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Marine algae are valuable sources of health-promoting molecules that have been consumed by Asians for
decades. Among aquatic flora, marine algae stand out in terms of high content of marine algae polysaccharides
(MAP) such as carrageenan, alginate, fucoidan, laminaran, agarose, rhamnan, and ulvan. When hydrolyzed,
MAP generate marine algae oligosaccharides (MAO), which have attracted interest in recent years due to
their superior solubility compared with MAP. Besides, MAO have been demonstrated numerous biological
activities including antioxidant, antidiabetic, anti-inflammatory, antimicrobial, and prebiotic activities. Thus,
this review summarizes the main chemical classes of MAO, their sources, and the main processes used for
their production (i.e., physical, chemical, and biological methods), coupled with a discussion of the advantages
and disadvantages of these methods. Highlights of the biological activities of MAO and their potential

Preparation methods
Biological activities
Potential applications

applications in food, nutraceutical, and pharmaceuticals would also be discussed and summarized.
© 2023 Beijing Academy of Food Sciences. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Marine algae, one of the most abundant resources in the ocean,
comprise an extremely important component of the marine ecosystem
contributing a major feeding ground for marine animals as well
as potentially renewable resources for humans [1]. Marine algae,
including macroalgae and microalgae, are living in a variety of different
environments and present in all existing ecosystems on Earth [2]. Being
the global leader of seaweed producters, China’s annual productions of
cultivated seaweed and wild seaweed account for 72% and 27% of the
global annual production of the seaweeds, respectively [3].

Marine algae are valuable sources of structurally diverse bioactive
compounds and usually classified into three categories based on
the morphological pigmentations [4]. These three groups are red
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seaweed (Rhodophyta), green seaweed (Chlorophyta), and brown
seaweed (Phaeophyta), whose chemical composition are influenced
by environmental conditions (e.g., sunlight intensity, temperature,
pH, salinity and CO, supply) [3,5]. The marine algae belonging to the
genera Gracilaria, Laminaria, Undaria or Ulva are rich in complex
carbohydrates. Due to the multiple bioactivities (such as anti-bacterial,
anti-virus, anti-oxidant, anti-inflammatory, anti-cancer activities and
regulation of gut microbiota), polysaccharides and oligosaccharides
from marine algae show great potential in food, nutraceutical and
pharmaceutical area, which raise a great interest [3,4,6-9].
Oligosaccharides are promising functional carbohydrates
that consist of 2—10 linear and/or branched monosaccharide units
connected by a- and/or f-glycosidic linkages [10,11]. Comparing
to the marine algae polysaccharides (MAP), recently studies have
investigated the structures and the biological activities of marine
algae oligosaccharides (MAO) because of the lower molecular
weight (m,,), higher water solubility and higher absorption. The non-
toxicity and the physicochemical and physiological properties of
MAO are favorable for harnessing the health benefits derived from
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the biological activities of the oligosaccharides. For example, the
lower viscosity and the higher water solubility of MAO than those of
MAP may encourage the parenteral administration of MAO to reduce
viscosity and aggregation issues [12]. MAO are strongly influenced
by the preparation methods that affect the yield, molecular weight,
viscosity, structure and biological activity.

Our previous review provides an overview of the prebiotic
potential of MAP [3]. In this review, we summarize the research
progress of marine algae oligosaccharide from four aspects: chemical
classes and marine algae sources of MAO, the production methods,
biological activities and potential applications of oligosaccharides.
This paper is intended to offer a new perspective on the extraction and
sustainability-promoting applications of MAO.

2. Chemical classes and marine algae sources of MAO

MAO are non-naturally occurring molecules that are produced
by the degradation of their naturally-occurring MAP counterparts.
Hence, chemical classes of MAO are deduced from those of MAP
(carrageenan, alginate, fucoidan, laminaran, agarose, rhamnan, and
ulvan) [11,12]. Functional MAO are primarily comprised glucose,
fucose, xylose, galactose, rhamnose, and anhydro-galactose [11].

Brown algae are rich in fucoidan, alginate, and laminaran
polysaccharides [13]. Fucoidan is a naturally sulfated polysaccharide
which depolymerization produces fuco-oligosaccharides [14].
Fucoidan consists of a-L-fucose monosaccharides linked by (1—3)
or alternating (1—3) and (1—4)-glycosidic bonds [15]. Bing the
degradation product of sodium alginate, alginate oligosaccharides are
composed of f-D-mannuronic acid and a-L-guluronic acid monomers
linked by 1,4-glycosidic bonds [16]. On the other hand, laminaran is
constituted of 1,3-linked S-D-glucose monomers and a small number
(< 10%) of C-6 branches of singular S-D-glucose [13].

Ulvan is a unique water-soluble sulfated polysaccharide that is
derived from green algae, 3-sulfated rhamnoglucuronan is one of the
major constituents of ulvan [17,18]. Sulfated rhamnopolysaccharide
is the other main polysaccharide found in green algae. It is mainly
composed of a-L-rhamnopyranosyl monomers linked by alternating
(1—2) and (1—3)-glycosidic bonds, and repeating a-L-rhamnose
monomers linked by 1,3-glycosidic bonds [19].

