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The marine environment is a relatively unexplored source of functional ingredients
that can be used in food processing, storage, and fortification in a variety of
ways. Marine microorganisms are a possible source of novel bioactive chemicals
with potential human utility. Some of these microbes can live in the harsh marine
environments, resulting in complex compounds with unique biological properties that
can be used in several industrial and biotechnological applications. So far, several marine
microorganisms (fungi, myxomycetes, bacteria, and microalgae) have been isolated
that produce antioxidant, antibacterial, apoptotic, antitumoral, and antiviral chemicals.
Furthermore, it emphasizes the enormous potential for marine microbes to produce
very important bioactive chemicals. The main goal of this review is to provide a concise
overview of several constituents of marine bioactives. Anticoagulant, anticancer, and
hypocholesterolemic effects have been demonstrated for bioactive peptides extracted
from fish protein hydrolysates, as well as algal fucans, galactans, and alginates.
Furthermore, omega-3 fatty acids are abundant in fish oils and marine microorganisms,
while potent antioxidants such as carotenoids and phenolic compounds can be found in
crustaceans and seaweeds. This review focuses on the potential use of marine-derived
chemicals as functional food ingredients for health maintenance and chronic disease
prevention, based on their bioactive qualities.

Keywords: food biotechnology, seafood, marine bioactive, future food, bioprospecting

INTRODUCTION

The marine ecosystem continues to be a goldmine of bioactives with great potential as the source
of food components for the creation of new functional foods. Many kinds of researches have
been done utilizing biotechnologies to discover and synthesize novel compounds to improve the
chemical diversity and availability of useful marine compounds (Freitas et al., 2012; Barbosa et al.,
2014). The marine environment, one of the most underutilized biological reservoirs, has a diverse
range of creatures with distinct biological features. In the literature, algae and microalgae have
been mentioned as an excellent resource of bioactive chemicals for application in functional foods
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(Hayes, 2012). Compounds formed from marine organisms are
particularly interesting because of the features of the marine
environment, which include varying degrees of salt, temperature,
and illumination. More research is being done to find and
synthesize marine compounds using biotechnological methods
to improve the availability and chemical variety of marine
functional components (Freitas et al., 2012; Gallego et al., 2019).
Natural compounds derived from marine invertebrates and algae
have made significant contributions to contemporary medicine,
and there is space for more diversification (Sigwart et al.,
2021). Natural organic substances including peptides, proteins,
polyether, fatty acids, polysaccharides, and enzymes are among
the many specialized and potent bioactive chemicals produced
by marine bio-resources. Proteins of marine sources exhibit
potential as functional components in foods due to their multiple
significant and distinctive qualities, including antibacterial
function, foaming ability, and gel-forming capacity (Khora,
2013). Phenolic compounds belong to a group of secondary
metabolites with well-established biological functions, causing
them to appeal to biotechnological applications. Microalgae are
one of the most promising sources for developing eco-sustainable
production of natural bioactive metabolites. Photosynthetic
organisms that dwell in aquatic environments are known as
microalgae and produce fatty acids and carotenoids. They have
a broader range of biological and functional diversity. They are
also high in other beneficial chemical groups, such as phenolic
compounds (Centella et al., 2017; Del Mondo et al., 2021).
Because of its tremendous richness, marine nutrition is a gold
mine of innovative healthy food fixes and naturally dynamic
combinations such as bioactive peptides, fish oils, and microalgae,
macroalgae, and fish proteins. Despite their numerous medical
advantages, marine nutraceuticals have been misused for food
uses. Marine foods are regarded as an incredible source of
proteins of excellent quality, as well as lipids rich in unsaturated
fatty acids (Ahmed et al, 2014; Bharat Helkar and Sahoo,
2016). The marine environment, one of the most underutilized
biological reservoirs, has a diverse range of creatures with distinct
biological features. In the literature, algae and microalgae have
been mentioned as an excellent resource of bioactive chemicals
for application in functional foods (Hayes, 2012). Compounds
formed from marine organisms are particularly interesting
because of the features of the marine environment, which include
varying degrees of salt, temperature, and illumination. More
research is being done to find and synthesize marine compounds
using biotechnological methods to improve the availability and
chemical variety of marine functional components (Freitas et al.,
2012; Gallego et al.,, 2019). Marine plants survive and thrive in
a highly hostile environment by living close to others. Aquatic
plants have evolved various physiological changes, such as
the production of bioactive chemicals that provide them with
protection against grazers. As a response to ecological pressures,
they create complex secondary metabolites. Some secondary
substances produced by aquatic plants could be effective in
preventing pathogenic germs from growing. Photochemical
substances are generated from aquatic plants, and their partially
purified or refined components (Pooja et al., 2020). Marine-based
nutraceuticals can come from several sources, such as marine

plants, sponges, and microorganisms; each has its unique set of
biomolecules that allow it to thrive in its environment. Because
of their polyphenol and carotenoid levels, seaweeds are now
being explored as an excellent source of antioxidants. Products
derived from post-harvest processing of fish and seafood are also
a promising source of marine-based food components. Fish oil
(primarily omega-3 polyunsaturated fatty acids, PUFA), vitamins
(A, D, and E), shark liver oil, peptides, chitin, chitosan, enzymes,
seaweed, and protein hydrolysates (Shahidi and Ambigaipalan,
2015). Marine microorganisms can produce novel glucosidase
inhibitors that could be used as anti-diabetic medication options
(Trang et al., 2021). The rich biodiversity and abundance of
marine and estuarine mollusks, as well as their diverse range of
uses as food and nutraceutical resources, have piqued the interest
of food technologists and dieticians in recent years. Cephalopoda,
Bivalvia, and Gastropoda were the phyla mollusca with the
highest nutraceutical applications and bioactive characteristics
(Chakraborty and Joy, 2020).

At present, as the consequence of increased awareness of
their health advantages and a positive perception of seafood,
aquatic food consumption has expanded globally. In comparison
to terrestrial sources, marine organisms have developed distinct
characteristics and bioactive chemicals due to the diversity of
their living conditions. The value of functional food ingredients
in terms of health promotion and reduction of disease risk has
long been acknowledged (Shahidi and Ambigaipalan, 2015).

The major aim of this review is to highlight a concise
illumination of various aspects of marine bioactives that include-

e A precise overview of the sources, activities, and
importance of bioactive substances derived from various
types of marine organisms.

e Sustainable green processing methods to
biomolecules from seafood waste

e Application of the marine bioactives in food and
nutraceutical industries

extract

This review displays the emerging significance of marine
bioactive components, beginning with the sources, classification,
potential health benefits, green extraction technologies
(Traditional and Emerging techniques), biomedical uses,
and their potential food applications.

SIGNIFICANCE OF FUNCTIONAL FOOD
IN TODAY’S WORLD

Functional food products are described as those that provide a
health-promoting activity as well as the traditional nutritional
value. In the case purchasing of functional foods, the primary
motivation for consumers is their utilization to help in the
prevention of chronic illnesses like osteoporosis, Alzheimer’s
disease, and cardiovascular disease, as well as to improve health
by boosting the immune system and inducing feelings of well-
being. At present, functional foods have become a chief focus
of the development of novel food products, as they represent
one of the primary food classes in the global health spectrum.
The development of functional food products is a complicated
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technique with different success variables than regular new food
product development (Khan et al., 2013).

Foods are now designed to not only satisfy hunger and offer
essential nutritional constituents for people but also to prevent
diseases caused by poor nutrition and to improve human physical
and emotional well-being. These foods are termed "functional
foods." The concept of functional foods, which denotes a new
way to achieve optimal health by supporting a state of wellness
and reducing illness recurrence, arose largely as a result of
discoveries in understanding the relationship between nutrition
and health. Functional foods can be found in almost every food
category, although goods are not evenly distributed across the
many segments of the market (Sir6 et al., 2008).

IMPORTANCE OF MARINE FOOD
SOURCES FOR SUSTAINABLE
DEVELOPMENT

The Sustainable Development Goals (SDGs) are a worldwide
agenda that attempts to encourage measures that promote
economic, environmental, and social sustainability. The
worldwide marine industry, as one of the primary stakeholders,
contributes significantly to global sustainability (Wang X. et al,,
2020; Merlo et al., 2021). In tropical and extra-tropical countries,
tropical fisheries play a critical function in ensuring food security
(Duda and Sherman, 2002; Lam et al., 2020). Microbes come in
a wide variety of shapes and sizes, and they perform a critical
and often inimitable function in the operation and long-term
sustainability of the ecosystem. In the oceanic ecology, both
prokaryotic domains are abundant. Aside from them, viruses
were 10 times more prevalent in the marine environment than
all other microorganisms (Malone et al., 2014). Microorganisms
exhibit a vital functionin maintaining the vibrant balance and
uprightness of the environment, which is critical because life
depends on the continual, microbially mediated change of
chemicals in marine habitats and the majority of biogeochemical
activities in the land (Pinnaka et al., 2019).

