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ABSTRACT

Background: Nutritional well-being is the prerequisite condition for a sustainable improvement in human wel-
fare. Human gut microbiota plays a magnificent role in balancing the condition of metabolic syndrome man-
agement. Currently, the gut microbiome mediated immune system is gaining attention for the treatment of
several health ailments such as diabetes, gastrointestinal disorders, and malnourishment. Bioactive compounds
from marine polysaccharides from seaweeds are found beneficial for enhancing the activity of gut microbes.
Scope and approach: There were limited reviews in recent times to discuss the updates on extraction, purification
and biological activities of dietary fibers using non-conventional methods. The present review inspects on the
proximal and structural composition of seaweed polysaccharides and their methods of extraction and pur-
ification aspects. It also focuses on the immune modulating mechanisms of prebiotic-probiotic synergetic in-
teraction by stimulating beneficial gut microbial activity and by the production of short-chain fatty acids. The
mutual relationship between prebiotics and probiotics that leads to a healthy gut was targeted in the present
review.

Key findings and conclusions: Marine seaweeds polysaccharides are the untapped bioresources to be explored for
its biotherapeutic properties of dietary fibers. The practical complications on extracting polysaccharides by a
single technique could be overcome by adopting the strategy of utilizing combinatorial extraction and pur-
ification techniques. Its prebiotic effect aids in the enhancement of gut microbial activity by exhibiting the
properties of non-digestibility, fermentability, and pathogen inhibition potential. The impending benefits of
dietary fiber from seaweed polysaccharides as prebiotics for formulating functional food ingredients along with
probiotic microbes to exhibit immunomodulation applications. Therefore, intended human clinical trials should
be carried out to evaluate and discover the probiotic-prebiotic relationship in the human gut, which could step
out the research to the next level in the medicinal world.

1. Introduction

Seaweeds contain total dietary fiber of range 25-70%, in which soluble
dietary fiber ranges from 50 to 80% (Raposo, de Morais, A. M. M. B, &

Human gut microbiota occupies a magnificent role in balancing the
condition of health benefits and deadly disease management. Scientist
nowadays stepped targeting towards gut microbiota mediated immune
system development for the treatment of several diseases like diabetes,
cancer, obesity etc. (Clemente, Ursell, Parfrey, & Knight, 2012; Rooks
et al., 2016). Bioactive compounds are found beneficial for enhancing
the activity of gut microbes. Marine macroalgae or seaweeds, an un-
exploited resource of nature are rich in bioactive compounds like
polysaccharides that are called to be as dietary fibers.

Dietary fibers provide a potential prebiotic effect on human health.
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de Morais, 2016). Dietary fibers of macroalgae possess several biolo-
gical properties like antioxidant property (Chandini, Ganesan, &
Bhaskar, 2008; Charoensiddhi, Franco, Su, & Zhang, 2015), anti-in-
flammatory activity (Kang et al., 2008; Sanjeewa et al., 2017; Suleria,
Gobe, Masci, & Osborne, 2016), anticoagulant potency (Jin, Zhang,
Wang, & Zhang, 2013; Pushpamali et al., 2008) and antiviral activity
(Lozano, Wacyk, Carrasco, & Cortez-San Martin, 2016; Sinha, Astani,
Ghosh, Schnitzler, & Ray, 2010). Prebiotics and probiotics are world-
wide expanding the concept with currently emerging novel ideas. Mo-
lecules that can trespass to the colon without being digested and gets
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Fig. 1. Stimulation of immune response in the host system by prebiotics and
probiotics.

digested after reaching colon are said to be prebiotic compound. Pre-
biotics induce an immune response (Fig. 1) by modulating the gastro-
intestinal microbial activity and leads to the fermentation and pro-
duction of SCFA (Short Chain of Fatty Acids), which in turn, confers to
several physiological effects on the host.

Several emerging extraction and purification technologies are re-
ported so on such as conventional solvent extraction (CSE), microwave
aided extraction (MAE), ultrasound aided extraction (UAE) and en-
zyme-aided extraction (EAE). The appropriate extraction methods are
chosen based on its composition and biological activity to minimize the
damage to the polysaccharide (Cui et al., 2018). The extracted poly-
saccharides are crude mixtures with monosaccharide composition,
sulfate groups and variable molecular weight followed by purification
procedures like chromatography, filtration techniques (Xu, Huang, &
Cheong, 2017). This review gives a detail knowledge about the struc-
ture of various seaweed polysaccharides, novel extraction and pur-
ification methodologies of seaweed polysaccharides and its im-
munomodulatory effects on gut microbiota.

2. Marine macroalgal seaweeds

Seaweeds are an unexploited resource that holds boundless taxo-
nomic diversity with high contents of polysaccharides, proteins, dietary
fibers, etc. Seaweeds are multicellular and macroscopic simple plants
that had been widely used all over the centuries for several therapeutic
and industrial applications such as edible healthy supplementary food,
pesticides, fertilizers, gelling substance and for many other purposes
(Imbs, Ermakova, Malyarenko, Isakov, & Zvyagintseva, 2016). Sea-
weeds or marine macroalgae usually continue to exist by attaching
themselves to rough surfaces like rock and other hard substrates that
are found along the coastal regions. Seaweeds are rich in dietary fiber
and it contributes a larger nutritional value compared to the terrestrial
plants. They possess amino acids that are most essential, omega 3 fatty
acids and vitamins like A, B, C and E. Marine macroalgae are primarily
classified into three types based on the colour of the thallus. They are
Chlorophyceae (green seaweeds), Rhodophyceae (red seaweeds) and
Phaeophyceae (brown seaweeds). Brown seaweeds are rich in poly-
saccharides when compared to the green and red seaweeds which is
illustrated in Fig. 2.

Chlorophyceae or green seaweeds obtain their green colour because
of the presence of pigments chlorophyll a and b in equal amount. They
also possess yellow pigments called beta-carotene and brown pigments
named xanthophylls. It was found that more than 4500 species of green
seaweeds exist in this world. Out of the 4500 species, 3100 species are
found favourable to freshwater and 1500 species are marine. Green
seaweeds contain polysaccharides such as starch, cellulose, and ulvan
which comprised of building blocks such as glucose, mannose, rham-
nose, xylose, uronic acid and glucuronic acid (Fernandez, Raffo,
Alberghina, & Ciancia, 2015; Jung, Lim, Kim, & Park, 2013; Wei,
Quarterman, & Jin, 2013).
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The most diversified class of seaweed is the red algae that obtain
their colour from the pigments named phycoerythrin and phycocyanin
that covers other pigments such as chlorophyll a, particular and certain
xanthophylls pigment and beta-carotene (Kravchenko, Barabanova,
Glazunov, Yakovleva, & Yermak, 2018). It was found that more than
6500 species of red seaweeds are available all over the world. Most
commonly they are marine favourable and are established along the
interior tidal and subtidal region of the ocean. Red seaweeds are mostly
found at a depth that ranges from 40 to 250 m. Red seaweeds are rich in
polysaccharides such as carrageenan, agar, cellulose, and lignin which
comprised of building blocks such as glucose, galactose and agarose
(Jung et al., 2013; Wei et al., 2013).

The supremacy pigment found in the brown seaweeds is fucox-
anthin from which they obtain the brown colour that covers the other
pigments such as chlorophyll a, chlorophyll ¢, beta-carotene and erst-
while xanthophylls. More than 1800 species of brown seaweeds are
available all over the world and most of them are marine species.
Universally most brown algae are established and found their growth in
cold water. Majorly Fucales and Laminariales are the species that
constitute maximum biomass of brown seaweeds worldwide (Lim et al.,
2017, pp. 27-46). Brown seaweeds are rich in polysaccharides such as
laminarin, mannitol, alginate, fucoidan, cellulose which comprised of
building blocks such as glucose, rhamnose, galactose, fucose, xylose,
mannose, uronic acid, glucuronic acid and mannuronic acid (Jung
et al., 2013; Wei et al., 2013). The phlorotannin and phlorotannin-rich
seaweed extracts has large spectrum of activity (anti-inflammatory and
anti-allergic potential) with minimum toxicity (Barbosa, Lopes,
Andrade, & Valentdo, 2019). The high content of phlorotannin seaweed
extract obtained from both A. nodosum and F. vesiculosus equally pre-
vents lipid oxidation in canola oil under accelerated conditions in foods
(Jacobsen, Sgrensen, Holdt, Akoh, & Hermund, 2019). Vasconcelos
et al. (2018) observed that the suitable marine glycans/glycoconjugates
are interrelated with their structural properties such as (i) mono-
saccharide composition, (ii) the degree of substituents (sulfation and/or
acetylation), (iii) length of the sugar chains, (iv) the presence and type.

2.1. Proximal composition of seaweeds

2.1.1. Protein

. The protein content of the majorly available seaweed ranges from
5 to 20% by dry weight. Factors such as the temperature of the saline
water, salinity, availability of nutrients and exposure to light determine
the chemical composition of the macroalgae. Many studies on proximal
composition reported that protein content of brown seaweed lies be-
tween 3 and 15% and green or red seaweeds between 10 and 47%
(Chan et al., 2017). The protein content among various types of sea-
weed is listed below in Table 1.

2.1.2. Carbohydrate

In general, seaweeds are rich in polysaccharide than the terrestrial
plants. The complex cell wall of seaweed contains polysaccharides in-
tertwined with proteins and other contents. Mostly seaweeds constitute
carbohydrate content that ranges of about 50-60% by their dry weight
(McDermid and Stuercke., 2003). Red seaweeds constitute 40-70%
carbohydrate by dry weight that is higher than that of the carbohydrate
content in brown and green seaweeds (30-60%) by dry weight (Chan
and Matanjun, 2017). The carbohydrate content among various types of
seaweeds is listed below in Table 2.

2.1.3. Lipids

Seaweeds are not a good resource for biodiesel because of their less
lipid content (Zubia et al., 2003; Chan and Matanjun, 2017). Seaweeds
contain a higher level of PUFA (Poly Unsaturated Fatty Acids) namely
omega three and six fatty acids. Seaweeds because of the content of
polyunsaturated fatty acids play a vital role in the treatment, preven-
tion and control of osteoarthritis, diabetes and cardiac diseases (Mendis
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Fig. 2. List of predominant polysaccharides and its building blocks that are found in various classes of seaweeds.

and Kim, 2011). The lipid content of seaweeds mostly lies between the
ranges of 1-5% that are shown in Table 3.

2.1.4. Dietary fiber from edible seaweeds

The non-digestible polymers of carbohydrate that are edible in
nature can be termed as dietary fiber. Dietary fiber can be found
naturally in terrestrial plants and marine seaweeds. Seaweeds naturally
contribute and comprised more amount of dietary fiber by their phy-
sique (Raposo et al., 2016). As described earlier carbohydrate polymers
that are resistant to gastrointestinal enzymes and that possess specific
characters of selectivity and fermentability are been stated as dietary
fibers. The dietary fiber content among various types of seaweeds is
listed in Table 4.

