragments, although the reaction
lso promoted cleavage of glucose rings [42].

The main disadvantages of using chemical methods are the
xtreme conditions for the reaction occurrence: usage of strong
cids or bases and elevated temperatures. Those conditions may
ead to polysaccharide degradation.

.3. Enzymatic modification

The production of large amounts of oligomers from SPs could
e attained using enzymes from different species of microorgan-

sms (filamentous fungi, yeasts and bacteria). In addition, numerous
nzymes are needed to polymers modification due to their struc-
ural diversity. Specific enzymes could be used to provide tailored
ligosaccharides for biological studies. In the same way, enzymatic
ethods could be employed to simplify samples aiming the deduc-

ion of original sulfated polysaccharide structure [5]. However,
nformation about wild or recombinant microorganisms able to
roduce those types of enzymes is scarce.

In despite of the enzymes application in sulfated polysaccha-
ide derivatization, widely used in structural analysis, the search
or microorganisms and culture optimization and purification of
hose enzymes for the studies of polysaccharides biological activ-
ties are recent in comparison to the extensive usage of other
reatments [8]. The use of microorganisms to produce enzymes
hat could be applied to SPs modifications present some advantages
uch as: rapid growth in culture medium constituted by different
ubstrates; production of the enzymes in feasible quantities and
onditions; easy manipulation and, if well preserved, microorgan-
sms could be reactivated and reused.
.3.1. Hydrolases and lyases
Polysaccharides structural modification could be achieved using

ither lyases or hydrolases. For example, specific lyases activities
Fig. 3. Scheme of polysaccharide cleavage enzymatic mechanism: (a) a polysaccha-
ride hydrolase; (b) a polysaccharide lyase (Courtois) [7].

are mainly observed on neutral (e.g. �-1,4-glucan) or anionic (e.g.
alginate) polymers leading to the production of oligosaccharides
with degree of polymerization ranging from 2 to 5 [43].

The expression of Pseudoalteromonas elyakovii alginate lyase in
E. coli using culture medium with calcium compounds (as inducers)
was evaluated by Sawabe et al. [44]. The alginate lyase produced
by P. elyakovii IAM 14596 degrades block structures from sodium
alginate and generates tri- to octa-oligouronates. Although the
expression of active enzyme in cultivated E. coli could be difficult to
attain, the medium supplementation with glyceric acid calcium and
calcium propionate influenced active expression enhancement.
This finding over expression of the active recombinant enzyme
could thus be an important contribution to marine biotechnology
[44]. Polysaccharides lyases cleavage mechanism consists of a �-
elimination that results into the formation of a double bond in the
newly generated nonreducing end [7] (Fig. 3).

Enzymes that catalyze fucoidan or fucan degradation are nom-
inated fucoidan hydrolases. According to Berteau and Mulloy
[5] there are, at least, two  types of glycosidases that presents
fucans as substrate, fucan sulfate hydrolase or fucoidanase (EC
3.2.1.44) and fucosidase (EC 3.2.1.51, EC 3.2.1.63, EC 3.2.1.111 or EC
3.2.1.127). Endo-fucoidanase cleaves glycosic bonds of the polysac-
charides, leading to molecular weight reduction. On the other

hand, exo-fucoidanase is active over polysaccharides ends, releas-
ing oligosaccharides with slight decrease of the molecular weight.
Fucosidases activities release l-fucose from the non-reducing end
of polysaccharide. Bacterial fucoidanases have been subject of stud-
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es, and at least one strain of bacteria was patented due to the
roduction of fucoidan oligosaccharides without purification of the
nzyme fucoidanase [5]. Rodríguez-Jasso et al. [45] studied the pro-
uction of fucoidanases in solid state fermentation, with medium
onditions optimization and scale-up. They observed the influence
f fungal strains (Aspergillus niger PSH and Mucor sp. 3P), algal
ubstrates (untreated, autohydrolyzed, and microwave processed
eaweed F. vesiculosus)  and fermentation with or without agitation,
n the enzyme production. The best conditions consisted in using
he fungus Mucor sp. strain 3P, autohydrolyzed alga as substrate
nd fermentation system with agitation (fucoidanase activity of
.82 U L−1) [45]. Fucoidanases can hydrolyze fucoidan to sulfate low
olecular weight fractions without removal of its side substitute

roups [46].
Accordingly to Descamps et al. (2006) [47], in spite of polysac-

harides from brown algae (fucans) being considered biologically
ctive compounds, sources with fucanase activity are scarce. Study
eveloped by those authors reported the isolation, characteriza-
ion, and culture conditions of a bacterium, member of the family
lavobacteriaceae,  during production of fucoidan endo-hydrolase.
he extracellular enzyme was capable to degrade P. canalicu-

ata fucoidan, releasing tetrasaccharide, made of the repetition
f two units of �–1 → 3-l-fucopyranose-2-sulfate and �–1 → 4-
-fucopyranose-2,3-disulfate, with the 3-linked residues at the
onreducing end, and a hexasaccharide in the same homologous
eries. This enzyme was  a useful tool for the preparation of biolog-
cally active low molecular weight fucans [47]. In another study,
olin et al. (2006) [48] characterized a novel glycoside hydrolase.
he gene fcn A from a Flavobacteriaceae was cloned and sequenced
nd the enzyme produced in E. coli [48].