METABOLITES FROM MARINE
ORGANISMS

Sea microorganisms are considered to be a source of structurally
and physiologically unique chemicals with numerous
biotechnological uses. Rare functional groups including
dichloroimine, isocyanate, isonitrile, and halogenated functional
groups as well as distinctive physiochemical features of the
marine environment (temperature, osmolality, pressure, and
pH) are frequently discovered in marine metabolites. As a result
of these facts, bioactive components with properties distinct
from those observed in terrestrial habitats have been developed
(Rocha-Martin et al., 2014). In recent decades, consumption
of aquatic foods has expanded significantly as a consequence
of increased consumer awareness of their health-promoting
activities and favorable perception of seafood. Marine organisms
have derived specific features and bioactive constituents in

comparison to terrestrial resources owing to the diversity of their
living environments (Shahidi and Ambigaipalan, 2015).

Marine Bacteria

Archaea and eubacteria are two forms of marine bacteria
that are increasingly being investigated as potential sources
of novel chemicals. Archaea is a fascinating bacterial group
because many of them are extremophiles or creatures that
live in harsh environments such as the deep oceans, low
temperatures, or chemically demanding environments (salinity,
pH). The stabilizing element in archaean cell membranes is
glycerol tetraethers, as opposed to a catenoid or hopanoid in
eubacteria. Extremophiles are considered an excellent source
of stable enzymes for industrial uses as well as therapeutic
applications. Gram-positive actinomycetes and bacteria make up
marine eubacteria (Kiuru et al., 2014).

Actinobacteria create thousands of physiologically active
natural chemicals with a wide range of functions. More than half
of these bioactive chemicals were discovered in members of the
actinobacteria family. Rare actinobacteria found in a variety of
environments, including extreme elevations, volcanic locations,
and the sea, have recently gained interest. Physiological or
metabolic forces under such extreme environmental conditions
have been hypothesized to contribute to the synthesis of a diverse
range of natural chemicals (Dhakal et al., 2017).

Proteobacteria

Many bioactive chemicals (Bryostatins, Pentabromo-pseudilin,
Ectoine, Vibriobactin, Solonamide, Violacein, Thiomarinol,
Bromoaltero-chromide) including antibiotics, have been
identified from Gram-positive Actinobacteria and filamentous
fungus, whereas Gram-negative bacteria have received less
attention (Carbonell et al., 2000; Speitling et al., 2007; Buijs
et al, 2019; Jia et al, 2022). However, genome mining has
recently revealed that Gram-negative bacteria belonging to
the phylum Proteobacteria include biosynthetic gene clusters
that are likely to encode beneficial chemicals. Many well-
known pathogens from the Vibrionaceae, Enterobacteriaceae,
and Pseudomonadaceae families are found in the phylum
Proteobacteria. Although Proteobacteria is the most prevalent
phylum in pelagic marine environments, just a few bioactive
chemicals have been identified from this group of organisms
(Desriac et al., 2013; Buijs et al., 2019).

Cyanobacteria

Cyanophyta is the only bacterial phylum that derives its energy
from photosynthesis and is the only photosynthetic prokaryotes
group capable of producing oxygen and absorbing CO,.
Although some Cyanobacteria are difficult to cultivate, this group
of microorganisms is garnering attention in basic research due
to its quick generation period. Cyanobacteria, both unicellular
and filamentous, have been gathered over the years, identified
on morphological and molecular grounds, and cultivated in
axenic cultures using conventional procedures (Stincone and
Brandelli, 2020). Screening efforts using target organisms
unrelated to those for whom the metabolites developed have
revealed several bioactive compounds generated by cyanobacteria
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and algae. Many of these compounds have greater biological
activities and chemical structures that influence a variety of
biochemical processes in cells (mainly directed against the
photosynthetic process). These compounds are thought to be
involved in the management and succession of algal and bacterial
populations, and they could be used as natural herbicides
or bio-control agents. Many cyanobacteria create secondary
metabolites, which are substances that aren’t required for the
organism’s main metabolism or growth and are only found
in a few taxonomic groupings. Microcystis, Anabaena, Nostoc,
and Oscillatoria are cyanobacteria that create a wide range of
secondary metabolites. Dolastatin, cryptophycins, and curacin A,
among other major marine cyanobacterial compounds identified,
were either under preclinical or clinical trials as anticancer
medicines (Kiuru et al., 2014).

Microalgae

Sea algae are benthic marine plants that are unicellular
or multicellular, macroscopic, and unicellular. The three
pigmentation classes of marine algae are Rhodophyceae (red
algae), Chlorophyceae (green algae), and Phaeophyceae (blue
algae). Pigments, including fucoxanthin for brown, phycobilins
for red, and chlorophyll for green algae are responsible for their
color. Fucoxanthin, chlorophyll a, and chlorophyll c are the major
pigments of brown algae, and they give the algae their greenish-
brown hue. Brown algae can reach lengths of up to 45 m. Brown
algae are found all over the world and number between 1,500
and 2,000 species (Freile-Pelegrin and Robledo, 2013; Kadam
et al., 2013). Microalgae have gotten a lot of attention as an
excellent source for the long-term production of a variety of
bioactive chemicals. Fatty acids, phycobiliproteins, chlorophylls,
carotenoids, and vitamins are just a few examples of compounds
that can be found in food additives and constituents. Microalgae
bioactive compounds are intriguing as research subjects, and
their potential medicinal capabilities suggest that they may have
tremendous economic potential soon. Antioxidant, antiviral,
antibacterial, antifungal, anti-inflammatory, anticancer, and
antimalarial activities are among these qualities (Fu et al., 2017).
Because of their photosynthetic activity, microalgae have a critical
role in ecosystems as primary producers (de Vera et al., 2018).
Microalgae are fascinating natural sources of bioactive elements
that include carotenoids, vitamins, enzymes, vital amino acids,
PUFAs, minerals, and fiber. Microalgae have emerged as one of
the most exciting and inventive sources of novel functional foods
due to their potential. Furthermore, microalgae are utilized as
functional components to boost the nutritional value of foods
and, as a result, have a promising result on human health by
boosting human health as well as reducing the occurrence of
disease and illness (Matos and Cardoso, 2017). Novel solid-
liquid and liquid-liquid extraction methods (high pressure,
enzymatic, supercritical, microwave, and ultrasonic) are simple,
profitable, and long-term recovery procedures (Menaa et al.,
2021). Minerals contained in commercial forms of microalgal
biomass could play a key role in functional foods. Oil derivatives
fish with beneficial benefits on human health, such as antioxidant,
antiviral, antibacterial, and anti-inflammatory properties Gastric
ulcers, constipation, anemia, diabetes, and hypertension are all

things that can be avoided with this supplement (Camacho et al,,
2019). Microalgae have some unique characteristics, including
(1) a large number of different strains and species that can be
screened for interesting bioactive components that can then be
used in commercial products; (2) the ability to isolate them from
marine environments or grow biomass in bioreactors; and (3) the
use of minimal arable land for their production (Gallego et al,,
2019). Because of their simple growth methods, microalgae are
seen as a possible alternative feedstock. Microalgae can live in
adverse environments such as wastewater, high salinity water,
and cold or hot springs, which are unsuitable for conventional
agriculture (Khoo et al., 2020).

Macroalgae and Seaweed

In the food industry, microalgae, often known as seaweed,
are a relatively untapped source of novel compounds,
such as peptides and carbohydrates, which can be used as
nutraceuticals. Numerous algae-derived bioactive components
have demonstrated several important biological actions, such
as antihypertensive and antioxidant, both in vitro and in vivo,
which are tightly linked to the chemical structure of the peptides
or carbohydrates. Seaweed, particularly bioactive peptides
and carbohydrates, are relatively unexplored and intriguing
sources of new compounds for application as functional foods
and nutraceuticals. Several bioactive chemicals produced from
seaweed have demonstrated a great spectrum of biological
activity in vitro and in vivo (Zhao et al., 2018; Jesumani et al,,
2019). Antihypertensive, antioxidant, anticoagulant, antitumor,
anti-inflammatory, and immuno-stimulatory actions are among
the most promising biological activity identified by bioactive
peptides and polysaccharides. These biological activities have
piqued the interest of scientists in producing functional
components and researching the link between chemical structure
and biological activity (Lafarga et al., 2020). Macroalgae have
evolved sophisticated and distinct metabolic processes to
survive in harsh marine settings. As a result, natural biologically
active components have been mined from these organisms.
Many proteinaceous bioactive substances have been discovered
through the study of marine creatures. Proteins, amino acids,
linear peptides, and amino acid-like components are all examples
of these. Furthermore, several macroalgae species have been
found to contain considerable amounts of protein (Harnedy
and Fitzgerald, 2011). Marine macroalgae are quickly gaining
popularity as a source of useful chemicals that can help people
stay healthy and avoid sickness. Phlorotannins, a type of
polyphenol found only in marine macroalgae, exhibited anti-
hyperglycemic and anti-hyperlipidaemic properties in the in vitro
studies, and preliminary human trials. Because of their potential
to mediate hyperglycemia and hyperlipidemia, phlorotannins
are promising components for the creation of functional food
items to lower the occurrence of cardiovascular disease and
type 2 diabetes (Thangavel and Sridevi, 2015; Rani and Yadav,
2018). A revived interest in seaweeds has resulted from a global
desire for the synthesis of key metabolites having nutraceutical
value in a sustainable feedstock. Seaweeds have been used in
Asian locations since ancient times, and they have recently been
shown to offer a variety of medicinal properties. Seaweeds are

Frontiers in Marine Science | www.frontiersin.org

February 2022 | Volume 9 | Article 832957


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Ghosh et al.