Red algae are the sources of MAO derived from carrageenan and
agarose MAP. Carrageenan is a high m,, linear sulfated polysaccharide
that has three forms: kappa, lambda, and iota carrageenan [20]. The
three forms of carrageenan share a basic structural backbone of
D-galactose monomers linked by alternating a-(1—3) and f-(1—4)
glycosidic bonds [21]. The agarose, which degradation produces
agaro-oligosaccharides, is composed of (1—4)-linked 3,6-anhydro-
a-L-galactose in alternate with (1—3)-linked f-D-galactopyranose
monomers [22-24].

3. Preparation methods of MAO

Preparation methods influence the physicochemical properties
and the degree of polymerization (DP), thus, the biological activities
of oligosaccharides [10]. Unfortunately, the number of naturally-
available oligosaccharides in general, and naturally-available MAO in

particular, is limited. Accordingly, the preparation methods of MAO
have to produce an acceptable yield of the MAO [11,25]. Currently,
there are three methods by which MAO are produced: the physical,
chemical, and biological methods (Fig. 1). These methods are
discussed in further detail in Section 3.1-3.3 and the list of published
method employed for MAO are summarized in Table 1.
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Fig.1 Chemical classes and the molecular structures of MAO.

3.1 Chemical methods

The chemical methods of producing MAO encompass the acid
hydrolysis, alkali extraction, oxidative degradation, and organic
synthesis methods. The hydrolysis of polysaccharides is well-
established and reliable method for the large-scale production of
oligosaccharides, due to the simple operation, low cost, reproducible
outcome, and satisfactory yield [26,27].

Yun et al. [28] subjected fucoidan, agarose, and carrageenan
to the hydrolysis by diluted and concentrated acids (trifluoroacetic
acid, hydrochloric acid, sulfuric acid, and acetic acid). Under mildly
acidic conditions (the hydrolysis by diluted sulfuric acid or weak
acids), the hydrolysis of agarose produces agaro-oligosaccharides
being the major products, due to the preferential acid dissociation of
the a-1,3 linkages of agarose [28]. Agaro-oligosaccharides that are
composed of odd numbers of monosaccharides are obtained by the
acid hydrolysis of agarose with 1% diluted sulfuric acid at 60 °C for
1.5 h [28]. The hydrochloric acid hydrolysis of polysaccharides into
oligosaccharides was reported by Chen et al. [29]. The authors added
HCI into polysaccharide dispersion until a final HCI concentration of
0.4 mol/L and obtain oligosaccharides with various DP ranging from
biose to decaose.

The production of oligosaccharides by alkali degradation
method is hardly reported in literature and is commonly performed
in conjunction with the oligosaccharide production by the other
methods. Liu et al. [30] illustrated the alkali degradation of alginic
acid. The authors added 2 mol/L NaOH into alginic acid and
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Published method employed for marine algae oligosaccharides production.
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Marine algae  Oligsoaccharides Sources Mode of production Reaction conditions Yield References
Agaro Gracilaria Enzymatic methods: agarase Incubated at 40 °C with 800 r/min horizontal shaking - [36]
Agaro Gelidium amansii ~ Enzymatic methods: agarase Incubated at 40 °C for 7 h - [110]

. o . . o
Agaro Gracilaria fisheri Acid hydrolysis Hydrolyzed with O.§ % acetic acid under high pressure at 130 °C B (67]
in a hydrothermal reactor
Acid degradation;
Acaro Gracilaria Biofermentation: 0.6 mol/L Hydrochloric acid was added and heated at 50 °C for B [23,111]
Red seaweed 8 lemaneiformis Flammeovirga pacifica 6 h; Liquid medium shaking at 200 r/min at 37 °C for 42 h ?
WPAGA1
Euchema striatum and . . .. Subjected to microwave irradiation at 140, 150 and 160 °C for 2, 56% and 40%,
Carrageenan . Microwave irradiation X . [42]
Kappaphycus alvarezii 5, 10, 20 and 30 min respectively
B Biofermentation: in vitro . N . o (6.22 £ 1.05)%
Carrageenan gastric digestion Simulated gastric digestion with pH 1.0 at 37 °C for 3 and 6 h and (10,32 £ 2.09)% [112]
Carrageenan - Acid hydrolysis 0.1 mol/L TFA 65 °C for 3 h [113]
Enzymatic methods: alginate
. L . lyase; Enzymatic hydrolysis  Incubated at 37 °C for 6 h; Hydrolyzed by 3% cellulase and -
Al t L
ginate aminaria japonica and fermentation: cellulase fermented by the engineered yeast strain for 72 h 29.9 g/ (110.114]
and engineered yeast strain
Alginate - Gamma irradiation %Co gamma rays in the dose range of 20-100 kGy - [115]
. S 30°C
Alginate B Microwave degradation hydrolyzed under mlcrowavellsrr::]c:fuon (1 600 W) at 130 °C for 71% [116]
Alginate B Enzymatic methods: alginate Dissolved in 1.5 mL 20 mmol/L Tris-HCI aqueous buffer (pH 8.5) B [117]
& lyase Alg2A and incubated at 45 °C for 0, 5, 10, 15, 20 and 25 min, respectively
Fuco Saccharina japonica Acid hydrolysis Dissolved in 0.6 mol/L Hlez:dzlkI;CUbMCd at 80 °C to degrade _ [64]
Brown seaweed
Enzymatic hydrolysis:
Fuco Sargassum confusum a-amylase, cellulose, pectinase Incubated at 51 °C and pH 6.2 for 3.9 h - [76]
and xylanase
Fuco Schizymenia binderi Chemical method: H,0, 9% H,0, solution was added at 12 mL/h at 60 °C 50% [118]
Laminaran Ecklonia stolonifera Acid hydrolysis 10 volumes of 0.1 mol/L HCI was added and stirred for 20 min _ [119]
at room temperature
. g . . 0.1 mol/L HCI for 2 h at 60 °C (twice) using a
Laminaran Eisenia bicyclis Acid hydrolysis solid-to-solvent ratio of 1:12.5 (m/¥) 1.6 g/100 g [120]
. o Enzymatic methods: endo- Hydrolyzed in 0.05 mol/L citrate buffer (pH 5.4)
Laminaran Laminaria japonica f-(1—3)-glucanase from - [121]
; . at 50 °C for 0-24 h
Bacillus circulans
Iterative glycosylation . . Alternating a-(1—2)/(1—3)-linkages and repeating o-(1—3)-linkages N
Rhamnan with disaccharides Biosynthesis by iterative a-glycosylation using disaccharide building blocks (19]
Rhamnan  Monostroma latissimum Acid hydrolysis Hydrolyzed with 0.1 mol/L H,SO, at 60 °C for 3 h - [122]
Gireen seaweed Degraded with 30% hyd ide and
. . egraded wi o hydrogen peroxide an B
Ulvan Ulva lactuca Chemical method: H,0, ascorbic acid at 70 °C for 3 h [123]
Ulvan Ulva ohnoi Enzymatic methods: Hydrolyzed in buffer (pH 8) at 35 °C for 20 h 39.8% [18]