2.2. Structural composition of macroalgal polysaccharides

The structural composition and the concentration of the dietary fi-
bers in seaweeds vary from region to region based on pigmentation.
Phaeophyta or brown seaweed contains polysaccharides such as lami-
narins, alginate, and fucans (Haugan, 1994; Lim and Aida, 2017).
Chlorophyta or green seaweed contains ulvan, cellulose, and starch
(Robic, Gaillard, Sassi, Lerat, & Lahaye, 2009; Fernandez et al., 2015).
Rhodophyta or red seaweed contains agar and carrageenans (Mchugh,
2003; Kravchenko et al., 2018).

The green seaweed polysaccharides composed of majorly, cellulose,
glucans, mannans, xylans, rhamnose, galactose, arabinose, xylose, and
starch. Polysaccharides of the green algae mostly contain sulphate and
uronic groups (Lahaye, 1991). The cell wall comprised of a huge
amount of sulfated polysaccharide with sulfate content up to 16% and
uronic acids of range 15-20% (Fernandez et al., 2015). Ulvan from U.
lactuca composed of a linear arrangement of subunits of B-(1 — 4)-xy-
loglucan, cellulose, and glucuronan. Ulvan was found to be soluble in
water and resistive to human digesting enzymes stimulates beneficial
colonic bacterial growth (Ray & Lahaye, 1996).

Brown seaweed polysaccharides comprised of three different groups
such as laminarians, fucans, and alginates. Alginates are polyuronide, a
gelling substance comprised of 20-30 units of alternative binding se-
quences of 3-(1 — 4) bonded p-mannuronic acid. Most reserved group
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of polysaccharide associated with the brown algae is laminarians,
structurally composed of -(1 —3) D glucose with (1,6) linkages.
Linkages sometimes replaced by mannitol group. Fucans are of three
types namely fucoidans, glycurono galactofucans, xylofucoglycuronans.
Fucoidans constitute branched chains of a-(1 — 2) bond linked r-fucose
4 sulphate with C3 ester group and a trace quantity of xylose, galactose,
mannose and uronans. Glycouronogalactofucans primarily comprised
of (1 — 4)-p-galactose with C5 r-fucose 3, sulphate (replaced by uronic
acids). Xylofucoglycouronans constitute primary groups of p-(1 —4)
bond linked p-mannuronic acid along with the presence of 3-O-D linked
xylosyl, i-fucose,4 -sulphate (replaced by uronic acids) (Fleury &
Lahaye, 1991; Ale, Mikkelsen, & Meyer, 2011).

Red seaweed contains sulfated galactans, carrageenans, and agar
that constitute xylans, mannans and cellulose. The cell walls of red
seaweed comprised of three sections namely fibrillar wall, glycoprotein
domain, and amorphous matrix structure. Dry matter accounts for
about 65% (w/w) in the cell wall. The reticulated cell wall is formed by
a fibrillar wall containing polysaccharides and the glycoprotein domain
held together by the amorphous matrix structure (Kravchenko et al.,
2018). Cellulose the most common element along with other poly-
saccharides in the fibrillar wall is mostly inert. p-glucose units that are
linked by B-(1 — 4) glycosidic bond act as the backbone of the cellulose.
p-mannose or p-xylose units that are linked by B-(1 —4), p-(1 —=3)
glycosidic bonds act as a substitute for p-glucose for some cases (Miller
et al., 1997). The amorphous matrix structure is formed by sulfated
galactans with repeated A and B subunits. The D-conformation of [3-
galactose corresponds for A subunits and D, L-conform monomers of a-
galactose correspond for the B subunits. B units in certain cases are
replaced by 3,6-anhydrogalactopyranose. Carrageenans that are che-
mically modified by substituting same or different molecule at various
ratio leads to form a different structure called as hybrid carrageenan.

Red seaweeds of order Gigartinales mostly synthesize the poly-
saccharide carrageenan. The red seaweed species that come under order
Gigartinales are Gigartina, Chondrus crispus, Eucheuma, and Hypnea.
Carrageenan is composed of repetitive A and B subunits. B-p-galacto-
pyranose corresponds to A subunit and a-p-galactopyranose corre-
sponds to B subunit (Kravchenko et al., 2018). The sulfation degree in
carrageenans is higher than that of the agarans (Vazquez-Delfin,
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Table 1

Variation of protein content among different seaweeds.

Edible seaweeds

Protein (%)

References

Brown seaweeds

Adenocystis utricularis 7-15 Ponce, Pujol, Damonte, Flores, and
Stortz (2003)
Ascophyllum nodosum 7-15 Fleurence (1999)
Dictyota dichotoma 9.4 Anantharaman et al. (2013)
Fucus spp. 7-15 Fleurence (1999)
Hizikia fusiformis 13.9 Jang, Cho, Jeong, and Kim (2012);
7-15 Dawczynski, Schubert, and Jahreis
(2007)
Laminaria japonica 14.8 Jang et al. (2012)
Laminaria digitata 7-15 Fleurence, (1999)
Laminaria ochroleuca 7.4 Dawecznski et al. (2007)
Laminaria spp. 7-15 Dawczynski et al. (2007)
S. boveanum 13.9 Qasim (1981)
S. coreanum 14.4 Heo, Lee, Song, and Jeon (2003)
S. echinocarpum, 10.3 Heo et al. (2003)
S. filipendula <10 Dawes. (1987)
S. fulvellum 13.0 Kim, Li, Jung, Chang, and Lee (2011);
14.2 Heo et al. (2003);
19.9 Jang et al. (2012)
S. hemiphyllum <10 Chan, Cheung, and Ang (1997)
S. henslowianum, 11.3 McDermid and Stuercke (2003)
S. horneri 17.2 Heo et al. (2003)
S. japonica 10.6 Jang et al. (2012)
S. lomentaria 16.8 Marinho-Soriano, Fonseca, Carneiro,
and Moreira (2006)
S. mangarevense 13.2 Zubia, Payri, Deslandes, and
Guezennec (2003)
S. myriocystum <10 Matanjun, Mohamed, Mustapha, and
Muhammad (2009)
S. obtusifolium 13.0 Zubia et al. (2003)
S. patens <10 Badrinathan, Suneeva, Shiju, and
Pragasam (2011)
S. polycystum <10 Murakami et al. (2011)
S. pteropleuron 11.0 Prince and Daly., (1981)
S. thunbergii 13.8 Zubia et al. (2003)
S. vulgare 15.7 Marinho-Soriano et al. (2006)
S. wightii 8-13 Robledo and Pelegrin (1997)
Sargassum filipendula, 8.7-10 Wong and Cheung., (2001)
Turbinaria ornate 14.6 Anantharaman et al. (2013)
U. pinnatifida 18.3 Jang et al. (2012)
Undaria pinnatifida 18-19 Sanchez-Machado, Lopez-Cervantes,
Lopez-Hernandez, and Paseiro-
Losada (2004)
Green seaweeds
Codium fragile 11 Kulshreshtha et al. (2015)
E. intestinalis 14.5 Anantharaman et al. (2013);
12.2 Chirapart, Praiboon, Puangsombat,
Pattanapon, and Nunraksa (2014)
E. linza 31.6 Jang et al. (2012)
Enteromorpha compressa 13.8 Anantharaman et al. (2013)
Rhizoclonium riparium 13.9 Chirapart et al. (2014)
U. fasciata 22.2 Mairh, Ohno, and Matsuoka (1991)
U. lactuca 20.6 Kim et al. (2011)
Ulva rigida 6.6 Satpati and Pal., (2011)
Red seaweeds
Chondrus crispus 27 Kulshreshtha et al. (2015)
Gracilaria amansii 15-21 Cirik, Cetin, Ak, Cirik, and Goksan
(2010)
13.1 Kim et al. (2011);
18.3 Jang et al. (2012)
G. cervicornis 19.7-22.9 Marinho-Soriano and Bourret (2003)
G. changii 6.9 Norziah and Ching (2000)
12.5 Cui et al. (2018)
G. cornea, 5.4 Robledo and Pelegrin (1997)
G. coronopifolia 10.5 Ortiz et al. (2009)
G. cylindrical 14.0 Esteves, Taouil, and Suzuki (2005)
G. parvispora 7.6 Norziah and Ching (2000)
G. salicornia 18.7 Chirapart et al. (2014)
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Table 1 (continued)

Edible seaweeds Protein (%) References

G. salicornia 5.6 McDermid and Stuercke (2003)

G. tenuistipitata 6.8 Chirapart et al. (2014)

G. verrucosa 24.0 Marrion et al. (2005)

Gracilaria chilensis 13.7 Roesijadi, Jones, Snowden-Swan, and

Zhu (2010)

Gracilaria corticata 12.4 - Kalesh and Muraleedharan, 2003
summer
7.6 —
monsoon
Gracilaria crassa 11.4 McDermid and Stuercke (2003)
Gracilaria verrucosa 10-15 Msuya and Neori (2002);

9.8 Anantharaman et al. (2013)

Hypnea musciformis 13.5 Anantharaman et al. (2013)
Gracilaria spp. <5 Prasad, (1986)

Pyropia tenera 36.88 Hwang, Ki, and Chung (2013)
P. haitanensis 32.16 Hwang et al. (2013)

Robledo, & Freile-Pelegrin, 2014). The structure of carrageenan is de-
termined by the number and location of sulphate groups, pyranosidic
ring conformation of 3,6-anhydrogalactopyranose (Vazquez-Delfin
et al., 2014). More than 15 different structures of carrageenans are
traditionally named using Greek letters. The most commercial inter-
ested structure are kappa, iota, and lambda that find their application
as gelling, stabilizing and thickening agents in food, cosmetics and
pharmaceutical industries based on their rheological properties (Al-
Alawi, Al-Marhubi, Al-Belushi, & Soussi, 2011).

Agar constitutes the chemical entity of p-galactose and 3,6, anhy-
drous r-galactose. Pyropia, Gracillaria, and Gelidium are certain species
that contains polysaccharide agar. Due to the presence of agar content,
these seaweeds undergo gelation while cold water extraction. The
variety in the structure is due to substituent groups like sulfate, pyr-
uvate, and methoxy (Melo, Feitosa, Freitas, & De Paula, 2002). Agar
synthesized by Porphyra species are named as porphyrans. These por-
phyrans have a high substitution of 3-p-galactose and 6-O-methyl-f3-p-
galactose than the subunits of a-1-galactose, a-L-galactose-6-sulfate
(Jiang, Hama, Yamaguchi, & Oda, 2011).