Marine Bioactive for Functional Food

high in a variety of nutritious components as well as metabolites
with medicinal capabilities. As a result, seaweed proteins are a
viable source for the food industry. Overall, seaweeds constitute
a nutrient-dense food (Tanna and Mishra, 2018).

Marine Fungi

In terrestrial ecosystems, fungi grow in symbiotic relationships
with plants and animals and play an important part in nutrient
cycling. Fungi are predicted to grow anywhere in the terrestrial
biosphere moisture and a carbon source coexist. At several
trophic levels, fungi act as parasites. The role of chytrid fungi
in parasitism of marine phytoplankton is becoming more
widely recognized, and fungal parasites have been discovered in
crustaceans, fish, and even top predators like seals and dolphins
that are susceptible to cryptococcosis. Fish fungal parasites are
poorly understood, although the most well-known types are
the internal parasites known as microsporidia. In the oceans,
fungi also serve as important saprotrophs, converting detritus
and algae into fungal biomass, which, together with bacterial
heterotrophs, is ingested by zooplankton, forming a microbial
loop that connects refractory polymers produced from primary
productivities (Gladfelter et al., 2019). Owing to their chemical
variety and high biological roles, marine fungi were an important
source of microbial beginnings. Only a small portion of the
worldwide fungal population has been sampled, particularly
marine fungi. Marine fungus with diverse genetic origins and
extensive metagenomes are a major source of metagenomic
information (Wang C. et al., 2021).

Marine Invertebrates

Edible marine invertebrates such as crabs, mollusks, and
echinodermata can be used as organic-based biopolymers for
a variety of purposes. These biopolymers are composed up of
polysaccharides and protein and have been used by humans for
decades as food and nutraceutical ingredients to treat various
ailments. Biopolymers such as glycosaminoglycans, fucosylated
chondroitin sulfate, chitin, and chitosan have recently gained
popularity in the biomedical industry for treating a variety of
illnesses. These chemicals have anti-cancer, antibacterial, anti-
inflammatory, wound healing, and anti-microbial functions, as
well as being used in animal feed (Ganesan et al., 2020b). Marine
invertebrates are considered as a wide animal kingdom species
that contain an abundance of unique functional biopolymers
such as proteins, lipids, and polysaccharides with diverse
biological functions. These biopolymers have been employed in
a variety of applications and as functional food from a health
standpoint. Marine invertebrates are a diverse group found
throughout the environment, from the intertidal area to the deep
ocean. Annelida (marine worms), Porifera (sponges), Cnidaria
(corals, jellyfish), mollusks (oysters, prawns, and crayfish), and
echinoderms are some of the taxonomic families (starfish, sea
cucumbers, and sea urchin). Coastal communities have a long
history of employing marine invertebrates in their diets and
for medical purposes. Collagen and gelatin are commercially
important substances derived from edible marine animals.
Collagen makes up about 30% of the total content of all animals’
skins and bones. Collagen generated from marine organisms is a

viable replacement for mammalian collagen and is widely used in
biomedical applications (Ganesan et al., 2020a).

Sponges have long been known to be high in bioactive
compounds. Unusual sterols are abundant in marine sponges,
and these sterols exhibit numerous functions in biological
membranes. The antimicrobial function has been found in
sulfated and alkaloid sterols. Cnidarians are the richest natural
producers of prostaglandins, which have just recently been
discovered in the soft coral Plexaura hamomala of the Caribbean
Sea. Bryozoans have also been used to obtain bioactive
compounds. A marine polychaete (phylum Annelida) has been
discovered to treat a variety of pathophysiological disorders
including arthritis, osteoporosis, and bone cancer, among others.
Arenicola marina, a marine annelid, was used to isolate the
bioactive chemical. Marine arthropods have also yielded several
bioactive chemicals. Limulus Amoebocyte, Lysate and Tachypleus,
Amoebocyte Lysate is the most notable bioactive compound
derived from marine arthropods (John et al, 2018). It is an
aqueous extract of horseshoe crab blood cells (amoebocyte).
Shrimp is popular seafood around the world, and its lipids
have been investigated for biological activity in both muscle
and exoskeleton. This fraction is made up of free fatty
acids, triglycerides, carotenoids, and other lipids, and some of
these chemicals have been linked to cancer chemoprevention.
In both in vivo and in vitro research, carotenoids and
PUFAs have been widely examined for their chemopreventive
characteristics. Spisulosine, a bioactive molecule obtained from
the Hawaian mollusk Elysia rufescens, exhibits antileukemic
properties. Synthadotin and Soblidotin are synthetic analogs
of Dolstatin, which were obtained from the molluscan species
D. auricularia and are currently being tested for therapeutic
potential. The mollusk Dolabella auricularia has been shown
to produce several anticancer and cytotoxic chemicals known
as dolastatins (Papon et al., 2022). Saponins are the most
common bioactive chemicals found in Echinoderm metabolites.
These can be found in sea urchins, starfish, and sea cucumbers,
among other things. Asterosaponins are sterol derivatives, but sea
cucumber saponins have been claimed to be terpenoid in origin
(Datta et al., 2015).

Marine Fishes

Marine fish have long been considered a healthy food choice,
but current advances in the area of nutraceuticals and functional
foods have revealed that their value extends beyond nutritive
value, as they provide our diet with molecules that represent a
vital therapeutic function in the prevention of human diseases.
Even by-products from the seafood business have recently
been considered as a source of useful constituents including
enzymes, peptides, and collagen that could benefit human
health or be used in the development of new medications
(Simat, 2021). Fish are the most often consumed marine
species and are vital to the global economy. The presence of
proteins, minerals (including selenium, calcium, iron, and zinc),
unsaturated essential fatty acids, and vitamins, such as Vitamin
A, D, E, B3, B6, and B12, contribute to the nutritional benefits
of fish consumption. Peptides generated from fermented fish
after enzymatic treatment have also been found to be effective
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therapies for a variety of hypertension, cancer, viral infections,
and Alzheimer’s disease (Suleria et al., 2015).

Apart from this, the finfish and crustacean aquaculture
business remain heavily reliant on marine capture fisheries for
important dietary nutrient inputs such as fish meal and fish oil.
This reliance is especially severe in complex aquafeeds for farmed
carnivorous finfish and marine shrimp (Kari et al., 2021, 2022).

Marine Actinomycetes

Actinomycetes are gram-positive bacteria that are well
recognized for producing a variety of antibiotics. Actinomycetes
are primarily free-living creatures in nature; however, some
can be harmful. They create symbiotic relationships with a
variety of plants and animals. Actinomycetes also have symbiotic
relationships with a variety of marine macrofauna, including
cone snails, invertebrates, marine sponges (Axinella polypoides,
Haliclona etc.), and fora-like insects which are important
ecologically (Mahapatra et al., 2020).

PRIMARY METABOLITES AND
SECONDARY METABOLITES FROM
MARINE ORGANISMS

The importance of marine bacteria and fungus as potentially
promising sources of various biologically active constituents
cannot be overstated. Fungi and bacteria from the sea are acrucial
source of novel compounds with significant pharmacological and
therapeutic promise (Debbab et al., 2010). Omega-3 oils, chitin,
chitosan, algal components, carotenoids, and other bioactive
constituents are examples of high value-added chemicals having
nutraceutical potential that can be used as functional additives.
Polysaccharides like chitin and chitosan are gaining popularity.
They are thought to be a superb source of lipids with high
quantities of unsaturated fatty acids, high-quality protein, and
maybe resulting in human health improvement by lowering the
dangers of cardiovascular disease (Grienke et al., 2014). Marine
bioactive chemicals are a potential source of bio-products with
promising applications in biotechnology (Figure 1). Diverse
biological activities must be evaluated to discover and identify
novel marine natural products (MNPs) (Table 1).