ulvan-lyase

obtained glucuronide, anhydrous isogluconic acid and 2-deoxy-3-C-
methyltertrahydro acid were obtained. The authors proposed that the
alkali treatment cleaves the internal linkages and degrades the alginic
acid. On the other hand, the dilute alkali degradation coupled with the
microwave-assisted extraction of arabiooxylans to obtain arabinoxylo-
oligosaccharides that comprise 7-24 xylose residues were reported by
Coelho et al. [31].

Oxidative degradation is a simple, cost-efficient, and
environmentally-friendly method to obtain oligosaccharides
from polysaccharides [32]. The oxidative degradation employs
hydrogen peroxide (H,0,) to generate hydroxyl, superoxide, and
hydroperoxyl radical that dissociate glycosidic linkages and degrade
polysaccharides. Due to the production of water as the sole by-
product, the oxidative degradation by H,O, is a ‘green’ process
that exhibits strong degradation ability under combined effects of
temperature and pressure [32]. Chen et al. [33] studied the oxidative
degradation of MAP from Sargassum fusiforme (PSF). The increasing

concentration of H,0, was added to 2.5 mg/mL PSF solution, and the
solution was subjected to UV irradiation during stirring at 150 r/min
to produce hydroxyl radical and degrade the PSF. The degradation of
PSF was enhanced by the increasing concentration of H,O,.

Chemical synthesis is an alternative method to produce MAO
from disaccharides or other substrates. Typically, a disaccharide
is produced by the glycosylation of a monosaccharide donor and
a monosaccharide acceptor. The disaccharides are converted
into a trisaccharide by liberating a specific hydroxyl group of
the disaccharide and assigning the group to be an acceptor for a
glycosylation reaction with a monosaccharide donor. The series
of reprotection-glycosylation reactions produce oligosaccharides
with the desired chain lengths [34]. The chemical synthesis method
is challenging due to harsh reaction conditions (high temperature
and pressure) and the repeated protection and deprotection steps.
Moreover, the method produces low yield and may require the use of
toxic reagents and organic solvents [11].
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Overall, under controlled reaction conditions, the chemical
methods produce high purity homogeneous oligosaccharides.
Nonetheless, the major disadvantages of the chemical methods are the
tedious operations, harsh conditions, and chemical pollutions. Thus,
simple and environmentally-friendly methods of producing MAO are
invaluable.

3.2 Biological methods

Due to the highly site-specific activity of the hydrolytic enzymes,
enzymatic hydrolysis has been an excellent, environmentally-friendly
method to chemical depolymerization for producing oligosaccharides
from polysaccharides [27,32]. An example of the hydrolytic enzymes
is alginate lyase, which mechanisms of action were demonstrated by
Zhu et al. [35]. The authors derived a novel bifunctional alginate lyase
from Vibrio sp. and reported that the enzymatic hydrolysis of alginate
by the alginate lyase produces trimer alginate-oligosaccharides. On
the other hand, Zhang et al. [36] produced neoagaro-oligosaccharides
by enzymatic cleavage of agarase at 50 °C for 2 h. In comparison to
the non-specific acid hydrolysis, the enzymatic hydrolysis of MAP
prevents the hydrolysis of oligosaccharide products. Nonetheless, the
methods suffer a disadvantage of the plausible loss of sulfate groups
during the hydrolysis process [18].

Biosynthesis is a method that has been applied to produce
oligosaccharides and is potentially applicable for producing MAO.
In comparison to the chemical synthesis, biosynthesis synthesizes
oligosaccharides with targeted DP without involving protection and
deprotection steps. Generally, the biosynthesis of oligosaccharides
involves several enzymes. The synthesis of laminaribiose is an
example of the biosynthesis of an oligosaccharide. Sun et al. [37]
reacted maltodextrin (4-7 dextrose equivalent) and glucose, for the
biosynthesis of laminaribiose by an enzymatic system that is consisted
of isoamylase, a-glucan phosphorylase, laminaribiose phosphorylase,
and 4-glucanotransferase. On the other hand, Su et al. [25], described
the production of oligosaccharides by adding glycosidase into enzyme
reactor, and coupling the enzyme reaction to membrane separation.