3. Seaweed polysaccharide extraction methods

The preferred and desired compounds of seaweeds that own ther-
apeutic potential which can be ingested are removed with the help of
technologically developed, compatible and economically feasible
methods. Seaweeds and their typical cell wall act as an obstacle to all
these techniques. The chemical composition and biological activity of
the seaweed polysaccharides play a significant role in determining the
suitable extraction method (Ale et al.,, 2011; Fitton, Stringer, &
Karpiniec, 2015). Water-based (aqueous) extraction, diluted acidic ex-
traction, and other chemical-based extraction has been used and are
considered as the conventional methodology of extracting marine algal
polysaccharides (Ale et al., 2011; Rioux, Turgeon, & Beaulieu, 2007).
Technology-based (microwave, ultrasonication) and enzyme assisted
methods have been introduced because of the increased yield, bioac-
tivity, the industrial and therapeutic relevance of the seaweed poly-
saccharides. In the same time, these methods also aid in upholding the
chemical composition, their interior structure, and several imperative
properties. Aqueous based extractions are cheap and eco-friendly but
the efficiency of the yield is too low compared to technology-based
techniques (Garcia-Vaquero, Rajauria, O'Doherty, & Sweeney, 2017).
Aqueous based extractions are found to be compatible and can be used
for functional food development. Conventional solvent extraction
methods are based on solvents like chloroform, butanol, and hexane
and are not favourable for functional food development. To date,
techniques involved in extracting seaweed polysaccharides are con-
ventional solvent extraction (CSE), microwave aided extraction (MAE),
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Table 2
Variation of carbohydrate content among different seaweeds.

Table 3
Variation of lipid content among different seaweeds.

Edible seaweeds

Total Carbohydrate

References

Edible seaweed

Total Lipid

References

(%) content (%)
Brown seaweeds Brown seaweeds
Dictyota dichotoma 10.0 Anantharaman et al. (2013) Sargassum sp. 1.5-3.5 Chan et al. (1997); Heo et al. (2003);
Hizikia fusiformis 59.0 Jang et al. (2012) Wong and Cheung (2001); Zubia et al.
L. japonica 51.9 Jang et al. (2012) (2003); Manivannan et al. (2008)
S. coreanum 67.2 Heo et al. (2003) C. abrotanifolia; ~1 Abdel-Fattah and Hussein et al. (1970)
S. filipendula 55-65 Dawes, (1987) Cystoseira barbata ~1 Abdel-Fattah and Hussein et al. (1970)
S. filipendula 55-65 Dawes, (1987) Dictyota dichotoma 3.7 Anantharaman et al. (2013)
S. fulvellum 39.6 Kim et al. (2011); Hizikia fusiformis 0.4 Jang et al. (2012)
44.5 Jang et al. (2012); L. japonica 1.8 Jang et al. (2012)
62.4 Heo et al. (2003) Laminaria ochroleuca <2 Séanchez-Machado et al. (2004)
S. hemiphyllum 17.9 Wong and Cheung. (2001) S. echinocarpum 3.8 Wong and Cheung. (2001)
S. horneri 55.4 Heo et al. (2003) S. fulvellum 0.3 Heo et al. (2003);
S. japonica 66.0 Jang et al. (2012) 1.4 Kim et al. (2011);
S. myriocystum 18.0 Badrinathan et al. (2011) 0.5 Jang et al. (2012)
S. polycystum 33.4 Matanjun et al. (2009) S. henslowianum 4.5 McDermid and Stuercke. (2003)
S. pteropleuron 55-68 Dawes, (1987) S. horneri 0.5-1.0 Marinho-Soriano et al. (2006);
S. thunbergii 63.6 Heo et al. (2003) 5-11 Wong and Cheung. (2001)
S. vulgare 67.8 Marinho-Soriano et al. (2006) S. japonica 1.6 Jang et al. (2012)
S. wightii 50-57 Manivannan, Thirumaran, Devi, S. lomentaria 0.6 Matanjun et al. (2009)
Hemalatha, and Anantharaman S. mangarevense 3.4 McDermid and Stuercke. (2003)
(2008) S. patens 6.1 Wong and Cheung. (2001)
Kumar, (2013) S. polycystum 0.3 Murakami et al. (2011)
Turbinaria ornate 15.4 Anantharaman et al. (2013) S. pteropleuron 0.6-2.7 Heo et al. (2003);
U. pinnatifida 52.0 Jang et al. (2012) S. thunbergii 0.3 Marinho-Soriano et al. (2006)
S. vulgare 0.45 Matanjun et al. (2009)
Green seaweeds S. wightii 2-3 Kumar, (2013)
Sargassum linifolium. ~0.5 Abdel-Fattah and Hussein et al. (1970)
E. intestinalis 63.3 Chirapart et al. (2014); Turbinaria ornate 3.4 Anantharaman et al. (2013)
28.5 Anantharaman et al. (2013); U. pinnatifida 1.8 Jang et al. (2012)
30.5 Chakraborty and Santra. (2008) Undaria pinnatifida <1 Séanchez-Machado et al. (2004)
E. linza 37.4 Jang et al. (2012)
Enteromorpha 24.0 Anantharaman et al. (2013) Green seaweeds
compressa
Rhizoclonium riparium 45.0 Chirapart et al. (2014) E. intestinalis 5.3 Anantharaman et al. (2013)
U. lactuca 54.3 Kim et al. (2011); Enteromorpha 4.3 Anantharaman et al. (2013)
35.2 Chakraborty and Santra. (2008) compressa
Ulva rigida 22.0 Satpati and Pal. (2011) Ulva rigida 12 Satpati and Pal et al. (2011)
Red seaweeds Red seaweeds
G. corticata 17.0 Anantharaman et al. (2013) Gracilaria sp. <3 Norziah and Ching (2000); Kalesh (2003);
G. salicornia 63.8 Chirapart et al. (2014) Marinho-Soriano et al. (2006); McDermid
G. tenuistipitata 67.1 Chirapart et al. (2014) and Stuercke (2003); Manivannan et al.
G. changii 41.5 Cui et al. (2018) (2008, 2009); Ortiz et al. (2009)
Gelidium amansii 55-60 Wi, Kim, Mahadevan, Yang, and G. changii 0.3 Cui et al. (2018)
Bae (2009); G. corticata 3.1 Anantharaman et al. (2013)
77.2 Kim et al. (2011); G. cylindrical 6.0 Esteves et al. (2005)
74.4 Jang et al. (2012) G. salicornia 1.9 Chirapart et al. (2014)
Gracilaria cervicornis 68.8 Marinho-Soriano et al. (2006); G. tenuistipitata 0.3 Chirapart et al. (2014)
>60 Ortiz et al. (2009) G. verrucosa 5-6.5 Kumar et al. (2013)
Gracilaria verrucosa 56-60 Marinho-Soriano et al. (2006) Gelidium amansii 1.1 Kim et al. (2011);
Hypnea musciformis 27.0 Anantharaman et al. (2013) 0.0 Jang et al. (2012)
Gracilaria cervicornis 0.4 Marinho-Soriano et al. (2006)
Edible seaweeds  Insoluble Carbohydrate (%)  References Hypnea musciformis 3.9 Anantharaman et al. (2013)

G. verrucosa 23.0 Kumar, (2013)

S. wightii 18.0 Kumar, (2013) ultrasound aided extraction (UAE) and enzyme-aided extraction (EAE).
S. echinocarpum <5 McDermid and Stuercke. (2003)

S. obtusifolium <5 McDermid and Stuercke. (2003)

S. fillipendula 35-55 Dawes (1987, 1989) 3.1. Conventional solvent extraction

S. pteropleuron 35-55 Dawes (1987, 1989)

Gracilaria spp. 10-30 Prasad (1986) .

Edible seaweeds ~ Soluble carbohydrates (%) References Bronn seaweed polysaCf:harldes are X gen(?ra.lly eXtra(fted by the
G. cornea 36.2 Kumar, (2013) conventional solvent extraction method since it is the ancient and ex-
G. coronopifolia  15.0 Kumar, (2013) tensively applied method. Diluted acidic extraction of the brown sea-
G. parvispora 23.0 Kumar, (2013) weed polysaccharides contained mostly fucose with laminarin, alginate,
g' i‘g}:j:;lslz 2:;2 Etzz:: ggi; alginic acid and mannitol (Kylin, 1913). In addition to HCL acid dilu-
s wightii 35.0 Kumar: (2013) tion step, Hoagland and Lieb. (1915) attempted a soaking step of so-
S. echinocarpum ~ 11-12 McDermid and Stuercke. (2003) dium carbonate for brown seaweed polysaccharides precisely for algi-
S. obtusifolium 11-12 McDermid and Stuercke. (2003) nate extraction. Rioux et al. (2007) introduced stepwise extraction of
S. fillipendula 10-23 Dawes (1987, 1989)
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the seaweed polysaccharides that involves crude extraction with sol-
vents such as ethanol, petroleum ether, t-butanol, chloroform in order
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Table 4
Variation of total dietary fiber content among different seaweeds.
Edible seaweed Total dietary fiber = References
(%)

Brown seaweeds

A. esculenta 42.8 Kraan, (2013)

C. abies-marina 56.3 Kraan, (2013)

E. bicyclis 10-75 Patara, Visbeck, Masina, Krahmann, and
Vichi (2011)

Laminaria sp. 36.0 Dawczynski et al. (2007)

S. fusiforme 35-45.9 Burtin (2003)

S. hemiphyllum 61.3 Chan et al. (1997)

S. henslowianum 61.1 Wong and Cheung. (2001)

S. horneri 42-55 Murakami et al. (2011)

S. mangarevense 42.8 Zubia et al. (2003)

S. patens 54.8 Wong and Cheung. (2001)

S. polycytum 39.6 Zubia et al. (2003)

S. wightii 44-53 Zubia et al. (2003)

S. wightii 48.0 Prosky, Asp, Schweizer, DeVries, and
Furda (1988)

U. pinnatifida 16-51 Dawczynski et al. (2007)

Green seaweeds

C. racemosa 33-40 Patara et al. (2011)

Enteromorpha sp. 33.4 Patara et al. (2011)

U. compressa 41.1-55.4 Patara et al. (2011); Anantharaman et al.
(2013)

U. lactuca 38.1-43 Burtin (2003)

U. pertusa 52.1 Yoshie, Suzuki, Shirai, and Hirano (1997)

U. reticulate 65.7 Yoshie et al. (1997)

U. rigida 38-40 Yoshie et al. (1997)

Ulva sp. 38.0 Patara et al. (2011)

Red seaweeds

E. cottonii 25.5 Msuya and Neori. (2002)

G. changii 22.7 Marinho-Soriano et al. (2006)

64.7 Cui et al. (2018)

G. crassa 22.7 MacArtain, Gill, Brooks, Campbell, and
Rowland (2007)

G. verrucosa 52.0 Wong and Cheung. (2000)

G. verrucosa 50-56 Zubia et al. (2003)

H. charoides 50.3 Wong and Cheung. (2000)

H. japonica 53.2 Norziah and Ching. (2000)

P. capillacea 52.0 MisurCoVa et al., (2010)

P. umbilicalis 33.7 MisurCoVa et al., (2010)

Palmaria palmate 33.7 Matanjun et al. (2009)

Porphyra sp. 48.6 Matanjun et al. (2009)

to eliminate the proteins, pigments, and other contaminants (Rioux
et al., 2007). Once pretreated with the solvents, the residue is treated
with the diluted acid or water and placed in an external heat source
such as a water bath in order to undergo hydrolysis. Calcium chloride
helps in precipitation and immobilization of the alginic acids and other
polysaccharides. Alginate is commonly extracted with the help of so-
dium carbonate. Precipitation and extraction of polysaccharides are
generally processed with polar solvents like ethanol and acetone be-
cause polysaccharides are insoluble in the polar solvents. Once they are
precipitated, polysaccharides are obtained with the help of downstream
techniques such as membrane filtration or centrifugation.