The discovery of novel bioactive chemicals is being accelerated
due to the improved sensitivity of omics technologies,
particularly  next-generation high-throughput sequencing
paired with liquid chromatography-mass spectrometry and
nuclear magnetic resonance. The

most promising MNPs are mycosporine-like amino acids
(MAAs), which have been obtained from a variety of marine
microorganisms with UV absorption properties (Rosic, 2021).

Bioactive substances and secondary metabolites generated
from sponges, crabs, seaweed, algae, fungi, fish, bacteria, and
other marine species provide a huge source of healthful
meals. The principal functional constituents having biological
qualities from marine sources applied as functional foods are
pigments, polysaccharides, proteins, lipids, vitamins, minerals,
and phenolic compounds. Seaweeds have antioxidant, anticancer,
anti-inflammatory, anticoagulant, anti-obesity, and antibacterial

functions making them a promising crop. Microalgae and
poly-saturated fatty acid-rich fish oils can aid to improve the
nutritional profile of food (Prabha et al., 2019).

Algae are photosynthetic polyphyletic organisms that are
divided into three families: Rhodophyceae, Phaeophyceae, and
Chlorophyceae. In the open ocean, macro-algae have a rapid
growth rate, resulting in high biomass production. Macro-algae
have higher photosynthetic activity than terrestrial biomass,
as well as the benefit of not being reliant on land and
water. Chlorophyll and phycobiliproteins are found in red
algae, which are multicellular eukaryotic cells. It is the high
phycoerythrin concentration that gives them their distinctive
red color. Floridian starch, which is similar to amyl, can be
metabolized by red seaweed as a food reserve. Brown algae are a
type of multicellular algae that can be found in a range of shapes
and sizes in the ocean. Some are only a few centimeters long,
while others can grow to be 60 m long. Brown algae have high
carbohydrate content, with carbohydrates accounting for more
than half of the dry biomass. Brown algae are grown in large
quantities for food and alginate extraction (Centella et al., 2017;
Romano et al., 2017).

Proteins

Proteins are polymers made up of 20 amino acids whose sequence
is determined by the genetic code, as well as a variety of
additional amino acids. Proteins serve as hormones (insulin),
antibodies, and transport proteins (hemoglobin) in biological
and food systems, in addition to being nutritionally significant
(immunoglobulins). Due to their rich nutritional and medicinal
properties, seaweeds have long been utilized as food or herbal
medicine to prevent a variety of diseases and ailments. They
are also utilized as dietary supplements, herbicides, animal feed,
fungicides, and a source of agar, alginate, and carrageenans
for numerous industrial and pharmaceutical uses. For several
decades, it is commonly acknowledged that seaweeds have been
successfully applied as a source of protein (Pooja et al., 2020).

Peptides

Protein hydrolysis for bioactive peptide synthesis, especially
peptides obtained from marine proteins, has sparked a lot of
interest. These peptides have been isolated from crustaceans,
algae, and fish species found in the sea (Table 2). Bioactive
peptides can include anywhere from 3 to 20 amino acid residues
according to the amino acid content and sequencing. They have
biological properties such as antioxidant, antithrombotic,
antihypertensive, =~ immunomodulation,  anticancer,  and
antibacterial actions, among others (Hamed et al, 2015).
Peptides produced from marine protein sources could be
beneficial as vital antihypertensive compounds which can be
incorporated incorporation into functional foods (Norris et al.,
2013; Cunha and Pintado, 2021).

Amino Acids

The amino acids taurine, Pro, Gln, Ala, Gly, and Arg are
abundant in seafood muscles that are water-soluble components.
Because water-soluble components are lost during cooking or
thermal processing, their beneficial characteristics are expected
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FIGURE 1 | Potential bioactive compounds obtained from different marine source.
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to be stronger when seafood is lightly prepared. Children’s diets
are frequently deficient in amino acids containing sulfur, Lys,
and Thr, especially when they are based on grains. Consequently,
it is assumed that consuming muscle proteins from fish are
high in certain amino acids may improve human nutrition by
boosting the nutritional value of foods (Dewapriya and Kim,
2014; Romano et al., 2017).

Lipids and Fatty Acids

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
are the most common omega-3 PUFA generated from aquatic
sources. In human beings, linolenic acid can be extended and

desaturated to EPA and DHA to a limited amount. These PUFA
can only be obtained via seafood and supplementation. DPA
(docosapentaenoic acid) is contained in fish oils in extremely
modest concentrations compared to EPA and DHA. In seal
blubber oil, however, it is almost as significant as either EPA
or DHA. Both unicellular and multicellular marine plants,
including phytoplankton and algae, produce EPA and DHA.
They make their way up the food chain and end up in
the lipids of aquatic animals like fish and marine mammals.
W-3 fatty acids have been shown to alter membrane lipid
composition, gene expression, cardiovascular health, eicosanoid
production, cell signaling cascades, and blood lipid profiles
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TABLE 1 | Phenolic compounds obtained from different marine sources.

Class Bioactive Source Significance Application References
compounds
Carbohydrates Fucans, fucanoids, Macroalgae, Microalgae e Anticoagulant, antiviral, e Gel formation and Wang et al., 2009;

Protein and Peptides

Fatty acids

Phenolic
compounds and other
pigments

Marine enzymes

Vitamins

Minerals

Chitin, chitosan,
glutathione, alginates,
ascophyllan, laminarin,
polyuronides,
carrageenans, Agar
agar

Collagen, Gelatin,
Albumin

Omega-3 fatty acids

a,B,e-Carotene,
lycopene and
xanthophylls

Gastric proteases;
pepsins, gastricsins,
lipases, chymosins,
Serine, and cysteine
proteases

Fat and water-soluble
vitamins

Zinc, iron, iodine,
manganese

Jumbo squid, oyster,
tuna, cod, mackerel,
dried bonito, sardine,
salmon, krill, herring,
mussel, prawn, oyster,
algae

Fish (sardine, Pacific
anchovy, mackerel,
salmon, krill,
menhaden, halibut,
cod), marine mammals
(Seal blubber, whale
blubber), algae, fungi

Shrimp, fungi, sponges,
redfish, lobster,
octopus, crab, crayfish,
trout, salmon, red
snapper, tuna, mussel,
squid, sea cucumber,
sea bream, pink
salmon, algae, starfish,
sea urchin, sea
anemones, corals
Crustaceans, mollusk,
and short-finned squid
Atlantic

All marine sources
(specially Seaweeds)

All marine sources
(specially Seaweeds)

antithrombotic,
proliferative, and
anti-inflammatory

e Antitumor, bactericidal
and fungicidal activities

o Anti-oxidant,
anti-hypertensive
activities

e Anticoagulant and
antioxidant properties

e Prevention of coronary
artery disease,
diabetes, arthritis,
diabetes, and other
inflammatory diseases.

e Prevention of cancer

e Crucial for growth and
development of brain
and retina

e Anti-inflammatory,
antioxidant,
immunomodulatory,
anticancer activity

e Prevent cardiovascular
and neurodegenerative
diseases

Antioxidant,
anti-inflammatory
activity

Provide transport inside
cells and also serve as
cofactors during
metabolic processes

Food fortification agent

coatings in the meat
and dairy industry

o Gelling agents, edible
protective films,
clarification, and
de-acidification of fruits

o Stabilizer, texturizer, or
thickener as well as a
clarifier in low-fat meals.

o Edible coating in the
meat industry

Nutraceuticals (fish oil
and capsules),
fortification of livestock,
feed, and infant formula

Natural food colorings,
nutraceutical agents

Inhibit undesirable color
changes in food
products, meat
tenderizing, curing of
Herring, squid
fermentation

Food, pharma, and
nutraceutical industries

Food, pharma, and
nutraceutical industries

Fitton, 2011;
Mayakrishnan et al.,
2013

Shahidi and
Ambigaipalan, 2015;
Suleria et al., 2015

Martins et al., 2013;
Moi et al., 2018

Shahidi and
Ambigaipalan, 2015;
Haoujar et al., 2019;
Simat et al., 2020

Mateos et al., 2020

Jimenez-Lopez et al.,
2021

Jimenez-Lopez et al.,
2021

of monounsaturated fatty acids (MUFAs) are also found in
seafood, both of which are considered healthy if not oxidized
(Hoffman et al., 2009).

in animal and in vitro investigations. The consumption of
fatty acids from natural sources, according to epidemiological
research, may impact the initiation and progression of numerous
disease conditions, such as cardiovascular disease, autoimmune
illness, and cancer (Shahidi and Ambigaipalan, 2015). In
seafood, the composition of fatty acids is often characterized
by a decreased amount of saturated fatty acids (SFA). Since
a link between SFA consumption and the development
of cardiovascular disease has been commonly assumed, a
reduction in SFA intake is recommended. A present study,
however, casts doubt on this idea, with carbohydrates being
identified as a possible reason. PUFAs and a large amount

Carbohydrates and Dietary Fiber

Carbohydrates as a significant substance in marine life,
from marine organisms, exhibited antioxidant and immunity
enhancement functions, which imparted a vital foundation for
anti-aging. The majority of the marine natural carbohydrates
are polysaccharides, and a few of them are monosaccharides
or oligosaccharides. A disaccharide called trehalose, which was
widely present in seaweed and shrimp, with an anti-aging

Frontiers in Marine Science | www.frontiersin.org 8 February 2022 | Volume 9 | Article 832957


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Ghosh et al.