Microbial fermentation is a potential production method of
MAO, microorganisms have commonly been incorporated in the
synthesis of oligosaccharides and enable genetic modifications to
introduce the genetic expressions for oligosaccharide production into
the biosynthesis pathways of host cells. Hifney et al. [38] reported
the production of MAO from fucoidan and alginate MAP by fungal
fermentation, the fermentation is indicated by the lower m,, of the
fermented sample to control (unfermented) sample. Sun et al. [39]
suggested the generation of agaro-oligosaccharides by Pseudomonas
mendocina NK-01 fermentation under limited nitrogen. Moreover, the
alginate lyases and the mannuronan C-5 epimerases derived from the
bacterium influence the essential parameters for designing alginate:
the distribution of f-D-mannuronic acid, the distribution of C-5 epimer
a-L-guluronic acid, and the ratio of these monomers (M/G ratio).

In summary, due to the incorporation of enzymes and the
specificity of the enzymes, biological methods are the preferred

methods for producing MAO under mild reaction conditions.

3.3 Physical methods

The physical methods of degrading MAP to MAO are green,
simple, and efficient. Hydrothermal degradation, microwave-assisted
degradation, ultrasonic-assisted degradation, ultraviolet irradiation,
and gamma irradiation are the common physical methods of
producing MAO from MAP.

Hydrothermal degradation utilizes supercritical water to cleave
glycosidic bonds and induce depolymerization of MAP. Saravana
et al. [40] selected response surface methodology to optimize the
parameters for hydrothermal decomposition of fucoidan, and reported
the combination of 214 °C degradation temperature, 40 bar operating
pressure, 60 mL/g water to substrate ratio, 223 r/min agitation speed,
and 5 min degradation time to yield the most effective effect. On the
other hand, Suprunchuk [41] obtained low m,, fuco-oligosaccharides
by hydrothermal degradation of fucoidan at 100—121 °C and pH 5-6.
The authors controlled the m,, and prevented desulfurization of the
fuco-oligosaccharides by controlling the processing time.

Microwave irradiation induces depolymerization of MAP
by generating thermal energy that shortens reaction time by
triggering dipole rotation. Bouanati et al. [42] prepared carrageenan
oligosaccharides (6 731 Da) by microwave irradiation of carrageenan
derived from Kappaphycus alvarezii and Eucheuma spinosum (68 kDa).
The microwave-assisted hydrolysis was performed at a sample
concentration of 5 mg/mL at 160 °C for 10 min [42]. On the other
hand, Quitain et al. [43] obtained 5—30 kDa fuco-oligosaccharides by
the microwave degradation of the fucoidan extracted from Undaria
pinnatifida. The authors reported an optimum fucoidan degradation at
140 °C microwave temperature for 15—60 min. Meanwhile, Lee et al. [44]
applied microwave irradiation to accelerate enzymatic preparation of
functional polysaccharides from Pyropia yezoensis.

Ultrasound-assisted depolymerization of MAP is another method
to produce MAO, by applying low frequency ultrasound (16—100 kHz,
80—200 W) [45]. Ultrasound-assisted decomposition of polysaccharide
is a simple, efficient, and low-cost method that is promoted by
the induced cavitation phenomenon. Yu et al. [46] applied 2—8 s
pulsed 20 kHz (400—1 200 W) ultrasound into the aqueous solution
of high m, MAP extracted from Porphyra yezoensis. At the same
dose, ultrasonic degraded P. yezoensis polysaccharides had higher
antiproliferative effects than P. yezoensis polysaccharides, which
displayed an improved anti-cancer activity. Zha et al. [47] controlled
the ultrasound-H,0,-oxidative degradation of the MAP extracted from
Laminaria japonica. The ultrasound power and the treatment duration
are 800 W and 71.28 min, respectively. Meanwhile, the antioxidant
activity was conducted on Laminaria japonica polysaccharides (LJP)
and the degradation product, the result showed that the degradation
product possessed stronger antioxidant activity.

Gamma radiation-assisted degradation (GRD) and ultraviolet-
assisted degradation (UVD) the excellent methods of producing
bioactive chemicals, such as biomedical compounds or molecules. The
methods offer the advantages of the decomposition of initial products
and the sterilization of final products. Both the GRD and UVD rely on
the generation of free radicals, in spite of the differences in the radical
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generation mechanisms between the methods [48,49]. Due to the
higher energy content of gamma ray than that of ultraviolet radiation,
GRD is more efficient than UVD, despite the degradation efficiency
decreases with the increasing concentration and m,, of MAP [50].
Nonetheless, UVD requires shorter degradation time, because MAP
absorb ultraviolet radiation more effectively than the gamma ray [48].

To summarize, the physical methods offer the advantages
of simplicity, cost-effectiveness, and non-toxicity. However,
optimizations are necessary to improve the purity of the degradation
products and the degradation rates of the substrates.

4. Biological activities of MAO

Over the years, the massively diverse marine organisms have
been regarded as the potential sources of bioactive ingredients.
Being potential bioactive ingredients, MAO exhibit biological
activities that are presented in Fig. 2. The biological activities are
strongly dependent on the concentration, m,,, and the monosaccharide
compositions of the MAO, and the molecular arrangement of the
monosaccharides. The larger and high m,, MAO has poor solubility
that hinders the MAO to across cell membranes and exerts their
biological activities. In the next sections, biological activities of MAO
encompassing the antioxidant, anti-inflammatory, prebiotic, antiviral,
and antidiabetic activity are discussed. Studies of health benefits of
MAO are summarized in Table 2.
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Fig. 2 The proposed health benefits of MAO.