3.2. Emerging techniques

3.2.1. Microwave-aided extraction

Electromagnetic waves that possess wavelength of range from 1 m
to 1 mm and frequency of 0.3 GHz-300 GHz are termed as microwaves.
The frequency of microwave as by federal communication commission
is associated with scientific, medical and industrial purpose is 2.45 GHz
and 915 MHz. Microwave frequency associated with lab work and do-
mestic work is 2.45 GHz (Garcia-Vaquero et al., 2017). Conventional
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heating makes use of the heat from peripheral sources such as the
heating mantle, water bath, and oil bath. The heat from the peripheral
or external source protrudes from the outer surface of the material to
the internal surface by means of conduction. This mechanism makes the
heating process a bit slow. Some portion of heat energy is wasted in
heating the container rather than the material inside (Okolie, CK
Rajendran, Udenigwe, Aryee, & Mason, 2017). In the case of microwave
heating, heat energy is directly applied to the material by the molecular
interaction of the electromagnetic waves so that overall volumetric
heating occurs.

Microwave aided extraction is important because of the benefits
compared with conventional chemical extraction. Factors that provoke
one to utilize microwave aided extraction are controllability, time ef-
ficiency and energy efficiency. Minimum extraction time, minimum use
of solvent and maximum recovery and yield increased the attention of
scientist towards microwave aided extraction (Routray & Orsat, 2012).
The volumetric distribution of heat energy by ionic conduction of dis-
persed ions and the dipolarisation of the solvent hold the principle of
microwave extraction. As reported earlier, microwave heating is con-
sidered to be more fast, effective, efficient and controllable in com-
parison with the conventional heating (Yuan & Macquarrie, 2015).

Microwave aided extraction is found to be the optimal method for
extraction of biomass and pyrolysis. Molecular vibration enhances the
temperature of the material and increases the loss of water thus leads to
the cell death and discharge of the interior molecule (Hahn, Lang,
Ulber, & Muffler, 2012). Fucoidan extracted from the F. vesiculosis by
microwave heating with the pressure of 120 psi for 1-min time duration
resulted in a yield of about 18%. The short time yield provides more
attention to microwave heating than the multiple step extraction
(Rodriguez-Jasso, Mussatto, Pastrana, Aguilar, & Teixeira, 2011). Ex-
traction of polysaccharide fucoidan from brown seaweed Ascophyllum
nodosum showed greater antioxidant activity (Yuan & Macquarrie,
2015). The MAE has been considered to be the most effective compared
to all other methods, because it extracts structurally desirable fucoidan
from Ascophyllum nodosum (Okolie, Mason, Mohan, Pitts, & Udenigwe,
2019). Though microwave aided technique can be fast, time saving and
controllable, it can be executed in the lab scale process only (Fitton
et al., 2015). In the case of industrial-scale use of microwave heating is
finding an obstacle that can be overcome soon.

3.2.2. Ultrasound-aided extraction

Ultra-sonication works on the principle of compression and rar-
efaction induced by the ultrasonic waves that range from 20 to
20000 Hz. The ultrasonic waves induce small vacuum bubble formation
and breakage of the bubble that ends up in cavity formation leading to
cell wall breakdown and lysis of cells. Ultrasonic waves aided extraction
are the substitutive energy input based extraction that assists in re-
leasing favourable and desired compounds. The cavitation induced by
localized pressure and heat energy solubilize the polysaccharides
(Kadam, Tiwari, Smyth, & O’Donnell, 2015). Further, they identified
that extraction with ultrasound aided technique provides more yield of
about 11% than microwave aided extraction with a yield of 9.56% and
conventional chemical extraction in a shorter time with 4.67% yield
(Okolie et al., 2017). The high input waves with pressure can be un-
favourable because it could damage the integral structure and complex
chemical composition of the desired polysaccharides.

3.2.3. Engyme-aided extraction

Enzyme-aided extractions are substantial because of its action and
hydrolysis process over heterogeneous algal cell wall in order to release
internal compounds like polysaccharides and proteins. The cell wall of
macroalgae is complex consisting of polysaccharides embedded with
proteoglycans to form an extracellular matrix. Polysaccharides inter-
twined with the protein and bounded ions like calcium and potassium
make the extraction process hard and time-consuming. Enzyme-aided
extraction helps to overcome the complication with other extraction
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techniques. Many scientists provided high recovery results with the
enzymatic methods with solvent-free nature (Charoensiddhi et al.,
2015, 2016). The improvement in yield and recovery of bioactive
components with enriched biological properties leads to emerging of
novel food products (Charoensiddhi, Conlon, Franco, & Zhang, 2017).
Carbohydrase enzymes like viscozyme, celluclast and ultraflo were used
and reported with convincible results. Protease enzymes like alkalase,
neutrase and flavoenzymes were used. The optimum temperature for
these enzymes ranges from 50 to 60°C. Mostly used buffers were
phosphate and acetate buffer. The carbohydrases enzymes are endo-f-
glucanase and cellulase enzymes that cleave at 1,3 or 1,4 linkages in the
B glucans and cellulose. Protease enzymes reported were endoprotease
and exoprotease assists in cleaving the internal and external peptide
bonds. Polysaccharides intertwined with the protein and sulfated
groups are released easily with less time consumption (Sanjeewa et al.,
2017). The utilization of the commercial enzymes enhanced the ex-
traction efficiency to 5-20% than the conventional chemical extraction.
Higher recovery of bioactive compounds up to 70% using protease from
E. radiata was reported. Enzymatic extractions also assist in improving
the antioxidant properties of seaweed polysaccharides (ORAC assay)
from 30% to 90% (Charoensiddhi et al., 2015). The overall benefits and
bottlenecks of various extraction methods in view of energy require-
ment and yield were presented in Table 5.

4. Polysaccharide purifying techniques

After successful extraction of seaweed polysaccharides by different
methods, the polysaccharides are subjected to purification. The ex-
tracted polysaccharides are mostly composed of monosaccharides and
sulfate (Geng et al., 2018). Other than this little quantity of phenolic,
flavonoid and other compounds that exhibit several immunological
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activities in both in-vitro and in-vivo condition are present (Ale et al.,
2011). Purification techniques were adopted to enhance and enrich the
mixture of compounds with selective and desired polysaccharide com-
pound of interest (Jin et al., 2013). Techniques that are most frequently
used for polysaccharide purification are chromatographic and filtration
techniques.

4.1. Chromatography

4.1.1. Ion-exchange chromatography

Ion exchange chromatography works on the principle based on the
affinity of ions or polar molecules towards the ion exchanger. Ion ex-
change chromatography is commonly used in several pharmaceutical
industries because of its application in separating the desired charged
drug molecule. The separating principle behind this chromatographic
technique is binding or adsorption of charged molecules over the im-
mobilized oppositely charged ion exchange groups. Elution of the
sample is done by altering the pH or concentration of the running buffer
(Rieman & Walton et al., 2013). Other than polysaccharides, purifica-
tion of proteins, amino acids and nucleotides can be done. Anion ex-
change and cation exchange are the two types of Ion chromatography.
When the desired molecule is positively charged, cation exchange
chromatography is utilized. The negatively charged stationary phase
attracts the positively charged molecule (pH < pI). When the desired
molecule is negatively charged anion exchange chromatography is
utilized. The stationary phase is positively charged that attracts the
desired negatively charged molecule (pH > pl). Ion exchange chroma-
tography is the most frequently used chromatographic-liquid technique
for purification because of its wide application on high efficiency, high
resolution, huge sample handling capacity and automated and cost-ef-
fective (Acikara, 2013). For polysaccharide purification anion exchange

Table 5
Comparison of different seaweed polysaccharide extraction methods.
Principle Energy Yield (%) Advantage
requirement

Disadvantage References

Conventional solvent extraction (CSE)

Polarity based extraction and _ 4.67 v Traditionally used method v Time-consuming Garcia-Vaquero et al. (2017);
thermal hydrolysis using a v No energy input is required v Low yield Okolie et al. (2017); Moumita et al.
water bath v Easy handling v High solvent (2017,2018)

v Easy availability Requirement

v of solvents

Microwave-aided extraction (MAE)
Dielectric and overall volumetric  2.45 GHz 9.56
heating by microwaves

v Less solvent
Consumption

v Improved yield
v Automated process
v Less time consumption

Ultrasound-aided extraction (UAE)

Compression and rarefaction 20 KHz 11
(Pressure variation and 50-60 KHz
cavitation)

v Less solvent
Consumption
v Cost-effective

v Improved yield
v Huge possibility of industrial

v Time efficiency

v Presence of Residues
v Not suited for functional
food development

Yuan and Macquarrie. (2015); Fitton et al.
(2015); okoli et al., (2019)

v Energy input required

v Cause damage to heat
sensitive
compounds

v Loss of property can
occur

Rodrigues et al., 2015;

Kadam et al., 2015;

Garcia-Vaquero et al. (2017); Shi, Yan,
Cheong, and Liu (2018)

v Energy input required
¥ Can cause damage to
integral
structure due
to pressure
variation

scale-up & Automated

process
Enzyme-aided extraction (EAE)
Breakdown of glycosidic linkage  _ 50-70
and other interior bonds
specificity

v Enzymes used are eco-
friendly, non-toxic and food

grade level
v High yield

v Time efficiency
v High catalytic efficiency & price

v Limited due to its high (Rodrigues et al., 2015; Charoensiddhi

et al., 2015; 2016;

Okolie et al., 2017; Sanjeewa et al., 2017);
Praveen, Parvathy, Jayabalan, &

Balasubramanian, 2019

v High chance for industrial

scale up
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Table 6
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Benefits and limitations of different seaweed polysaccharide purification techniques.