Marine Bioactive for Functional Food

TABLE 2 | Marine microbial-derived peptides with different activities.

Name of the peptide Organism responsible

Mechanism of Action

References

Kasumigamide Discodermia calyx Antilagal activity Nakashima et al., 2016
Phakellistatin 15 Phakellia sp. Antitumor Activity Shaheen et al., 2016
Phakellistatin 16 Phakellia sp. P388 and BEL-7402 cytotoxicity Zhang et al., 2010
Phakellistatin 19 Phakellia sp. Antimitotic Pelay-Gimeno et al., 2013b; Gogineni
and Hamann, 2018
Milnamide A Cymbastela Cytotoxic Sorres et al., 2012; Tran et al., 2014
Tubulin polymerization
PC3 and NFF cytotoxic
Hemiasterlin Hemiasterella, Cymbastela Cytotoxic Zheng et al., 2011
PC3 and NFF cytotoxic
Scleritodermin A Scleritoderma nodosum Apoptosis Tran et al., 2014
cytotoxic
Mirabamide A Siliquariaspongia mirabilis HIV-1 neutralization Gogineni et al., 2015
Carteritin A Stylissa carteri HCT116 cytotoxicity Afifi et al., 2016
Mycothiazole Spongia mycofijiensis Anti-helminthic Zheng et al., 2011
Pembamide Cribrochalina HT-29 and MDA-MB-231 cytotoxicity Urda et al., 2016

Pipecolidepsin A Homophymia lamellosa

Reniochalistatin E Reniochalina stalagmitis

A549 and MDA-MB-231 cytotoxicity
RPMI-8226 and MGC-803 cytotoxicity

Pelay-Gimeno et al., 2013a
Zhan et al., 2014

function by controlling Nrf2 and insulin signaling pathway
(Wang X. et al., 2021).

Brown algae conatin three main forms of soluble dietary fiber
polysaccharides including alginate, fucoidan, and laminaran.
Cellulose makes up the majority of the insoluble fiber.
Alginate, the major polymer found in brown algae, is made
up of polymannuronic acid, polyguluronic acid, and a linear
combination of polymannuronic acid and polyguluronic acid.
Alginate is available in a variety of forms, including acid and
salt (considered to be a vital constituent of the cell wall).
Fucoidan, unlike alginate and laminaran, has a very wide and
complicated structure. According to the type of brown algae,
fucoidan is a sulfated polysaccharide-rich in fucose sugar with
other monosaccharides (e.g., low amounts of glucose, glucuronic
acid, mannose, xylose, and galactose) (Gurpilhares et al., 2019).
Laminaran, fucoidan, and alginate are the three most common
kinds of soluble dietary fiber polysaccharides produced by brown
algae. Alginate, the major polymer found in brown algae, is made
up of polymannuronic acid, polyguluronic acid, and a linear
combination of polymannuronic acid and polyguluronic acid (Jin
et al., 2015). Brown seaweed polysaccharides have a complex
structure that prevents endogenous enzymes in the human
intestine from breaking them down. Dietary fiber can be found
in alginate, laminaran, and fucoidan. As a result, much work
has gone into creating efficient methods for extracting, purifying,
and elucidating the structural features of algal prebiotics to
increase fiber bioavailability (soluble and insoluble) (Gurpilhares
et al., 2019). Chitin and chitosan polymers are natural amino-
polysaccharides with multimodal characteristics and distinctive
architectural structures. In the last decade, chitin and chitosan
derivatives have gotten a lot of attention in the fields of food,
biomedical, culinary, biopharmaceutical, and other industrial
research, with applications like tissue engineering and wound
healing biomaterials (Pati et al., 2021). Chitin can be deacetylated

to some extent to create chitosan, chitosan oligosaccharides, and
glucosamine, among other things (Pati et al., 2020; Pati et al.,
2020). Due to their improved water solubility, these chitosan
derivatives are more helpful as nutraceutical components than
the completely acetylated, insoluble variety of chitin. Even
though the efficiency of chitosan in decreasing fat absorption
has been questioned, several chitosan products on the market
today are advertised as fat burners and cholesterol reducers. The
diversity of biological features of chitosan and its derivatives,
such as biodegradability, biocompatibility, and non-toxicity, have
sparked commercial interest in chitosan and (Gurpilhares et al.,
2019) its derivatives in several fields (Nagaoka et al, 2011;
Zhang et al., 2012). Brown algae include three types of soluble
dietary fiber polysaccharides: alginate, fucoidan, and laminaran.
Cellulose makes up the majority of insoluble fiber. Laminaran is a
-glucan composed primarily of 1,3-D-glucopyranose residue that
is branched with 1,6-D-glucopyranose and serves as the primary
storage carbohydrate of algae (Gurpilhares et al., 2019). Agar,
alginate, carrageenan, and fucoidan are marine polysaccharides
derived from seaweeds that have a variety of physiological
properties and are widely used in food, agriculture, and medicine.
However, their poor solubility and low absorption have severely
hampered their use. Marine oligosaccharides, as breakdown
products of those polysaccharides, have garnered a lot of interest
because of their clear biological activity, improved solubility, and
superior bioavailability (Zhu et al., 2021).

Pigments

Porphyridium cruentum and A. platensis, marine red algae,
can produce up to 8% of phycobiliproteins, which are
applied as fluorescent indicators when covalently attached to
antibodies, A-protein, biotin, lectins, and hormones. A protein
plus phycobilin, a chromophore, makes up phycobiliproteins
(connected by covalent bonds). Arthrospira’s phycocyanin
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and Porphyridium’s phycoerythrin are the most well-known
phycobiliproteins. They can be used as non-radioactive markers
in fluorescence-based immunology assays, as well as microscopy
and DNA assays (De Jesus Raposo et al., 2013).

The presence of carotenoids causes the yellow, orange,
and red hues of skin, shells, and exoskeletons o the aquatic
species. Algal species have them as well. Carotenoids (especially
b-carotene) serve as vitamin A precursors in mammals,
which is one of their most important physiological activities.
Vitamin A activity has been demonstrated in a-carotene,
cryptoxanthin, canthaxanthin, 3,4-dehydro-b-carotene, and
b-apo-80-carotenoic acid ethyl ester, and echinenone. In the
gastrointestinal lumen, marine carotenoids have been reported
to reduce triacylglycerol absorption and inhibit lipase activity.
The marine carotenoids fucoxanthin, abundant in brown
seaweeds, has been related to cancer (Matsumoto et al., 2010;
Manivasagan et al., 2018). Natural astaxanthin is produced by
marine microorganisms such as algae (e.g., Chlorella zofingiensis,
Chlorococcum, and Haematococcus) and yeast (e.g., Phaffia
rhodozyma) (Khoo et al., 2019).

Enzymes, Vitamins, and Minerals

In the food and nutraceutical industries, enzymes can be
utilized in the transformation of other molecules into important
biotechnological tools. Enzymes, as food ingredients, can affect
spoilage, storage, processing, and safety. Lipase, transglutamase,
chitinolytic enzymes, polyphenol oxidase, and red algal
enzymes utilized in the degradation of starch (such as -1,
4-glucanase) are all supplied from marine sources (Table 3).
When compared to their terrestrial equivalents, they have
superior catalytic, physical, and chemical capabilities. They
can also be deactivated at a moderate temperature (Zhang
and Kim, 2012). These enzymes are also utilized as culinary
additives. Due to their distinctive activity under abnormal
conditions, biomolecules extracted from extremophiles, such
as enzymes, can be particularly valuable in the food industry,
and extremophiles are usually thought to have a considerable
potential to be profitable resources for biotechnological
applications. Vitamins and minerals serve several activities
in the body, including supplying intracellular transportation
and serving as cofactors in metabolic processes. Vitamins
and minerals, such as iron, are abundant in seaweeds (Suleria
et al., 2015). Xylanases are a family of enzymes that catalyze
the release of xylose from hemicellulose. Xylose is a key
carbon source for bacteria and is involved in plant-pathogen
infection. Algae, bacteria, fungus, protozoa, gastropods, and
arthropods are among the creatures that make xylanases.
Despite this, microorganisms are favored over plant and animal
sources for xylanase synthesis because of their availability,
higher volumetric output, structural stability, and simplicity
of genetic manipulation. The majority of marine xylanases
have been identified from fungus and bacteria, particularly
actinomycetes. Microbial sources of marine xylanases have
been discovered (Izadpanah et al, 2020). Chitin hydrolysis
can be catalyzed by chitinolytic enzymes. Chitinolytic enzymes
have gained widespread attention as a result of their medicinal
and biotechnological uses. Marine creatures have recently

become a new source for commercial enzyme separation and the
manufacture of a variety of unique useful chemicals. We could
identify microorganisms suited to various extreme situations
(halophiles, psicrophiles, thermophiles, and so on) that could
be useful in a variety of areas because the sea environment is so
diverse (Beygmoradi et al., 2018).