4.1 Antioxidant activity

Under oxidative stress, human cells naturally produce reactive
oxygen species (ROS) such as hydroxyl, peroxyl, and superoxide
radicals. These species have been reported to be associated with
diseases such as cancer, diabetes, and heart disease [51]. Thus, the
antioxidant activity of MAO may prevent or reduce the generation of
ROS and warrants investigations.

Table 2
Health benefits of marine algae oligosaccharides.
Marine algae Oligsoaccharides Sources Stage of trial Concentration Biological activities References
In vitro fermentation:
garo Gelidium amansii Pig fecal microbiota 5 mg/L Regulated the gut microbial; Prevented gut disease [110]
In vivo: Acetic acid-induced Prevented and attenuated colitis symptoms and
Agaro Gracilaria fisheri T 100, 500 and 1 000 mg/kg  gastrointestinal dysmotility; Reduced populations of [67]
colitis mice . .
harmful bacteria; Increased SCFAs production
Gracilaria . . . Antioxidant; Attenuated alcohol-induced hepatopathy;
A I : K 50, 150 and 250 mg/k; R . 111
Red seaweed garo lemaneiformis 7 vivo: Sunming mice ? an MEXE Enhanced the activities of hepatic alcohol dehydrogenase (1]
Kappaphycus In vitro fermentation: Altered the overall fecal microbiota structure; Increased
L 11
Carrageenan alvarezii Pig fecal microbiota 3 mg/ the abundance of butyric acid producing bacteria [110]
In vitro fermentation: . . Increased inflammatory effects on HT29 cells; Maintained
Carrageenan - . . Final concentration of 1% . . . . [112]
Human fecal microbiota secretion of pro-inflammatory cytokines and SIgA, mucin2
Carrageenan - In vitro: LPS-treated BV-2 cells 125-500 pg/mL Decreased the levels of TNF-a; Anti-inflammatory effects [60]
. Laminaria In vitro fermentation: Regulated the gut microbial; Prevented gut disease;
Al L 11
ginate Jjaponica Pig fecal microbiota 5 mg/ Inhibited the growth of pathogenic bacteria (110]
Benefi 11 integri 11 migration; I 1
Alginate - In vitro: IPEC-J2 cells 10 and 100 pg/mr,  Denefited cell integrity and cell migration; Improved small ., )
intestinal mucositis
. In vitro: Human umbilical vein Alleviated H,0,-induced cell cytotoxicity and apoptosis;
Alginat - . 200 L . . o 125
gnate endothelial cells ug/m Inhibited H,0,-induced oxidative stress [123]
Brown seaweed Fuco Sargassum In vivo: Healthy male Syrian Gavaged with 150 mg/kg Antidiabetic; chylatgd gut Fn?crobiota in obese and (76]
confusum golden hamsters diabetic individuals
Fuco chchaffma In vitro fermerAltatloAn: Final concentration of 1% Modulate gut mlCleblOta a_nd the grmfvth of beneficial [64]
Jjaponica Human fecal microbiota colonic bacterial populations
Inhibited th -d dent lation of elastase-
Fuco - In vitro: Human dermal fibroblasts 10 mg/mL niibited the passage-cepen er.l ‘upregu ation ot elastase [126]
type activity
. Laminaria In vitro: Mouse thymocytes of Inhibited the apoptosis of thymocytes and
L 1-4 L 121
ammaran Jjaponica 4-week-old female BALB/c mice; mg/m immunomodulatory (121]
Inhibited th - lation of el -
Rhamnan - In vitro: Human dermal fibroblasts 10 mg/mL nhibited the passage depender_lt.upregu ation of clastase [126]
type activity
P tion of cell viability; I dulatory; Anti-
Green seaweed  Ulvan Genus Ulva In vitro: RAW264.7 cells 100 pg/mL romotion of cell viability; Immunomodulatory; Anti [127]
inflammatory
In vivo: SAMPS mice and L
Ulvan Ulva lactuca e fee an 150 mg/(kg-day) Prevented apoptosis; Anti-ageing [9]

SAMRI mice
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The study by Rico et al. [52] is one of the studies on the
antioxidant activity of MAO reported the in vifro antioxidant activity
of MAO derived from a number of algae species. The authors
incorporated DPPH radical scavenging activity, lipid peroxidation
inhibition capacity, ABTS radical scavenging activity, superoxide
radical scavenging activity, and hydroxyl radical scavenging activity
in vitro antioxidant assays. The MAO improves serum antioxidant
capacity by increasing glutathione content and catalase activity.
Wan et al. [53] demonstrated the in vivo antioxidant activity of
MAO. The authors communicated an increased total antioxidant
capacity in serum of weaned piglets upon administration of agaro-
oligosaccharides. It was suggested that the MAO improved serum
antioxidant capacity by increasing the content of glutathione and
activity of catalase. Li et al. [54] reported that among the investigated
compounds, ulvan oligosaccharides, which exhibit the highest sulfate
and uronic acid contents and the lowest average m,, demonstrate
the strongest antioxidant effect on hyperlipidemic mice. The MAO
significantly reduce the concentration of the oxidative stress marker
malondialdehyde and increase the activity of superoxide dismutase
and catalase [54]. The effect of sulfate on antioxidant activity of
MADO is further illustrated by Gémez-Ordéfiez et al. [55] that high
m,, polysaccharides have a lower antioxidant capacity due to the
steric hindrance that limits the number of hydroxyl and amine
groups available for reacting with free radicals. It shows that high
m,, carrageenan that exhibits sulfate functional groups demonstrates
comparable ABTS radical scavenging antioxidant activity to that of
low m,, polysaccharides.