Polysaccharide purification technique Benefits

Limitations References

v Change of pH and salt concentration
v High selectivity & resolution

v Scale-up and scale-down

v Cheap maintenance

v High specificity

v High degree of purity

v Reproducibility

Ion exchange chromatography

Affinity chromatography

v Simplicity, reliability & versatility
v Ease of scale up

v Less analysis time

v Polydisperse samples

v Ease operation

v Design flexibility

v Ease scale-up

v Desalting

Size exclusion chromatography

Membrane filtration

Rieman & Walton et al. (2013); (Acikara, 2013);
Imbs et al. (2016)

v High equipment cost
v Stability & reproducibility

v Expensive ligands

v Leakage of ligands

v Limited lifetime

v Relatively low productivity
v Excess operating cost
v Pre-filtration of sample
v Low resolution

v Low sample handling
v Membrane fouling

v Expensive membranes
v Low sensitivity

Dunlap (2013);
Hahn et al. (2016)

Hahn et al. (2016)

Hjelland et al. (2012);
Patel et al. (2013);
Marecati et al. (2014);
Xu et al. (2017)

chromatography is best suited and widely used. Fucoidan, the most
available brown seaweed polysaccharide is positively charged. The
anionic charge of fucoidan is due to the presence of sulfated ester
groups embedded in the backbone composed of carbohydrates. Elution
is done either by stepwise (Cong et al., 2016) or salt (NaCl) gradient
(Dinesh et al., 2016; Imbs et al., 2016; Wang, Wang, Yun, Zhang, &
Zhang, 2012). Fucoidan fractions of different molecular weight can be
purified by anion exchange chromatography based on the degree of
sulfate content. The high salt concentration is required for eluting
heavily sulfated fucoidan fraction to enhance the resin interaction
stronger. Anion exchange chromatography used for purifying fucoidan
fractions of seaweeds with a distinct structural and chemical composi-
tion (Geng et al., 2018; Hahn et al., 2012).

4.1.2. Affinity chromatography

Affinity chromatography is a chromatographic method for separ-
ating the biological mixture. It works on the principle of high and
specific interaction seen between antigen and antibody, enzyme and
substrate, receptors and proteins. The interaction is due to ionic, hy-
drophobic, hydrogen and disulfide bond linkage. The specific interac-
tion between the desired molecule and the ligand attached to the
chromatographic column matrix assist purifying the biological com-
pounds (Dunlap, 2013). In protein purification, dye affinity chroma-
tography is used so that the polysaccharide from the crude extract gets
attached to the dye and is eluted (Janson, 2012). For polysaccharide
purification like fucoidan, lectins were utilized to effectively retrieve
fucoidan from the crude extract. Fucose from fucoidan binds to lectin
and this specific interaction is used for purification. Sulfate in the fu-
coidan can hinder and interrupt the binding of fucose subunits by in-
teracting with lectin. Donor-acceptor domain complex is formed be-
tween the anionic sulphated polysaccharides and the cationic toluidine
and methylene blue dyes. Amino derived sepabeads interaction with
the toluidine blue dye provides the development of dye affinity chro-
matography which donates better and promising results for eluting
highly purified fucoidan (95%) from the brown seaweeds (Hahn et al.,
2016).

4.1.3. Size exclusion chromatography

Size exclusion chromatography (SEC) or molecular sieve chroma-
tography is a separation method of eluting desired molecules ina so-
lution mixture, based on their size and molecular weight by passing
them through physically, chemically stable and inert porous matrix.
Size exclusion chromatography is commonly applied for eluting large
macromolecular compounds like polysaccharides, proteins, etc. Unlike
Ion exchange chromatography, the buffer concentration does not have
any impact in the case of SEC. Size exclusion chromatography can be
utilized directly after any purification techniques using a buffer that is
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suited to the molecule in terms of purification and preservation (Mori &
Barth., 2013). Previously reported studies described the utilization of
certain criteria and Size exclusion chromatography conditions for dif-
ferent polysaccharide purification. Most frequently using columns for
polysaccharide purification are PL aquagel OH, Sepharose CL-6B, Se-
phacryl S-300 and Superdex 200 (Cong et al., 2016; Wang et al., 2012).
Columns that are found to be successfully connected are TSK (G4000,
G3000) SW-XL (Anastyuk, Imbs, Shevchenko, Dmitrenok, &
Zvyagintseva, 2012). Laminarins and fucoidans of brown seaweed
polysaccharides were successfully purified in different fractions based
on their molecular weight. Compound with higher salt concentration
can be purified and desalted by size exclusion chromatography (Hahn
et al., 2016).

4.2. Membrane filtration

Other than the chromatographic techniques, novel techniques like
membrane filtration were used for polysaccharide purification.
Membrane filtration method helps in purifying molecular compounds
based on their molecular weight. The desired sample mixture placed in
a membrane with ranging molecular weight cut off (MWCO) subjected
to dialysis for effective removal of salt and other contaminants
(Anastyuk et al., 2010). Hjelland, Andersen, and Yang (2012) described
the utilization of MWCO membranes for purifying brown seaweed
polysaccharide compounds like fucoidan and laminarin. Membrane
filtration technique found application in purifying extracellular poly-
saccharides of microbes like bacteria (Wingender, Neu, & Flemming,
2012), soluble polysaccharides from plants (Wan, Prudente, & Sathivel,
2012) and microalgae (Chen et al., 2011; Marcati et al., 2014).

Membrane filtration techniques have several advantages like large-
scale industrial purification and automated setup (Patel et al., 2013).
This technique includes microfiltration, ultrafiltration, reverse osmosis,
and nanofiltration for fractionation of marine algae (Xu et al., 2017)
Membrane fouling is the term that hinders industries to apply this
purification technique. It also leads to low performance and resolution,
more energy input and frequent replacement of membranes (Marcati
et al.,, 2014). Tangential flow filtration, sequential ultrafiltration and
decreased MWCO diafiltration techniques were proposed to overcome
the issue of membrane fouling (Marcati et al., 2014). The overall ben-
efits and limitations of various polysaccharide purification techniques
were presented in Table 6.

5. Prebiotic concept
Gibson and Roberfroid (1995) introduced the concept of prebiotics

which has been redefined as, “ingredient that is selectively fermented,
which allows certain changes in composition as well as the activity of
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gastrointestinal microbes and which are potentially beneficial for host
and health”. The three basic criteria for considering it as a prebiotic
substance are non-digestibility, selectivity and fermentability
(Roberfroid, 2008; Raposo et al., 2016). Some examples of prebiotic
polysaccharides are inulin, oligofructose, galacto oligosaccharides,
lactulose, mushrooms, chicory roots and seaweeds (Kolida & Gibson,
2008; Moumita et al., 2017; Praveen, Parvathy, Jayabalan, &
Balasubramanian, 2019). The prebiotic oligosaccharides enhance the
growth of beneficial bacteria like Lactobacillus, Bifidobacterium and
decrease the harmful bacteria like Helicobacter, Salmonella and others
(CK Rajendran, Okolie, Udenigwe, & Mason, 2017). These prebiotics
interacts with beneficial gut microbes leads to the production of SCFA
which in turn generates mucin production, direct interaction with im-
mune cells, decreased cell permeability against pathogens, improved
health of gut epithelial cells (Rooks and Garrett, 2016). Marine poly-
saccharides and their byproducts (SCFA) mitigate metabolic disorders
like altering the enteroendocrine hormone secretion and blood glucose
levels by cellular signal pathways (Wang et al., 2018). Rico et al. (2018)
assessed the bioactivities of seaweeds which species could diminish the
cardiometabolic risk factors of Metabolic syndrome (MetS) and showed
that H.elongata reduces LPS-induced inflammation and triglyceride ac-
cumulation.

5.1. Prebiotic oligosaccharides

Carbohydrates that are resistant and non-digestible to digesting
hydrolytic enzymes are considered as prebiotics or short-chain carbo-
hydrates. Prebiotic oligosaccharides have a degree of polymerization
(DP) of two and are soluble in 80% ethanol (De Sousa, dos Santos, &
Sgarbieri, 2011). Some prebiotic oligosaccharides like chicory insulin
have a DP of 60 (Tanabe, Nakamura, & Oku, 2014). Carbohydrate
conferred as prebiotic only if it satisfies the following criteria (Sridevi,
Sumathi, Guru Prasad, & Kumar, 2014). i) It should not be absorbed or
be digested in the upper part of the gastrointestinal tract. ii) Should be
digested only in the colon region of the large intestine by potentially
beneficial bacteria like Lactobacillus and Bifidobacterium. iii) Should be a
selective substrate/carbon source for beneficial bacteria so as to induce
an increase in their growth. iv) Should promote optimistic effect by
removal of Ca, Mg, Fe, and other excessed trace elements. v) Should
regulate the level of other invading pathogens in large intestine thereby
reducing the risk of infection and colon cancer.

The low molecular weight polysaccharides which come in the DP of
two to nine (2-9) and monomers in the range of 8-20. Because of their
low degree of polymerization, the fermentation of these dietary fibers
became easier for the gut microbiota to release end products like SCFA
(Moreno, Corzo, Montilla, Villamiel, & Olano, 2017). To obtain these
polysaccharides with a low degree of polymerization, techniques like
acid hydrolysis and ultrasound was utilized. Acid hydrolysis does not
find their significance except neutral sugars rich polysaccharides such
as fucoidan, galactan, and carrageenan. Acid hydrolysis method cannot
break several glycosidic bonds which hinders their application and pave
way for other low molecular weight derivatives (Geng et al., 2018).
Most commonly used acids were orthophosphoric acid, hydrochloric
acid, and trifluoroacetic acid. Phosphoric acid was used commonly and
found to be suitable for degrading higher molecular weight poly-
saccharides. HCI and trifluoroacetic acid are found unsuitable for de-
gradation in some cases. HCl was used to hydrolyze agarose or ga-
lactose bonds (Sun, Wang, Shi, & Ma, 2009).

Free radical degradation was attempted by regulating temperature
and time duration of the process. Hydrogen peroxide and copper salts
were utilized to avoid breakage of the ring structure. Using this tech-
nique fucoidans with the low molecular weight of 7-8 kDa was isolated
(Nardella et al., 1996). Zhou et al. (2004) reported A carrageenan
(Chondrus ocellatus) of low molecular weight 9-15kDa are found to
have more immune modulatory and anti-tumour activity rather than
the normal size.
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5.2. Physiognomies of prebiotic dietary fibers

5.2.1. Non-digestibility

A prebiotic substance should be indigestible by the digesting en-
zymes in the upper gastrointestinal tract in order to reach the colonic
microbes as a selective substrate as discussed earlier in section 5.1. The
characteristic of non-digestibility can be verified by examining the
compound resistance to hydrolysis by acid and enzyme under in-vitro
condition. Hu et al. (2006) in his report mentioned that agarose derived
oligosaccharides showed resistance to amylolytic enzymes and re-
mained stable even after incubating 24 h with the enzymes. The whole
experiment was performed through electrophoresis analysis. Galacto-
side (glycerol) from red seaweed Porphyra yezoensis remains in-
digestible by the digesting enzymes (salivary, pancreatic, gastric and
other intestinal enzymes). Galactoside from the red seaweed was also
found to be a fermentable compound (Muraoka et al., 2008). It was
noted in rats that the red seaweed polysaccharide galactoside was not
adsorbed along with the small intestinal segments. Deville, Damas,
Forget, Dandrifosse, and Peulen (2004) in his report discussed that the
brown seaweed polysaccharide laminarin remains undigested after in-
cubating them with HCl and digesting enzymes under in-vitro condi-
tions. Glycoside bonds of certain dietary prebiotics are non-digestible
by hydrolytic enzymes because of the inbuilt configuration of anomeric
(C1, C2) carbon atoms. Digestibility and fermentability of Ascophyllum
nodusum in simulated digestion model produces short-chain fatty acids
confirmed the uphold ratio of Bacteroidetes to Firmicutes. There was an
increase in growth of Bacteroides ovatus and further breaking down of
fucoidan (Chen et al., 2018).