Seaweeds are known for their high mineral (Na, Ca, Mg,
P, and K) and trace element (Zn, I, and Mn) content, which
is linked to their propensity to retain inorganic sea chemicals
because of polysaccharides in the surface of the cell, which can
account for up to 36% of dry mass in some species. Many types
of seaweed are recommended as food supplements to fulfill daily
mineral and trace element demands because they are high in
calcium and potassium. Other nutrients that are more prevalent
in some shellfish than, say, beef include selenium, iodine, zinc,
magnesium, and calcium. Increased selenium consumption in
the diet has been related to a reduced risk of cancer. Seaweeds,
rather than fortified salt with iodine, are an alternate option to
give iodine through diet in particular countries with poor iodine
consumption. One of the most promising natural sources of
iodine is seaweed.

Probiotics

Gut flora is a collection of microbial species found in the
gastrointestinal tract that exceeds 100 trillion bacteria in the
human intestine. Eubacterium, Bacteroides, Enterococcus,
Prevotella, Clostridium, Staphylococcus, ~Streptococcus, and
Enterobacter, among the most common intestinal microbial
species, perform a variety of helpful functions for the host in
the utilization of unused sources of energy. In a healthy gut,
numerous strains can become pathogenic under particular
circumstances. As a result, it has been discovered that limiting
the number of hazardous species while fostering a favorable
environment. Many approaches to enhancing the positive
functions of intestinal microflora have been proposed in this
area. Probiotic strains are live microorganisms that are beneficial
to gut flora and have the potential to reduce the disease-causing
activity of bacteria, and they are one of the most effective
ways to promote beneficial microbes in the gut. Prebiotics,
eventually, allow for particular changes in the composition and
functions of the gastrointestinal microflora, which promotes
the overall well-being and health of the host. Probiotics are
frequently made up of live Lactobacillus and Bifidobacterium
strains. Yogurts, in particular, are fermented dairy products
(Dewapriya and Kim, 2014).

Miscellaneous Bioactive Compounds

From Marine Organisms

Collagen is abundant in around 30 percent of the trash
generated during the preparation of seafood. Marine collagen
has the potential to replace mammalian collagen in a variety of
applications, including wound dressing. Collagen peptides have
also been shown to aid in wound healing and the prevention
of age-related bone loss several researchers (Hosseini et al.,
2020). Collagen is also a promising substance for the creation of
functional biomaterials. Electrospun collagen scaffolds produced
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TABLE 3 | Various marine enzymes, their source, and biological roles.

Name of the enzyme

Source

Biological Function

References

Carrageenases

a-Galactosidases

Xylanase

L-asparaginase

Chitinase

Phenol oxidase

Monooxygenase

L-Arginase

L-Arginine deiminase

Protease

Lipoxygenase

Collagenase

Seaweed-associated microorganisms
(Proteobacteria and Bacteroidetes)

Yeasts

Filamentous fungi

marine bacteria (Bacillus sp. and
Pseudomonas sp.)

marine bacteria (Alcaligenes sp.,
Streptomyces sp.)

Marine mussel Perna viridis

Dicentrarchus labrax
Penicillium chrysogenum
Aspergillus fumigatus
Bacillus species

coral, sea urchin, gray mullet, skin, and
gills of trout

Clostridium histolyticum

Degradation of carrageenans by
hydrolyzing internal B-(1-4) glycosidic
linkages

Hydrolysis of oligosaccharides in
soybean products

Xylan hydrolysis for the brewing, and
food industries

used for anti-leukemia chemotherapy in
acute lymphoblastic leukemia

biodegradation of chitinous waste to a
usable form in nutrient cycling in the
oceans

Oxidation of phenolic compounds
Acts as an indicator of

aromatic hydrocarbon exposure

A powerful anticancer,
L-arginine-depleting enzyme

Acts on various arginine auxotrophic
cancer cells

Anti-cancer activity

Catalyzes the oxygenation of poly
unsaturated fatty acid

Can break down almost all collage
types

Ghanbarzadeh et al., 2018

Borba et al., 2019

Wang et al., 2016

|zadpanah et al., 2018

Tamadoni Jahromi and Barzkar, 2018

Debashish et al., 2005

Debashish et al., 2005

Prabhu et al., 2017

Prabhu et al., 2017

Salamone et al., 2011
Ozogul et al., 2021

Kim and Dewapriya, 2014

from tilapia fish skin have promote wound healing and re-
epithelialization in vivo (Ganesan et al., 2020a).

The collagen present in the skin and bones of aquatic creatures
is used to make marine gelatin. It is a vital gelling biopolymer
that gives flexibility, viscosity, and stability to foods. Fish gelatin
is a high-protein raw material made from fish waste, most
commonly fish skin and bones. By dry weight, it contains
27-49 percent protein. Gelatin has a monomer composition
and a linear structure that allows it to generate high-quality
films. Gelatin films have been shown in previous studies to
exhibit characteristics of low oxygen permeability and high UV
light barrier, allowing them to be employed as packaging or
encapsulating materials (Uranga et al., 2016).

Saponins are oligomeric sterol or triterpene glycosides found
in a wide range of plant and animal species, including sea
cucumbers and starfish. The triterpene form of saponin is found
in sea cucumbers, while the steroidal form is found in starfish.
In vitro tests have identified sea cucumber saponins as pancreatic
lipase inhibitors. The anti-obesity properties of echinoside A and
holothurin A, two sulfated triterpene saponins produced from sea
cucumber (Pearsonothuria graeffei), were investigated (Wang T.
etal., 2018).

Phycobiliproteins (PBPs) are water-soluble pigments present
in chloroplast cytoplasm and stroma. Phycoerythrin, a reddish-
pink pigment that functions as a primary light-harvesting
pigment by transferring light energy to chlorophyll, is found only
in red seaweeds. PBPs that emit red and yellow fluorescence such
as, phycocyanin (blue color), allophycocyanin (blue color), and
phycoerythrin (red hue). Spirulina-derived phycocyanin is one

example of how these pigments have been used in culinary dishes
as natural colorants (Sudhakar et al., 2019).

Bioactive secondary metabolites found in marine algae have
a wide range of therapeutic benefits. Phytosterols are a type of
sterol component that is physically and functionally similar to
side chains of cholesterol: phytosterols typically have 9 or 10
carbon atoms, whereas side chain of cholesterol has eight carbon
atoms. Brown seaweed contains the sterol fucosterol, whereas red
seaweed contains cholesterol. The health benefits of phytosterols
are primarily due to their ability to lower cholesterol. However,
they have been observed to promote various other health-
promoting activities, for instance, anti-obesity, antioxidant, anti-
diabetic, anti-atherosclerosis, and anti-inflammatory properties
(Hannan et al., 2020).

POTENTIAL HEALTH PROMOTING
ACTIONS OF MARINE BIOACTIVES

With longer life expectancies, our nutrition will become
increasingly important in maintaining the health status of
humans. This is a dilemma for the food sector since consumers
want food that is tasty and convenient, as well as healthful
and nutritious. In the food industry, marine nutraceuticals are
a reasonable and appealing alternative because there are so
many functional food constituents that can be created from
marine resources (Figure 2). As people grow more concerned
about the connection between food and good health, it is also
projected that their consumption of fishery products would
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FIGURE 2 | Biomolecules from marine sources as human health beneficial agent.

o Anti cancer effect

Neuroprotective effect

Prevention of arthritis

Prevention of diabetes

expand. Furthermore, the concentration of proteins, carbs, lipids,
fiber, metabolites, and other compounds in marine algae can vary.