The potential anti-aging property of MAO, contributed by the
antioxidant activity of the oligosaccharides, has received considerable
attention over the last decade. As reviewed by Das et al. [56]
promising result on anti-aging potential of MAO has been obtained,
most of which was derived from in vivo and animal study. The animal
study in mice by Liu et al. [9] is one of the studies that demonstrated
the anti-aging property of MAO. The authors showed that the sulfated
MAO derived from Ulva lactuca and Enteromorpha prolifera
normalize the level of advanced glycation end-products and increase
the concentration of telomerase.

4.2 Anti-inflammatory activity

Despite the role of inflammation in host defense system against
external injury and pathogen invasion, prolonged inflammatory
response leads to chronic inflammatory disease [57]. MAO
inhibit inflammation by regulating immune response. Immune
and inflammatory response are activated due to the binding
of lipopolysaccharides (LPS) to toll-like receptor 4 (TLR4)-
MD2 complexes in macrophages, facilitated by CD14 and
lipopolysaccharide binding proteins (LBP) [58]. The research by
Guo et al. [59] demonstrated the significant anti-inflammatory effect
of carrageenan hexamers. The sulfated kappa-carrageenan hexamers
competed with LPS for binding to CD14 and inhibited CD14/REL-
dependent NF-xB inflammatory pathway. Ai et al. [60] illustrated
the promising dose-dependent anti-inflammatory effect of kappa
and iota-carrageenan oligosaccharides, which significantly reduced
TNF-o secreted by LPS-treated BV-2 cells. Similarly, Wang et al. [61]
proposed that alginate oligosaccharides reduced the expression of
inflammation markers (IL1f and CD1 1c). On the other hand, Bi et al. [62]

suggested that alginate plays a good role in regulating immunity by
upregulating TLR4 expression and activating the Akt/NF-xB and p38
MAPK signaling pathway.

4.3 Prebiotic activity

A growing number of studies has proposed the applications of
MAO for prebiotic [26]. Prebiotic resists enzymatic hydrolysis in the
upper gastrointestinal tract and selectively promotes the growth of
probiotics such as Bifidobacterium and Lactobacillus in the colon [63].

In the study by Zhang et al. [64], the roles of the polysaccharides
(SJP) and oligosaccharides (SJO) derived from Saccharina japonica
in selectively promoting the growth of beneficial gut microbiota are
described; the study suggests the potential applications of the SJO
and the SJP. Li et al. [65] suggested the prebiotic activity of agaro-
oligosaccharides derived from red algae. The MAO are incorporated
into the growth-promoting substrates of Bacteroides uniformis 1.8
isolated from human feces, for mitigating the metabolic disorders
induced by high-fat diet. Gut microbiota have been reported to
ferment alginate and its derivatives, and produce short chain fatty
acids (SCFA) that have beneficial physiological and immunological
effects [66]. The production of SCFA and the reduction in the
population of harmful bacteria (such as Escherichia coli) promoted by
the prebiotic effect of MAO derived from Gracilaria fisheri attenuate
colitis symptoms and gastrointestinal dysmotility [67].

4.4 Antiviral activity

In recent years, research has been conducted to develop anti-viral
drug based on MAO. As suggested by Chen et al. [68], structural
diversity of MAO allows targeted antiviral activity towards specific
stage of viral infection: the attachment, penetration, uncoating,
replication, assembly, or release stage [69].

It has been reported that carrageenan oligosaccharides exhibit
antiviral activity by inhibiting viral transcription and replication [70,71].
Wang et al. [70] demonstrated that kappa-carrageenan
oligosaccharides effectively inhibited the replication of HIN1 and
IAV virus. Madin-Darby canine kidney (MDCK) cells can be used to
observe the effects of influenza virus strains on cell function. In the
report by Wang et al. [70], the kappa-carrageenan oligosaccharides
were able to enter into MDCK cells and inhibited the expression
of IAV mRNA and protein without interfering with IAV adsorption.
Furthermore, low m,, kappa-carrageenan oligosaccharides and their
sulphated derivatives demonstrated dose-dependent inhibition on
replication of IAV in MDCK cells [71]. It was suggested that sulphate
functional group and low m,, were the main factors contributing to
antiviral activity of the MAO. On the other hand, MAO derived from
green algae Monostroma latissimum strongly bound into VP1 protein of
Enterovirus 71 (EV71) in dose-dependent efficacy, and inhibited EV71
infection by targeting cellular EGFR/PI3K/Akt pathway [72,73].