5.2.2. Fermentability

Another characteristic that the substance should hold in order to
consider them as prebiotic is the gut microbe fermentation (Gibson &
Roberfroid, 2008). The fermentation characteristic can be studied
under in vitro conditions by incubating the compound with the pure
and isolated culture of potentially beneficial bacteria's like Lactobacillus
and Bifidobacteria. The same test should be carried out with pathogenic
organisms like Enterococcus, Vibrio cholerae etc. Carbohydrates that find
their path to cecum acts as a selective substrate for fermentation ends
up in the release of SCFA (Boler & Fahey, 2012). SCFA are anions that
have 1 to 6 carbon atoms produced by bacterial prebiotic fermentation
(Ganapathy, Thangaraju, Prasad, Martin, & Singh, 2013). It is evident
by in-vitro studies that SCFA induce bacterial growth and activity
(Mussatto & Mancilha, 2007).

SCFA are produced in the large intestine after bacterial breakdown
and fermentation of the dietary fibers. SCFA are the products formed
after fermentation involves acetic acid, lactic acid, propionic acid,
uronic acid and butyric acid along with methane gas, carbon dioxide
and hydrogen gas (Wang et al., 2017). These fermented products induce
several physiological effects in the human gastrointestinal system.
There is an assumption that water-soluble dietary fibers are highly
fermentable. Alginates are fermentable, and 65% of them are processed
and metabolized into SCFA (Michell et al., 1996). It was reported that
certain aqueous soluble dietary fibers namely fucoidan and cellulose
are not fermented easily (Fujii, 1992). Ulva lactuca have high soluble
fiber content, but it showed a modest rate of fermentation in rats
(Andrieux et al., 1998). A prebiotic compound as an active substitute
for carbon source is used and is inoculated with the pure culture to
estimate the growth rate at a particular time interval. Hu et al. (2006)
in his study reported that polysaccharides like agarose derived Neoa-
garo-Oligosaccharides (NAOS) were fermented by beneficial microbes
and not by pathogen like Enterococcus. Fructo oligo saccharide an ac-
cepted prebiotic compound was used as a standard to compare the
growth rate by colony forming unit. Polysaccharide extract of red
seaweed along with the small protein content was fermented by the
beneficial Bifidobacteria and other intestinal strains (Muraoka et al.,
2008). Galactoside was studied for fermentation with more than 15
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bacterial strains and positive results were obtained. It was also fer-
mented by potential pathogens like Clostridium, Bacteroides and not by
Enterococcus (Muraoka et al, 2008). Palanisamy, Vinosha,
Marudhupandi, Rajasekar, and Prabhu (2017) studied that fucoidan
from S.asperum has bioactivities like antioxidant and antibacterial
properties which are right inclined to the concentration of fucoidan
present the seaweeds which could be utilized for the development of
antibacterial drugs in future.

5.2.3. Pathogen inhibition potential

Prebiotics that had been ingested should be a specific substrate for
only beneficial microbes. They should not act as a substrate for pa-
thogens that causes deadly diseases. As a consequence, the biomass of
significantly potential microbes will be higher than the pathogens. Non-
digestible oligosaccharides exhibit the potency to prevent binding of
the invading pathogen on the epithelial cell surface (Quintero-Villegas
et al., 2013). Several toxins releasing pathogens like Salmonella, Cam-
pylobacter jejuni, Vibrio cholera and Clostridium cause diseases by
growing inside the GIT and start invading tissues of the host (Jain,
Gupta, & Jain, 2014). Toxins can result in producing nausea, diarrhoea,
vomiting and other disorders by disrupting intestinal mucosa (Wittke,
Banavara, & Munoz, 2014). By the mechanism of adherence, bacteria
adhere themselves to the intestinal surface and are not eliminated by
natural host displacement processes like peristalsis and acid excretion
(Gourbeyre, Denery, & Bodinier, 2011). The pathogen inhibition ability
of the non-digestible oligosaccharides found application in the treat-
ment of gastro-related diseases and disorders (Lozano et al., 2016).
Potential prebiotics prevented the existence and development of cau-
sative pathogens of foodborne diseases such as Salmonella and E.coli in
pigs (Tran, Everaert, & Bindelle, 2018).

5.3. Macroalgal dietary fiber as prebiotics

Many researchers provided substantial results that dietary fibers
have sway over gut microbial growth and fermentation. Macroalgae
though comprise a splendid amount of carbohydrate that ranges from
25 to 70% by their dry weight, these polysaccharides mostly retain as
undigested nature in gastrointestinal tract and exhibit as dietary fibers
(Okolie et al., 2017). Dietary fibers are the outlined skeletal residues of
a plant cell that are impervious to enzymatic hydrolysis. Prosky et al.
(1988) reported that dietary fibers are of two types namely soluble and
insoluble fibers that are shown in Fig. 3. Dietary fibers can eliminate
toxic substances and inhibit their mobility by binding to them. Soluble
fibers regulate and maintain blood glucose and cholesterol (Raposo
et al., 2016). Soluble fibers without being absorbed can pass through
and reach the colon. Digestion is slowed down because of their viscous

[ Seaweeds }
| Dietary fiber |

SOLUBLE INSOLUBLE
= Agar
= Alginate = Cellulose
= Carragenan = Lignin
= Xyloglucans = Arabinoxylan
* p-Glucans = Hemicellulose
= Galactomannar = Starch

Fig. 3. Classification of soluble and insoluble dietary fibers among seaweeds.
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property. Sometimes, soluble fibers can decrease the nutrient avail-
ability and absorption, because the nutrients adhere themselves to the
soluble fibers. Insoluble fibers enhance the mobility of compounds
found in the digestive tract and promote bulking of stool and help to
overcome constipation and other stomach irregularity (O’ Sullivan
et al., 2010).

5.3.1. Dietary fiber and its systemic effects

Dietary fiber in seaweeds exhibit several characteristics like fer-
mentability, dispersibility, and viscosity in water, adsorb or binding
capacity and their ability to bulk. These characteristics showed local
and systemic effects in the gastrointestinal tract (Davidson & MC
Donald, 1998; Schneeman, 1998). The local effects revealed by bowel,
that can be mentioned are decreased the mobility of the bowel contents,
homogenous mixing of the gastric contents, altered diffusion and en-
hancement in bile acid and other bound compounds excretion, im-
proved microbial biomass and metabolic products. The systemic effects
showed are decreased digestion rate and less adherence/absorption of
lipids and carbohydrates. Due to the less adherent capacity of the lipids
cholesterol level is regulated and maintained.

It was reported that Undaria and Porphyra polysaccharides de-
creased the level of enzymes that assist the conversion of pro-to carci-
nogens in rats (Gudiel-Urbano & Goni, 2002). Ascophyllum oligo-
saccharides increased the microbial biomass of Lactobacillus and E. coli
in pigs (Dierick, Ovyn, & De Smet, 2009). Polysaccharides of the brown
algae Laminaria enhanced the fermented metabolic products SCFA and
ammonia level in the colon of pigs (Lynch, Sweeney, Callan, O'Sullivan,
& O'Doherty, 2010). In human, it was reported that alginates had in-
creased the population of beneficial gut microbiota (Terada, Hara, &
Mitsuoka, 1995). The low molecular weight polysaccharides of the red
algae Gelidium reduced the level of putrefactive compounds and mi-
croorganisms, thereby showed a positive result on increasing the ben-
eficial microorganisms and production of SCFA (Wang, Han, Hu, Li, &
Yu, 2006).

Gelidium polysaccharides exhibited the property of improving the
level of Bifidobacterium, acetic acid and propionic acids (Ramnani et al.,
2012). In rats, it was reported that the oligosaccharides of seaweed
Chondrus enhanced the histomorphological property of the colon, im-
proved the immune system defence mechanism by increased production
of immunoglobulin IgA and IgG (Liu et al., 2015). The biomass of the
spirulina showed reduced pathogen and detrimental bacteria like P.
vulgaris, B. subtilis, and B. pumulis. The biomass content of Isochryis in-
duced microbial biomass improvement of lactic acid bacteria in rats
(Nuno et al., 2013). Many recent in-vitro studies showed systemic ef-
fects of the dietary fibers from the polysaccharides of the marine sea-
weeds. Polysaccharides from marine seaweeds such as Chlorophyta,
Rhodophyta, Phaeophyta have a prebiotic effect on intestinal microbes
and stimulate an immune response that is summarized in Table 7.

6. Probiotics

Probiotics are live microbes which tend to restore the healthy gut
microbiota and improves beneficial functions by increase the propor-
tion of healthy gut bacteria through cross-feeding. The most commonly
utilized microbes were Lactobacilli and Bifidobacteria, genera. These
probiotic microbes consume prebiotics as diet source to produce short
chain fatty acids (SCFA) which in turn stimulates immune responses.
Recently probiotics are taken in the form of fermented dairy products
like curd, cheese, etc. Commensal bacteria like E.coli assists in the
production of Vitamin K2 keep checking for bad bacteria like
Enterococcus fecalis whichcause illness (Daniluk, 2018).