Antioxidant Activity

The marine environment contains a wide variety of habitats
from which novel natural product sources can be derived
(Table 4). Marine organisms produce various metabolites with
unique chemical structures and biologically active properties.
Antioxidants are synthetic or natural compounds that can help
to prevent or delay cell damage. These compounds shield cells
from the harmful effects of free radicals, which are unstable

chemicals. Marine sponges, seaweeds, and related microbes
create bioactive components that are effective for a boost of health
and prevention of illness. These therapeutic actions are due to
a complex blend of phytochemicals that contain antioxidants,
antibacterial, anticancer, and antiviral properties. These functions
are carried out by phenolic compounds, sulfated polysaccharides,
and organic acids. Flavonoids, benzoic acid, gallic acid,
phlorotannins, and quercy are examples of polyphenolic
compounds produced by the marine environment (Dominguez,
2013; Balakrishnan et al., 2014). The sea environment is a rich
current resource for bioprospecting, as it covers 70% of the
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TABLE 4 | Bioactives from marine sources and their potential health benefits.

Sources

Name

Bioactives

Biological activity

References

Marine Sponge

Macroalgae

Microalgae

Bacteria

Fish

Marine Invertebrates

Agelas oroides

Hamigera tarangaensis

Leuconia nivea

Dysidea avara

Pelvetia siliquosa

Ecklonia stolonifera
Ecklonia kurome
Laminaria japonica

Dunaliella salina

Haematococcus pluvialis

Chlorella vulgaris

Chlorella ellipsoidea

Bacillus sp.; Streptomyces sp.

Streptomyces sp. S2A

Aerococcus uriaeequi HZ

Streptomyces sp. ZZ745
Cuttlefish (Sepia pharaonis)

Giant squid (Dosidicus gigas)

Sardine (Sardina pilchardus)

Pacific Hake (Merluccius
productus)

Porifera (Callyspongiaaerizusa)
Cnidaria (Aurelia coerulea)

Mollusca (Dolabella auricularia)

Ascadians and tunicates (
Trididemnum sp.)

Quinolone ageloline A

Hamigeran B

Natural paraben

3’ hydroxyl avarone

Fucosterol

Fucosterol
Phlorotannins
Polysaccharides

B-carotene
Astaxanthin

Lutein

Violaxanthin
Dentigerumycin E
Pyrrolo[1-a]pyrazine-1,4-
dione,hexahydro-3-(2-
methylpropyl)
Exopolysaccharides
Bagremycins

Protein hydrolysates

Xanthommatin

Bioactive peptides

Fish Protein Hydrolysate
Callyaerin G

Bioactive peptides
Dolastatin

Didemnin B

Preventive action toward
Chlamydia trachomati
Antiviral activity against polio
virus

Antibacterial roles against
Staphylococcus aureus
Antiviral activity against HIV
virus

Prevention of degradation of
blood glucose
a-glucosidase activities
Inhibition of a-Amylase
Decreased fasting blood
glucose

Antioxidant and anticancer
activity

Antioxidant, anticancer,
anti-inflammatory activity
Antioxidant and anticancer
activity

Anti-inlammatory and
anticancer activity
Antiproliferative functions
against human cancer cells
Antioxidant, antimicrobial, and
Cytotoxic Activities

Antioxidant activity
Antioxidant activity
Anti-proliferative and
anti-oxidative functions
Antioxidant Activity

Antihypertensive activity
through inhibition of
angiotensin-I converting
enzyme activity
Antioxidative and
Angiotensin-I-Converting
Enzyme Inhibitory Potential
Anti-cancer Activity
Antioxidant and Lysozyme-Like
Activities

Anti-cancer Activity

Anti-tumor Activity

Cheng et al., 2016, 2020
Sagar et al., 2010

Cheng et al., 2020
Varijakzhan et al., 2021
Menaa et al., 2021

Jung et al.,, 2013

Xu et al., 2012

Jiaetal, 2014

Saide et al., 2021

De Jesus Raposo et al., 2013
Vaz et al., 2016

Ameen et al., 2021

Shin et al., 2018

Siddharth and Vittal, 2018
Wang C. et al., 2021

Zhang et al., 2018

Suleria et al., 2016; Hamzeh et al.,
2018

Chan-Higuera et al., 2019

Venugopal Menon and Lele, 2012;
Melgosa et al., 2020

Samaranayaka et al., 2010; Nam

etal., 2020

Patra et al., 2020
Stabili et al., 2021

Ruiz-Torres et al., 2017

Zheng et al., 2011

planet and is home to a diverse range of organisms. As research
improves, it is becoming clear that there are unknown bacteria
that have emerged specific metabolic and genetic pathways for
the generation of unusual secondary metabolites. Because they
are a rich source of structurally varied bioactive metabolites, fungi
play a key role in marine bio-prospecting. Antibiotics, anticancer,
antioxidants, and anti-virals are only a few of the bioactive
chemicals discovered in marine fungi (Vitale et al., 2020).

Based on their structure, polyphenolic components are
antioxidant compounds obtained from micro- and macroalgae.

Phenolic components are classified into 10 types. The 10 classes
of substances, for instance, phenolic acids, coumarins, xanthones,
anthraquinones, flavonoids, stilbenes, and lignins. Polyphenolic
components called phlorotannins have been discovered in a
variety of brown algae groups and have powerful antioxidant
capabilities. Antibacterial, chemopreventive, and UV-protective
activities have also been discovered in phlorotannins (Centella
et al,, 2017). Microalgae and seaweeds produced reactive oxygen
species (ROS) as a result of the harsh environmental conditions
they are exposed to (such as temperature and intense irradiation)
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(ROS). Cancer, diabetes, and neurological and inflammatory
illnesses have all been related to high levels of ROS. Because
ROS reacts with biomolecules like DNA, membrane lipids, and
proteins, it causes cell and tissue damage. Seaweeds (macroalgae)
use their high cellular concentrations of antioxidant substances,
including carotenoids, phycobilins, polyphenols, and vitamins,
to deactivate ROS (Cornish and Garbary, 2010). Microalgal-
derived carotene is more physiologically active than synthetically
generated -carotene, making it a "natural” food additive. Natural
carotene contains a variety of carotenoids and other important
components not found in synthetic -carotene, and because
the tissues of the body regulate its utilization, it can be
consumed in greater quantities. Dunaliella salina can also collect
considerable levels of xanthophylls under irradiance stress,
especially zeaxanthin, which have unique biological features and
could be valuable in disease prevention (Lordan et al., 2011).

Anti-obesity Effect

An unbalanced energy intake-to-expend ratio leads to obesity,
a chronic metabolic disorder. Accumulation of excessive fat
causes high coronary heart disease, blood pressure, high blood
cholesterol, type 2 diabetes, and sleep apnea. Obesity has a bad
social impact as well. Obese people may be stigmatized and
subjected to a variety of prejudices and discrimination as a result
of their weight. Obesity has become a global medical issue due to
its rising prevalence. Fish oil has been found to help people lose
weight. Even if there are few human studies and they are usually
conducted over short periods, the results acquired can be useful
(Centella et al, 2017). Potential health advantages of marine
products are well-known, thanks to their distinct functional
components. There are several anti-obesity chemicals generated
from microbes, phytoplankton, invertebrates, and vertebrates,
among other marine species. So far, the main emphasis of the
focused research effort has been on algae investigation. Algae,
particularly brown algae, yielded a large number of chemicals that
were isolated and investigated for their anti-obesity properties
(Hu et al., 2016).

Prevention of Cardiovascular Diseases

Owing to the PUFA present in fatty fish, eating fish has been
demonstrated to lower the incidence of CHD. Many researchers
have been undertaken to prove the link between eating fish and
having a lower risk of CHD. People that eat a lot of seafood,
like Alaskans and Japanese, have been demonstrated a lower
risk of heart disease. PUFAs like omega-3 aid to prevent breast
and prostate cancer (Zheng et al., 2013; Manlusoc et al., 2019).
Hyperlipidemia is a condition in which total cholesterol, total
triglycerides, and low-density lipoprotein cholesterol levels are
high but high-density lipoprotein cholesterol levels are low in the
blood (HDL-C). The presence of alginate in the small intestine
lumen inhibits fat intake and lowers plasma cholesterol in a
variety of diets, according to a study. The most likely cause is
an increase in fecal bile and cholesterol excretion. Fucoidan has
also been demonstrated to lower blood fat levels by modifying
fat absorption, activating lipid metabolic enzymes, and increasing
the production of LDL-rmRNA, whereas linolenic acid regulates
fat metabolism by accelerating the conversion of LDL to HDL. By

reducing LDL levels and increasing HDL levels, atherosclerosis
can be avoided if total blood fat levels are reduced (Qin, 2018b).

Effect on Prebiotics and Encouraging
Health Benefits

Polysaccharides are observed in all organisms in various forms.
Polysaccharides found in macroalgae could potentially be used
as prebiotics in the future. Sulfated hetero polysaccharides
are abundant in chlorophyta. Brown algae contain alginates,
fucans, and laminarin. Red algae are also used to make agar
and carrageenans. In vitro and in vivo studies have exhibited
the benefits of macroalgal polysaccharides. Laboratory animals
were shown to have greater amounts of Bifidobacterium and
Lactobacillus, which was encouraging. In the GI tract, pathogenic
and good bacteria coexist, but research is focusing on reaching
a more positive balance by eliminating potentially dangerous
bacteria while encouraging the development of other species with
health benefits (increase infection resistance, reduce colon cancer
risk, and decrease inflammation) (Al-Sheraji et al., 2013).