Kysaykin et al. (2006) studied the fucoidanases activities and
pecificities of two different enzyme sources: from the marine mol-
usk Littoria kurila and from a marine bacterium, Pseudoalteromonas
itrea. They concluded that, even though fucoidanases had been
ound only in marine organisms with extremely low activities, the
tarting level of fucoidanase activity in the microbial source was
ne order of magnitude higher than in hepatopancreas of L. kurila.
n addition, the study showed that the fucoidanases from both L.
urila and P. citrea KMM  3296 had similar specificity, cleaving, pre-
ominantly, �-(1 → 3)-glycosidic bonds between fucose residues.
n the other hand, the released products were different, with
acterial fucoidanase forming mainly di-, tri-, tetra-, and pentafu-
ooligosaccharides, whereas the basic form of fucoidanase from the
ollusk yielded higher molecular weight products from fucoidan

of 3–10 kDa) [8].
Algal polysaccharides constitute a carbon source for several

arine microorganisms, which degrade this polymer by secret-
ng specific hydrolases. In this sense, Ziayoddin et al. (2010) [2]
valuated the isolation of a Gram negative bacteria, Pseudomonas
eruginosa ZSL-2, from marine sample. The researchers observed
hat the selected strain was able to degrade agar and carrageenans
ue to the production of extracellular agarase and carrageenase.
he agarase hydrolyse products (agar-olygosaccharides) are usu-
lly employed as functional food ingredients. �-carrageenase
ydrolyzes �-1,4 linkages of �-carrageenan and release olygosac-
harides. This enzyme is a useful tool for structural analysis of SPs
2]. Structural analysis is usually done by nuclear magnetic res-
nance (NMR) spectroscopy, but specific enzymatic degradation
ollowed by isolation and identification of higher oligosaccharide
ragments is required for elucidation of the real sequence of dif-
erent structural elements in complex polysaccharide molecules
6]. Yao et al. (2013) [49] also studied production and biochem-

cal characterization of a �-carrageenase of marine Cellulophaga
ytica strain N5-2, isolated from the sediment of carrageenan
roduction base. Purified enzyme presented 40.8 kDa of molec-
lar weight; high activity of 1170 U/mg protein; Km value of
Fig. 4. Reactions catalyzed by (a) sulfotransferase (e.g. transfer of sulfuryl group
from an activated donor, 3′-phosphoadenosine-5′-phosphosulfate—PAPS) and (b)
sufatases (Mougous et al.) [51].

1.647 mg/mL  and a Vmax value of 8.7 �mol/min/mg when the reac-
tion was  carried out at 35 ◦C and pH 7.0, using �-carrageenan as
substrate. The enzyme showed specific activity over �-1,4 linkage
of k-carrageenan, releasing the products �-neocarrabiose-sulfate,
�-neocarrahexaose-sulfate and �-neocarraoctaose-sulfate [49].

In the case of polysaccharide hydrolases, cleavage mechanism
leads to an overall retention or to an inversion of anomeric con-
figuration, this means an oligomer preparation with a mixture of
molecules (reducing end with � or � configuration) [7] (Fig. 3).

5.3.2. Sulfotransferases and sulfatases
Besides glycoside linkage types, the determination of attached

sulfate esters along SPs backbone is also required during their struc-
ture analysis. Linkages between monsaccharides are determined
by methylation and the positions of the sulfate groups can be elu-
cidated through comparison of methylated native polysaccharides
to that of their desulfated counterparts. In this sense, desulfation of
the polysaccharide without cleavage of its chain linkages becomes
necessary for an accurate structural determination. The use of sul-
fatases represents a more specific approach to desulfation although
enzymatic method are not the frequent method of choice, probably
due to the lack of commercially available enzymes [50].

Thereby, another two  enzyme classes are also important in sul-
fated polysaccharide modification: the sulfotransferases and the
sulfatases. The former is responsible for the introduction and the
subsequent for the removal of sulfate esters.

Sulfotransferases catalyze the transfer of a sulfuryl group to a
small molecule, a carbohydrate, or a tyrosine residue within a pro-
tein. Sulfatases are able to catalyze the hydrolysis of sulfate esters
(or N-sulfates) to an alcohol (or amine) and free sulfate [51] (Fig. 4).

In contrast to the large number of sulfotransferases that have
been characterized in mammals, there have been few such enzymes
studied in microorganisms (e.g. bacteria) [51].

Different enzymes produced by various microorganisms species
have been studied. Although the applications of these enzymes
were not directed to sulfated polysaccharide modifications, it could
be a source of investigation. For example, the production of galac-
tosidases by A. niger [52] or Debaryomyces hansenii UFV-1 [53]
(Table 2).