6.1. Predominant probiotics in the gut

Probiotics along with prebiotics lead to a symbiotic physiological
effect on the host organisms. Probiotics are significantly beneficial
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Table 7
Prebiotic effect & immune response stimulation of seaweed polysaccharide.
Compound Source Expt. Prebiotic effect Immune response References
Brown seaweeds
B glucans L. digitata Invitro  1Bifidobacteria 1 TNF-a in human Zhao and cheung (2011); Miyanishi,
1 SCFA Iwamoto, Watanabe, and Oda (2003)
{pH
Fucoidan L. japonica Invitro 1Beneficial bacteria, 1TNF-a, IL-12, IL-6, MMP-9, Kong, Dong, Gao, and Jiang (2016);
F. vesiculosis 1SCFA Phagocytosis Cong et al. (2016)
U. pinnatifida |pH |Enterobacteria Mysozyme activity, nitrous oxide,
dentritic cell
Janti-inflammatory cytokines
IL- 4,5,13.
Laminarin L. digitata, Invivo  1Acidic mucin production tpro-inflammatory cytokines (IL-1, IL-8, Okolie et al. (2017)
L. hyperborean in wistar rats TLR-2)
| TNF-q, nitrite level
Alginate Purchased (Nuotai, Invitro |Enterococcus in gut of pigs  fpro-inflammatory cytokines (IL-1p, IL- ~ Wang et al. (2006); Xu et al. (2014)
Shangai-China) 6, IL-12 nitrous oxide and TNF-a) in
RAW 264.7 cell line
L. japonica Invivo 1 Lactobacillus& tImmunological activity of intestinal
Bifidobacteria in rats cells
Laminarian + Fucoidan L. hyperborean Invivo  !Lactobacillus 1TNF a, IL-1a, IFN g, IL 4, IL 6 Lynch et al. (2010); Dinesh et al. (2016)
|diarrhoea
Brown Polysaccharides E. radiata, Invitro |Beneficial bacteria & SCFA Interact with TLR-2 and TLR-4 to Makarenkova et al. (2012);
A. nodosum activate NF-xB Charoensiddhi, Conlon, Vuaran, Franco,
S. japonica and Zhang (2016); Geng et al. (2018)
Green seaweed
Ulvan Ulva lactuca Invitro 1Beneficial bacteria & SCFA Improve wound repair O’ Sullivan et al. (2010)
Increased growth promoters to induce
intestinal epidermal growth
Red seaweeds
Carrageenan S. gaudichaudii, Invitro 1 Bifidobacterium spp. 1 innate immune genes Liu et al. (2014);
C. crispus | C. perfringens | host infection rate Kulshreshtha et al. (2014)
Ix- carrageenan E. spinosum Invivo  !Beneficial bacteria & SCFA 1 IL-8, BCL-10 Production Borthakur, Bhattacharyya, Dudeja, and
Induce apoptosis, cancer prevention Tobacman (2007, 2012)
Inhibit cell proliferation
Polysaccharides extract  Lithothamnion spp. Invitro  |Enterococcus Inhibit polyp formation Drew et al. (2014)
1 IL-1B, IL-6 and TNF-a
L. calcareum Invitro Improved histo morphology Inhibit Ki67 antigen-a proliferation Dame, Veerapaneni, Bhagavathula, Naik,
of colon marker in human colon culture cell lines and Varani (2011)
Agaran P. columbina Invitro Improvement in gut Induce IL-10 in spleenocyte Cian, Lopez-Posadas, Drago, de Medina,
microbiota Inhibits pro inflammatory cytokine IL-6, and Martinez-Augustin (2012)
1beneficial bacteria & SCFA TNF- a
P. yezoensis Invivo  |Putrefactive compound Inhibits pro-inflammatory cytokine IL-6, Isaka et al. (2015)
and microorganism. TNF- a
In RAW 264.7 mouse macrophage
Inhibits NO & ROS production
Sulfated Polysaccharides G. changii Invitro 1Beneficial bacteria & SCFA  Inhibit expression of TNF- and IL-6 in Shu, Appleton, Zandi, and AbuBakar
U937 cells (2013)
Gracillaria spp. Invivo !Beneficial bacteria Inhibit inflammatory cell infiltration,
(Bifidobacterium) & SCFA release off inflammatory cytokines and
lipid peroxidation
Porphyran P. tenera Invivo Improvement in gut Inhibit hypersensitivity reaction, Ishihara, Oyamada, Matsushima, Murata,
microbiota Decreased IgE in the serum of BALB/c and Muraoka (2005); Imbs et al. (2016)
mice
Polysaccharides extract L. muelleri Invivo 1Beneficial bacteria & SCFA  Anti-inflammatory effect on GVHD and  Aslam, Paruchuri, Bhagavathula, and

arthritis
Reduce colonic inflammation

Varani (2010,2012); Rezende et al.
(2013); Costa et al. (2015)

(MMP-Matrix metalloproteinases, 1- increase, |-Decrease, TNF- Tumor necrosis factor, TLR- Toll-like receptor, IL- Interleukin, PS- Polysaccharides).

microorganisms that show protective and barrier property against dis-
ease-causing pathogens in order to protect the host. Bifidobacteria,
Lactobacilli contributes to modification and stimulation of immune re-
sponses by the non-specific resistance of the host to pathogens (Mumcu
et al., 2014). Bifidobacteria and Lactobacillus shortened and prevented
diarrhoea by several means of pathogenic agents by inducing immune
responses (Liu et al., 2014). The list of probiotic microbes and its role in
the host system are given in Table 8.

6.1.1. Lactobacillus

Lactobacillus species are potential gut microbes that are gram-posi-
tive, catalase negative and form non-spore rods. Lactobacillus does not
involve in nitrate reduction. Lactobacillus species that are frequently
examined and studied are L. acidophilus, L. casei, L. fermentum, L. brevis,
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L. plantarum and L. salivarius (He, Morita, & Ouwehand, 2006). The
metabolic final product of Lactobacilli is the lactic acid which is formed
by the breakdown of glucose (Slover et al., 2008). Lactic acid and other
several byproducts hydrogen peroxide of Lactobacillus metabolism is
found to be beneficial in controlling and regulating the invasion of
other 27 potentially pathogenic bacteria. Other acids like acetic acid
and succinic acid are also produced but in very small amounts.

6.1.2. Bacillus

Mostly common species that could be found among Bacillus mi-
crobes are B. subtilis, B. licheniforms, B. cereus, B. clausil and B. coagulans.
Bacillus has several advantages that include the formation of heat stable
spores and does not lose the effect on viability if it stored in a desiccator
at room temperature (Cutting et al., 2011). They also can survive at
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Table 8
List of probiotic microbes and its role in the host.
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Beneficial Bacteria Role in the Host

References

Bifidobacteria v Regulate the level of other bacteria
v Modulate immune response
v Prevent tumour formation

v Produce vitamins

Gibson et al., 2004;
Iyer et al., 2008;
Mumcu et al., 2014;
Daniluk et al. (2018).

v Reduces the risk of human contaminated food diseases caused by campylobacter like C. jejuni and C. coli.

v Helps in treating acute diarrhoea.

v Regulate cholesterol metabolism and synthesis.
v Produce vitamins and nutrients

v Boost immunity

v Protect against carcinogens

Lactobacillus

v Prevent growth of Clostridium difficile which sometimes can proliferate even after antibiotic administration

Slover et al., 2008;
Cutting et al., 2011;
Mumcu et al., 2014;
Daniluk et al. (2018).

v Induced apoptosis of (THP-1), a monocytic carcinoma cell line

v Regulate gut epithelial homeostasis
v Helps in treating inflammatory bowel disease (IBD)

acidic (gastric) pH (Barbosa, Serra, La Ragione, Woodward, &
Henriques, 2005) but this advantage applicable for only some species
(Tuohy et al., 2007). Bacillus can boost the immune system and species
like Bacillus coagulans helps overcoming respiratory distress and some
species helps in digestion of cancer-causing substances, thus act as
auxiliary microorganisms for cancer therapy.

6.1.3. Bifidobacteria

Bifidobacteria possess club-shaped, dense morphology and are
characterized as gram-positive microbes forming non-spore rods. In a
gut microbial ecosystem, Bifidobacterium ranges of about 25% and are
contributed to carbohydrate digestion in the colon. Mostly examined
species of Bifidobacterium are B. infantis, B. longum (colon), B. dentium
(oral cavity), B. adolescentis. Pathogen colonization is inhibited by
Bifidobacteria and found used for preventing infection and cancer and
also regulates cholesterol metabolism and synthesis. Dairy industry on
the basis of above-mentioned advantage recognized Bifidobacteria as
probiotics (Gibson et al., 2004).

7. Immunomodulation and other benefits

Prebiotics helps to increase the level of beneficial microbes like
Lactobacillus and Bifidobacteria thus decreasing the level of invading
pathogens. Colon cancer is prevented by reducing putrefactive com-
pounds. Butyrate that is produced acts as a protective manager and
production of butyrate is mediated by the colonic microbiota.
Bifidobacteria helps to pull downcast the promoters of a carcinogenic
factor and reduced the genotoxins. Prebiotics promote the shift down of
the biomarkers for cancer as a result proliferation of cancer cells can be
regulated and controlled (Kasubuchi, Hasegawa, Hiramatsu, Ichimura,
& Kimura, 2015). Various applications of prebiotic dietary fiber in the
host system are shown in Fig. 4.

The immune modulatory behaviour of the prebiotics boosted the
immune response by interaction with the probiotics present in the gut
(Schley and Field et al., 2002). The prebiotic and probiotic interaction
directly induce immune system activation and the gut microbial bio-
mass plays a role in overcoming disease vulnerability (Hemarajata and
Versalovic., 2013). The interaction of prebiotics with probiotics like
Lactobacillus lead to the production of SCFA, alteration in mucin pro-
duction and interaction of prebiotics with membrane receptors such as
Toll-like receptor of immune cells commence immune stimulatory re-
sponses (Peshev & Van den Ende, 2014). Charoensiddhi et al. (2016)
reported that prebiotics can vary the mechanism and action of the in-
testinal microbes by in-vitro technique analysis. Prebiotics play a vital
role in bone and mineral metabolism of enhancing the bioavailability of
minerals like calcium for the improved growth of bone (Whisner et al.,
2018). Potentially beneficial microbial biomass of intestine includes
Lactobacillus and Bifidobacterium strains which are stimulated by
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prebiotics to breakout immune response with beneficial modulations
(Kong et al., 2016; Lynch et al., 2010). k- Carrageenan of red seaweed
polysaccharides stimulate macrophages leading to epithelial disruption
of the intestine, the release of inflammatory cytokine production and
cell death.

Kim et al. (2008) reported that fucoidan from brown seaweed F.
vesticulosus enhanced the TNF-a and IL-2 production and assist in ma-
turing the dendritic cells through activation of NFkB signals. Jin et al.
(2014) in his study reported that fucoidan from F. vesticulosus aids in
up-regulating the proinflammatory cytokines in-vivo in the spleen cells
of mice and also assist in the enhancement of dendritic cell and anti-
body secretion. In a clinical trial, fucoidan on ingesting into the serum
of Japanese volunteers who were administered with influenza vaccine
boosted the antibody secretion (Negishi, Mori, Mori, & Yamori, 2013).
Brown seaweed polysaccharide alginate enhances and induce the se-
cretion of nitric oxide and nitric oxide synthesizing enzymes in a
murine cell line, and also stimulated the TNF- a production without
impacting NO and ROs secretion (Xu et al., 2014). Suzuki, Christensen,
and Kitamura (2011) mentioned that mannuronate residue of alginate
induces the immune response activity of gastric cells via Peyer's patch
cells of mice. Ma et al. (2017) studied the increase in sulfate group of
degraded sulphated polysaccharides (DSPs) improves scavenging ac-
tivities and also repairs the subcellular organelles of HK-2 cell damage.
Therefore, there was a decrease in lactate dehydrogenase production
leads to a decrease in cell apoptosis, improves the integrity of mi-
tochondrial membrane potential and lysosome.