4.5 Antidiabetic activity

Diabetes is a global major health issue. It is a chronic metabolic
disease characterized by obesity, hyperglycemia, insulin resistance,
and damage of pancreatic B-cells [74]. In order to develop natural
treatment for diabetes, studies have been investigating on the
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application of natural products for management of diabetes [74,75].
Due to their excellent biocompatibility, MAO have been studied for
their anti-diabetic activity. For example, Yang et al. [76] described the
antidiabetic activity of MAO derived from brown seaweed Sargassum
confusum (SCO), which influenced INK-IRS1/PI3K signaling pathway
and composition of gut microbiota. SCO increased the abundance
of Clostridium XIVa and Lactobacillus while suppressed the
growth of Bacteroides, Allobaculum, and Clostridium IV.
Furthermore, SCO ameliorated hepatic insulin resistance by
regulating insulin receptor substrate 1/phosphatidylinositol
3-kinase and c-Jun N-terminal kinase pathway.

Number of monosaccharides composing MAO influenced the
degree of diabetes alleviation. MAO composed by odd number of
monosaccharides, derived from Gracilaria agarose, were capable of
alleviating colonic microbiota dysbiosis, colitis, and type-2 diabetes
mellitus. On the other hand, neoagaro-oligosaccharides composed by
even number of monosaccharides effectively alleviated obesity and
diabetes induced by alloxan and high-fat diet [77-79].

5. Potential applications of MAO

The biological activities of MAO that are discussed in Section
4, have fostered the development of MAO for valuable commercial
ingredients. Fig. 3 summarizes the potential applications of MAO, and
the applications are discussed in further details in Sections 5.1-5.4.
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Fig. 3 The potential industrial applications of MAO.

5.1 Food and functional food

Functional food, as defined by International Life Science Institute
(ILSTI), is the food that demonstrates beneficial health effect beyond
traditional nutritional benefit [80]. As a functional food, MAO are
consumed as dried biomass, dietary supplement, or nutraceutical [81].

The demand for prebiotics that effectively maintain intestinal
health support the investigations on the applications of MAO for
dietary functional ingredients [82]. In vitro study suggested that low
m,, agar and alginate derived from red algae Gelidium sesquipidale
significantly increased Bifidobacterium population and total SCFA

production [83]. On the other hand, in vivo study indicated that
neoagaro-oligosaccharides derived from agarose increase the number
of Lactobacillus and Bifidobacterium and decrease the number of
putrefactive bacteria in the feces [84].

The consumption of MAO for a food supplement effectively
improves physiological functions and reduces the risk of diseases
such as inflammation, tumor, type-2 diabetes, and obesity [85].
Raman et al. [86] reviewed the applications of low m,, carrageenan
derived from Kappaphycus alvarezii for a functional food that
prevents colon carcinogenesis. The low m,, carrageenan exhibits
enhanced solubility and physiological uptake into human colon
cancer cells than does the high m,, carrageenan counterpart. The low
m,, carrageenan minimize the risk of colon cancer by inducing cell
death, nuclear fragmentation, and apoptotic body formation. On the
other hand, obesity greatly increases the risk of hypertension, type 2
diabetes and dyslipidaemia, it is important to control the daily energy
intake. The strong-gelling property of alginate regulates appetite by
slowing gastric digestion and intestinal absorption. Paxman et al. [87]
reported the daily pre-prandial ingestion of sodium alginate reduces
mean daily energy intake by 7%. In addition to the incorporation of
MAUO in functional food formulation as gelling agents, MAO have
been added into functional food as viscosity modifiers and stabilizers.
Kovacova et al. [88] added carrageenan to improve the viscosity
of cream while Soukoulis et al. [89] incorporated carrageenan to
improve the stability of whipped foam.

5.2 Pharmaceutical and biomedical

Commonly, biopharmaceutical drugs are formulated on the
basis of the active ingredients that are derived from the chemical or
biological synthesis or the extraction of biological sources. Due to
their suitable molecular size and solubility, oligosaccharides enter the
bloodstream easily to exert their therapeutic effects [25].

There are abundant evidences on the antibacterial and antiviral
activities of MAO, an MAO-based nasal spray was developed. The
clinical trial by Koenighofer et al. [90] demonstrated that an iota-
carrageenan-based nasal spray alleviate and prevent the relapse
of common cold. A further study by Graf et al. [91] described the
synergistic actions of iota-carrageenan and xylometazoline HCI in the
formulated novel nasal spray.

Cystic fibrosis is a non-infectious genetic disorder that is
characterized by the thick intractable mucus that affects multiple
organs. Draget et al. [92] suggested that agaro-oligosaccharides have
higher efficacy in modulating the mucus of cystic fibrosis than do the
parent MAP due to the lower m,, of the agaro-oligosaccharides than
that of the MAP and the absence of intermolecular cross-links among
the agaro-oligosaccharide molecules. Similarly, Pritchard et al. [93]
proposed that alginate oligomers bind into mucin and modify the
surface charge of the mucin to reduce the viscoelastic properties of
cystic fibrosis-related sputum.

The application of MAO for dental and anti-biofilm materials
are encouraged by the biocompatibility and the antibacterial property
of the MAO. Roberts et al. [94] formulated a dental care that
incorporates alginate oligomers for a non-toxic antibiofilm adjuvant
and evaluated the in vitro efficacy of the dental care against oral
biofilm-forming pathogens. In combination with the well-established
antimicrobial agents, the oligomers potentiate the activity of the
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antimicrobial agents (e.g., triclosan) against oral biofilm. On the other
hand, when they are the sole active ingredient, the alginate oligomers
inhibit the attachment of Porphyromonas gingivalis and Streptococcus
mutans, both of which are associated with dental carious lesion and
periodontitis.