Studies with enzymes that are able to modify sulfated

polyssacharides have been demonstrating importance, mainly in
respect to the discovery of novel enzymes and microorganisms
sources, in addition to the elucidation of the role of the enzymes in
polysaccharides degradation/modification.
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Table 2
Enzymes used in polysaccharides modification.

Enzyme Activity Microorganisms Reference

Arylsulfatase or aryl-sulfohyrolase Produced during S starvation
(substrate = sulfate esters)

Microbacterium sp. Rhodococcus
sp. Streptomyces sp.

(Cregut et al.) [54]

Galactosidases (�-d-galactoside galactohydrolase
and �-d-galactoside galactohydrolase)

Hydrolisis of terminally linked galactosidic
residues (substrates = simple
galactose-containing olygosaccharides or
complex polysaccharides)

Aspergillus niger (Manzanares et al.) [52]

�-d-galactoside galactohydrolase Hydrolysis of terminal �-1,6 linked
D-galactose residues present in galacto
oligosaccharides of
sugars of the raffinose family and
galactomannan polysaccharides

Debaryomyces
hansenii UFV-1

(Viana et al.) [53]

Different hydrolytic enzymes
(N-acetyl-�-d-glucosaminidase; �-galactosidase;
�-d-xylopyranosidase; Acid sulphatase)

Cleavage of polysaccharides present in cereal
grains (wheat and barley)

11 species of Aspergillus,
Eurotium and Penicillium

(Jain et al.) [55]

Glucoamylase (�-1,4-glucan-glucohydrolases) Hydrolyzes
1,4-�-glycosidic bonds from the non-reducing
ends of starch and 1,6-�-glucosidic linkages in
polysaccharides yielding glucose as the
end-product

Aspergillus sp. JAN-25 (El-Gendy) [56]

Cellulases and xylanases Hydrolysis of vegetal biomass polysaccharides:
cellulose and hemicellulose

Penicillium echinulatum (Camassola and Dillon) [57]

Cellulase (�-1,4-endoglucanase;
�-1,4-exoglucanase; cellobiase of cellulase
system)

Hydrolysis of corncob natural ce
glucose

Fig. 5. Reaction catalyzed by a novel �-galactosidase in the agarose derived-
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alginate on red amaranth (Amaranthuscruentus L.) as growth promoter,
ligosaccharide, agarotriose the smallest odd-numbered oligosaccharide, and
elease of galactose unit (adapted from Lee et al.) [59].

Lee et al. (2014) discovered a novel �-galactosidase in Vibrio sp.
train EJY3, a marine bacterium. The enzyme offers the advantage
f hydrolyzing agarooligosaccharides (such as agarotriose present
n red macroalgae agarose or agar) into galactose from the nonre-
ucing end of the oligosaccharide, that supplement the missing
unction of the currently available �-agarase system. The authors
ocused on the use of the enzyme in the production of fermentable
ugar from algae biomass (Fig. 5) [59].

Miyanaga et al. [60] studied family 54 of �-l-
rabinofuranosidase, an enzyme that catalyses the hydrolysis
f the �-1,2-, �-1,3-, and �-1,5-l-arabinofuranosidic bonds in l-
rabinose containing hemicelluloses such as arabinoxylan present
n plants. The authors observed that this glycoside hydrolase
rom Aspergillus kawachii has two domains, a catalytic and an
rabinose-biding domain, the latter being the first example of a
arbohydrate-biding module able to recognize monosaccharides
f branched hemicelluloses.

Hogg et al. [61] evaluated the differences in the molecular archi-
ecture and biochemical properties of two glycosides hydrolases

amilies (GHs) of Cellvibrio japonicas mannanases, GH5 and GH26.
hey proposed that GH5 mannanases are able to bind crystalline
olysaccharide present in integral plant cell wall, while GH26 man-
llulose to Trichoderma reesei ZU-02 and
Aspergillus niger ZU-07

(Chen et al.) [58]

nanases act over polysaccharides and oligosaccharides, such as
galacto-mannan and manno-olygosaccharides, respectively.

When considering the modification of SPs, enzymatic meth-
ods should be preferred since they are safe and green and the
approaches are selective and non-toxic (chemical solvents are not
required) [3].

6. Conclusions and future trends

SPs from marine algae have long been studied, mainly due to
their particular bioactive properties. Characteristics like biocom-
patibility, biodegradability, as well as some specific therapeutic
activities made those polymers studies of great importance.

From literature, it can be inferred that, even though the
researches have been demonstrating in vitro activities of various
SPs, there are still few studies focusing on structural analysis and
its influence on biological activities.

Natively biological activities, isolation, characterization and the
structural modification of SPs to create novel opportunities for
important features are glycobiology areas that should be encour-
aged. Further knowledge of polysaccharides enzymatic treatments
are also necessary, which could be used in terms of polymer struc-
ture modifications. However, exploitation of microbial enzymes,
screening and identification of microorganisms with this purpose
would provide a better understanding of their use for sulfated
polysaccharide biological activities improvement.
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