Endogenous microbes interact with immune cells and induce lym-
phoid tissue to regulate the metabolic responses (Binns et al., 2013).
Rijkers et al. (2010) described the three levels of probiotic action that
occur in the gastrointestinal tract which are shown in Fig. 5. Interaction
of probiotics with the pathogen and resulting in pathogen engulfing
process called phagocytosis or endocytosis (Level 1). Improving the
barrier function of the mucosal layer and enhance the systemic immune
system and also localized cell and individual organ systems like liver
and brain (Level 2). Toll-like receptors mediate the interaction of pro-
biotics/pathogen with host cells. L. reuteri factors reduce NF-KB gene
expression that induces apoptosis by enhancing mitogen-activated ki-
nase (Iyer et al., 2008).

L. helveticus increases the production of calcineurin during fermen-
tation of milk and secretes factors, promoted the dense colonization of
mast cells and islets of goblet cells in the gastrointestinal tract of the
mouse (Vinderola, Matar, & Perdigén, 2007). Superficial proteins are
being announced as key factors that have a major significance in im-
munomodulation. For example, in the mice colonic mucosal L. crispatus
(competent aggregation) modifies the expression of receptors for innate
immune TLR-2 and TLR-4 over the surface layer of epithelial cells
(Saulnier, Spinler, Gibson, & Versalovic, 2009; Voltan et al., 2007).
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Fig. 4. Multiple applications of prebiotic dietary fiber in the host system.

7.1. Prebiotics and the gut system

Human GIT mucosal surface is of 200-300 m? and is populated with
10'3~1* bacteria of more than 400 species (Hao & Lee, 2004). The
colon is heavily populated with an equal balance of beneficial and
harmful bacteria that performs several physiological functions. Ex-
ample: (i) Metabolism and food digestion, (ii) Prevention and protec-
tion against pathogens (Tran et al., 2018). SCFA from bacterial fer-
mentation of prebiotics increase the proliferation rate of normal colonic
cells. SCFA can also alter the colonic cells by butyrate as a result, of
action absorption, enhanced the action of the liver in lipid and glucose

homeostasis (Tran et al., 2018). SCFA exhibit improved faecal release
and secretion of intestinal hormones like glucagon-like peptide (GLP),
GALT (Gut Associated Lymphoid Tissue) and improved the physiolo-
gical and metabolic function of the central nervous system (CNS)
(Delzenne, 2003). The role and the mechanism of prebiotics in the gut
system are represented in Fig. 6.

7.2. Production of SCFA & its epigenetic metabolism

Prebiotics on fermentation by gut microbes harvest short-chain fatty
acids like acetic, propionic and butyrate (Gibson & Roberfroid, 1995).

Level 1 Gut lumen
Mucus layer tight
junction
Probiotics
Mast i epithelial cell X |- cytokines
Level 2 IgG NFKB
‘ ; C / 6 G " activation
Lamina propria
0 C O 6 Plasma cell EEEE - Inflammation
0 B lymphocytes 000
) C | TLR 4 Signal
[y okmes
Oo C\C O\ yt — Uremic
T lymphocytes C O v foxins
Level 3 Liver, systemic immune system, nervous
system etc.
Outside the Gut

Fig. 5. Depiction of 3 levels of action of a probiotic in the GIT (Redrawn from Binns et al., 2013).
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Fig. 6. Prebiotics and their mechanism in the gut system (Redrawn from Saulnier et al.,

Enhanced production of natural killer cells was noted by ingesting SCFA
orally on rats (Pratt, Tappenden, McBurney, & Field, 1996). Kim, Kang,
Park, Yanagisawa, and Kim (2013) reported SCFA trigger activation of
GPR 41 and 43, MAPK which regulate the function of transcription
factors for increased production of cytokines.

It was proven that SCFA helps to reinstate the level of gut Treg pool
or T regulatory cells which plays a vital role in preventing colitis. Treg
pool maintains the homeostatic process in the gut and prevents in-
flammation by releasing of Foxp3 and amplifying CD4 T cells. This
mechanism is based on the genes Ffar2. Ffar2 is the expressed genes of
the free fatty receptor that codes G protein-coupled receptor 43. Protein
receptors and its expression are modulated by SCFA like acetate, bu-
tyrate, and propionate. Butyrate activation is weak when compared to
the activation by acetate and other SCFA like propionate (Okolie et al.,
2017). SCFA involve themselves in metabolisms like lipolysis, adipo-
genesis and other metabolic pathways by deactivating GPR43 genes in
gut intestine parts of the rats (Correa-Olivera et al., 2016). SCFA helps
to produce intestinal hormone peptides YY. Increase in SCFA produc-
tion by means of dietary fiber can reduce the threat of obesity. SCFA
also constrain the production of ghrelin to reduce the menace of obe-
sity.

SCFA are also responsible for hindering the release of enzyme
HDAC- histidine deacetylase. Thus they exert their role in anticancer
activity by suppressing HDAC by secreting protein p21 which suppress
the cyclin CB1. P21 is a cell cycle regulator and suppressor of cell-de-
pendent enzyme CDK. Butyrate on binding with specific proteins
namely SIN 3, p53, nuRD can suppress HDAC enzyme activity
(Waldecker, Kautenburger, Daumann, Busch, & Schrenk, 2008). SCFA
like acetic acid on the intravenous route of administration improved the
production of antibodies, natural killer cell function and lymphocyte
response in cancer patients (Pratt et al., 1996; Rooks et al., 2016). SCFA
can directly influence IL10 activation and can prevent butyric acid in-
hibition over IL-2 production (Cavaglieri et al., 2003). The release of
SCFA enhances the density and mass of bone by increased absorption of
calcium a & b (Cieslik, Topolska, & Pisulewski, 2009). SCFA regulate
the gut pH and decrease gastric disorders like diarrhoea dysentery and
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2009).

constipation (Cieslik et al., 2009). Prebiotics can generate antibodies
that help in reducing fever and vomiting (Waligora et al., 2007). Ul-
cerative colitis, pouchitis, Crohn's disease has been prevented by the
stimulated production of cytokines induced by the prebiotic effect
(Lindsay et al., 2006).

7.3. Immune cell receptor binding and its action

Prebiotics directly bind and interact with the Toll-like receptors
(TLRs) of the immune cells in order to provoke an immune response
(Ale et al., 2011). TLRs are receptors that can identify pathogens and
signal the NFkB. TLRs belong to the family PRR - Pattern Recognizing
Receptor that recognizes the pattern of harmful pathogens. TLRs 2,5,7,8
are activated by the polysaccharide fructan which also activates the
proteins of NOD2 domain- Nucleotide binding Oligomerisation domain.
Already accepted prebiotics like inulin, fructoligosaccharides, ga-
lactooligosaccharides, mannan oligosaccharides stimulate immune ac-
tivity in fish models (Akhter, Wu, Memon, & Mohsin, 2015). Poly-
saccharides of L. japonica and F. evanescans act as ligand so that they can
interact with TLRs 2,4 to respond NF«B. k- Carrageenan of red seaweed
polysaccharides enhanced the release and production of TNF a, IL- 1
and IL-6 leading to cell death programming and epithelial electric re-
sistance (Jiang, Wang, Chen, & Yan, 2013). Production of proin-
flammatory cytokines activates TLR and natural killer cells in order to
protect the gut intestine epithelial layer. The increased production of
TNF o, IL- 1 and IL-6 showed a significant effect on treating colon in-
flammation caused by dextran sodium sulfate injection (Bersudsky
et al., 2014).

7.4. Alteration in mucin production mechanism

Mucins are the proteins that belong to glyco-conjugated high mo-
lecular weight protein family. They have the ability to form gel thus act
as the main component in cell signalling of barrier formation in the
intestine. Mucins can control mineral accumulation and formation of
bone and can attach to the disease-causing pathogens as an active



M.A. Praveen, et al.

participant of the immune system. MUC1 is a protein which on un-
controlled expression leads to cancer. Mucins possess hydrophobic
domain which helps to adhere to the membrane (Okolie et al., 2017).
Mucins are produced by the mucus layer. Mucins prevent pathogen
mobilization across the epithelial layer by attaching to them (Schley
and field et al., 2002). SCFA produced due to prebiotic fermentation of
the gut microbes enhance the flourishment of epithelial cells of the
intestine and exert their role in alternating the level of mucin produc-
tion (Correa-Oliveira et al., 2016). The previous study reported SCFA
like acetate and butyrate to enhance the secretion of mucin and en-
hance ATP secretion in the epithelial layer of cells (Barcelo et al., 2000).

8. Summary and perspectives

Seaweeds or marine macroalgae are efficient marine-derived pre-
biotic polysaccharide-rich food source that replaces existing nutrients
or functional food ingredients for its huge industrial and therapeutic
applications. The potential benefits of seaweed polysaccharides and
dietary fibers were explored as prebiotics for formulating them as
functional food ingredients along with probiotic microbes to exhibit
therapeutic applications. For an efficient polysaccharide extraction, less
energy and solvent utilization for higher yields should be followed. The
development and advancement of seaweed polysaccharide extraction
methods like conventional, microwave-aided, ultrasonication aided,
enzyme-aided extractions and their impact on prebiotic behavior along
with its membrane separation and chromatographic polysaccharide
purification techniques were discussed in detail. The practical diffi-
culties in a single method can be diminished through combining other
extraction and purification techniques together could be the most ef-
fective strategy. The seaweed polysaccharides and their beneficial effect
on gut microbes were reviewed along with their structural and func-
tional relationship. The exhaustive literature survey revealed that the
interaction of gut microbes and prebiotics leads to several metabolic
mechanisms that impacts human health. Recently reported studies on
prebiotics along with probiotics, directly or indirectly stimulate im-
mune response with beneficial commensals. Clinical trials on a human
being are limited in these prebiotic studies till date. Proper design and
well planned human trials should be carried out to step out these stu-
dies to the next level. Successful clinical trial on a human being can put
forward this dietary fiber based research could aid in realization of the
potential impacts in the medicinal world. Deadly and chronic diseases
like diabetes, cancer, obesity and others can be easily treated by less
economically and extensively available seaweed dietary fibers along
with appropriate alteration of gut microbes. The prebiotic studies on
seaweeds should further be optimized in terms of parameters like do-
sage and duration. However, those reported studies paved the way to
evaluate and discover other probiotic strains with significant host ef-
fect.

Managing a healthy gut is like managing a healthy body, since the
human gut is being treated as a second brain nowadays. Gut, a non-
thinking brain comprised of the bacterial ecosystem and neural network
with more than 100 million neurons that is even higher than spinal cord
neurons. Although the gut-brain connection is a dynamic complex
system, it has serious influences on numerous physiological effects.
Prebiotic and probiotic cultured food helps to maintain the second
brain healthy with full of the vibrant and potential bacterial commu-
nity.
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