The applications of MAO in conjunction with the other drugs have
emerged to be the research directions in pharmaceutical and biomedical
fields. In a clinical trial, Tsai et al. [95] evaluated the efficacy of low
m,, fucoidan for a supplemental therapy to chemo-targeting agent. The
authors proposed that the combination significantly improve control
over metastatic colorectal cancer. Carrageenan has been combined with
polyvinyl pyrrolidone for formulation of wound dressing that exhibits
improved physio-mechanical properties such as gelling property,
swelling ability, and tensile strength [96]. Similarly, the preparation of a
novel alginate-based hydrogel was described by Afjoul et al. [97]. The
authors mixed alginate and gelatin and subjected the mixture to freeze-
gelation to produce a 3D-porous matrix that show biocompatibility and
wound healing property.

5.3 Agroforestry and fishery

MAO has been reported to promote growth of plants and
marine animals. Shorter oligosaccharide fragments produced by
irradiation of iota-carrageenan and kappa-carrageenan displayed
an improved growth-promoting effect on rice seedlings under
hydroponics condition [96]. Similarly, agaro-oligosaccharides
prepared by enzymatic hydrolysis significantly promoted the growth
of Chlamydomonas reinhardtii in concentration-dependent manner, in
contrary to agaro-oligosaccharides produced by acid hydrolysis [98].
The authors proposed that molecular size and unsaturated double
bonds in the oligosaccharide structure were the underlying factors for
the positive effect of the MAO. On the other hand, MAO promotes
growth of marine animal by exerting antioxidant activity and
regulating immune system. Zhang et al. [36] extracted and hydrolyzed
the agarose extracted from the economically important genus of red
algae, the Gracilaria, to produce neoagaro-oligosaccharides. The
antioxidant and prebiotic activity of the MAO significantly promoted
the growth of Procambarus when the MAO were applied as a feed.

In addition to incorporation of MAO in animal feed, efficiency
of MAO as a cryoprotective agent to improve the shelf-life of frozen
food has been investigated. Zhang et al. [99] reported the protection
of kappa-carrageenan oligosaccharides on peeled Litopenaeus
vannamei during frozen storage. Pre-treatment of the shrimp with the
MAO prior to frozen storage significantly inhibited the degradation
of myofibrillar protein, hence increasing the storage stability. A
study by Zhang et al. [100] further demonstrated the cryoprotective
effect of carrageenan oligosaccharides on frozen food. The authors
suggested that carrageenan oligosaccharides suppressed the growth
and recrystallization of ice crystal, thus slowing the damage of large
ice crystal to myofibril protein.

Further to cryoprotective effect of MAO on frozen food, effect of
MAO on extending post-harvest shelf-life of fruit has been observed.
Bose et al. [101] and Liu et al. [102] applied a post-harvest treatment
on fruit by subjecting the fruits to agaro-oligosaccharides, and
indicated that the MAO inhibited gene expression associated with
abscisic acid signaling and cell wall degeneration, thus improved fruit
quality and shelf life.

5.4 Cosmetic

In recent years, the demand for safe and high-quality cosmetics
has increased consistently [103]. MAO are potential cosmetics
ingredients due to their excellent biocompatible property, antioxidant
activity, and anti-UV property [104].

The potential beneficial effects of MAO in cosmetics encompasses
a broad range of functions such as anti-acne, wound-healing,
cosmetic-stabilizing, and whitening effects. Capitanio et al. [105]
reported the cosmeceutical application of MAO as an anti-acne agent.
The authors combined the MAO derived from seaweed Laminaria
digitata with 0.1% zinc pyrrolidone, and established a suppressed
growth of Propionibacterium acnes. On the other hand, Johnson et
al. [106] described the wound-healing property of the combination of
o-L-guluronic acid and calcium alginate: the combination accelerates
wound closure and minimizes scar formation. Moreover, MAO
are potentially used for the whitening agents of cosmetics and the
stabilizers of the oil/water emulsion of cosmetics. Zhao et al. [107]
improved the oil/water emulsion of cosmetic by incorporating alginate
as a stabilizer and the potential applications of fuco-oligosaccharides
with 5-10 kDa molecular size for whitening ingredients were
presented by Chen et al. [108]. The fuco-oligosaccharides exhibit,
antioxidant, tyrosinase-inhibition, and anti-melanogenesis activity.

6. Conclusion

Marine algae are abundant and renewable sources of health-
promoting bioactive molecules. Among these molecules, MAO
derived from the depolymerization of MAP have received increasing
attention due to their non-toxicity and lower m,. The latter favors
better water solubility and easier absorption of MAO than MAP. In
addition to the improved physio-mechanical properties, a growing
number of researches has suggested the various biological activities
of MAO such as antioxidant, anti-inflammatory, prebiotic, antiviral,
and antidiabetic activities. The demonstrated biological activities
support the potential applications of MAO in food and functional
food, pharmaceutical and biomedical, agroforestry and fishery, and
cosmetic-related area.

7. Future perspective

As a continuous effort to develop MAO into commercially
valuable functional ingredients, current research is recommended to
devise reliable and lost-cost production method, and study structure-
activity relationship of MAO. Production of specific MAO by
enzymatic digestion of MAP is a promising method. Nonetheless,
industrial application of this method needs to be addressed due to the
unavailability of commercial MAP-hydrolyzing enzyme. This issue
may be addressed by research development on glycosyl-transferases,
which have been studied to produce targeted natural products [109].
In addition to enzymatic digestion, microbial fermentation
incorporating genetically modified microorganisms is an alternative
strategy for industrial production of MAO [26].
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