Anti-inflammatory Functions

The PUFAs in seafood, particularly omega-3, are thought to
have anti-inflammatory characteristics because they can decrease
specific inflammation mediators. Inflammation can be reduced
by improving the ratio of omega-3 to omega-6 fatty acids
in the diet, according to several studies. Omega-6 PUFA-
derived eicosanoids are pro-inflammatory and immunoactive,
whereas omega-3 PUFA-derived eicosanoids (EPA and DHA)
are anti-inflammatory. When compared to omega-3 PUFAs,
Western cuisine has a significantly higher ratio of omega-
6 PUFAs. Algae have an anti-inflammatory property as well.
The anti-inflammatory properties of photosynthetic pigments
are well established. Fucoxanthin (Fx) extracted from brown
algae, for example, suppresses cyclooxygenase 2 (COX-2) protein
expression and lowers prostaglandin E2 (PGE2) production.
Pheophytin from Enteromorpha prolifera inhibited the 12-O-
tetradecanoylphorbol-13-acetate-induced superoxide radical and
inflammatory responses in mice macrophages. Turbinaria ornate
polysaccharide is another anti-inflammatory component derived
from the brown alga Turbinaria ornate (Wall et al., 2010; Rahman
and McFadden, 2011).

Anti-cancer Effect

Cancers are diseases in which cells cease to respond correctly to
chemical signals sent by other cells. By entering and manipulating
normal tissues, these aberrant cells have the potential to kill. It
becomes critical to hunt for chemicals that can cause apoptosis to
occur (programmed cells death). Cell deregulation, which occurs
when pro-apoptotic signals are lost or anti-apoptotic signals are
increased, can result in a range of clinical diseases, including
cancer. As a result, promoting apoptosis is a significant anticancer
therapeutic target. Several types of researches have been carried
out to establish the link between eating fish and avoiding cancer.
The hydrolysates were made up of a complicated combination
of free amino acids and peptides with molecular weights ranging
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from 1 to 7 kDa, as well as lipids and NaCl in low concentrations,
all of which inhibited cell proliferation (Kim et al., 2013).

Neuroprotective Effects

In the elderly population, one of the primary causes of
death is neurodegenerative illnesses. As a result, researchers
have been on the lookout for new neuroprotective drugs
to prevent apoptosis, neuronal cell damage, dysfunction,
and CNS degeneration. Synthetic compounds, despite their
neuroprotective properties, can cause anxiety, uneasiness,
drowsiness, mouth dryness, and weariness. The consumption of
fish and marine algae in East Asia has been related to a low
rate of neurodegenerative disorders. Another potential possibility
for neuroprotective drugs is marine algae (Suganthy et al., 2010;
Pangestuti and Kim, 2011).

Prevention of Arthritis

Arthritis is a disease characterized by joint inflammation that
primarily affects the elderly population. The prevention of
inflammation, as well as the pain and restricted mobility
symptoms that come with it, is a key component of arthritis
treatment. Because inflammatory eicosanoids are involved in
the occurrence of arthritis, diet can be a possible therapeutic
agent; thus, dietary PUFAs have been extensively studied
in the treatment of arthritis. After 3-4 months of n-3
PUFA supplementation, positive results were found; including
decreased patient-reported a number of bothersome and painful
joints, joint pain intensity, and non-steroidal anti-inflammatory
medicine use. Supplementing with n-3 PUFAs may even aid with
joint pain relief. Clinical studies suggest that ingesting collagen
hydrolysates, which can be generated from fish by products,
lowers pain in osteoarthritis patients in addition to n-3 PUFAs
(Lordan et al., 2011).

Prevention of Asthma

Fish oil or fish with greater than 2% fat has been linked to a
lower risk of airway hyper-responsiveness, and kids who consume
fresh, oily fish regularly had a lower chances of developing asthma
than kids who only consume fish on special occasions. In asthma
patients, the benefits of n-3 fatty acid supplementation in the
diet have also been confirmed in terms of reduced breathing
difficulties and other symptoms, as well as the requirement for
lower drug doses (Lordan et al., 2011).

Prevention of Diabetes

To reduce the risk of CVD, diabetic neuropathy, retinopathy, and
nephropathy, dietary management for diabetes entails keeping
blood glucose and blood lipid levels as close to normal as feasible.
The marine environment has a diverse range of physiologically
active substances that have yet to be discovered. Exploiting
marine resources could yield useful leads with both commercial
and scientific implications. Diabetes is a metabolic illness that
affects both developed and developing countries and is a leading
cause of death and morbidity. There are several anti-diabetics
on the market, but their main drawbacks are cost, effectiveness,
and side effects (Barde et al., 2015). Several marine extracts

have been linked to glycemic control, protection against heart
disease and cancer. Consequently, these chemicals could be used
as functional food components to help alleviate insulin resistance
and diabetes (Lordan et al., 2011).

Prevention of Cognitive Decline and

Depression

Among the elder persons, dementia and cognitive impairment
are common, and they have an impact on their ability to
function independently. The frequency of dementia and cognitive
impairment is predicted to rise as the population ages. Several
epidemiological researches on the connection between food
and cognitive decline recommend that fatty acids may help
preserve cognitive function and possibly prevent or delay
dementia. Fatty fish and marine n-3 PUFAs, in particular,
have been related to a reduced risk. Furthermore, consuming
a diet rich in the algae Chlorella reduced oxidative stress.
Several epidemiological and nutritional researches have also
found that n-3 fatty acid consumption is negatively associated
with depression, whereas clinical studies have found that n-3
compounds are beneficial to prevent depressive disorders. Long-
chain n-3 PUFA supplementation has been represented in many
studies to enhance mood in persons with serious depression
(Lordan et al., 2011).

Anti-aging Effect

Because of their unique compounds, marine species have gotten
a lot of attention in anti-aging research. The goal of this review
is to reveal and debate potential anti-aging compounds found in
marine macroalgae, micaroalgae, invertebrates, and vertebrates.
To illustrate the action and mechanism of carbohydrate, protein,
pigment, flavonoids, fatty acids, and phenols from marine
species, anti-aging experimental animals, for instance, Drosophila
melanogaster, and Caenorhabditis elegans were used. There were
mycosporine-like amino acids in marine macroalgae, microalgae,
fungi, and bacteria, which were condensed by cyclohexenone and
other types of amino acids and could absorb ultraviolet light
(Wang X. et al., 2021).

Anti-thrombin and Anti-coagulant

Functions

Coagulation is a complicated process that aids in the production
of clots and is a vital aspect of hemostasis, which is the
process of halting blood loss from a damaged vessel after
an injury. Anticoagulants are medications that can prevent
blood clotting or stop it from forming. They are used to
prevent blood clots after surgery and give prompt therapeutic
anticoagulation in life-threatening situations such as deep
vein thrombosis and pulmonary embolisms. One of the
most regularly used anticoagulant substances is heparin, a
sulfated polysaccharide present in most mammalian tissues,
having been utilized to treat thromboembolic disorders for
the past 15 years. Heparin treatment, on the other hand,
can cause thrombocytopenia, which is the inability to block
thrombin connected to fibrin, as well as ineffectiveness in
acquired anti-thrombin deficiencies and undesired bleeding.
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Compounds such as sulfated polysaccharides and peptides
are produced by several marine sources. In marine algae,
anti-thrombotic and anti-coagulant effects are observed in
sulfated polysaccharides. Anti-thrombotic and anti-coagulant
sulfated polysaccharides have been extracted from a variety
of marine algae, for instance, red and brown seaweeds. Anti-
coagulant fucoidans have been discovered in a variety of brown
algae species, with structural and biological activity variations
(Suleria et al., 2016).

Anti-allergic Activity

Allergic reactions are the reaction of the immune system to
normally harmless environmental chemicals. Mast cells have a
crucial role in the pathophysiology of allergy disorders because
the allergen-induced IgE436-mediated allergic response activates
them. Mast-cell activation causes multiple intracellular activities,
including tyrosinase kinase activation; production of reactive
oxygen species, which causes a rise in intracellular calcium
ion (Ca?%); microtubule polymerization; degranulation; and
synthesis of cytokine (Cunha and Pintado, 2021). To combat
the problems of food-induced allergies, researchers are currently
focusing their efforts on finding anti-allergic compounds from
marine sources. The anti-food allergic activity of many plants
has been documented in numerous publications, and anti-
food allergic components in these plants include flavonoids,
terpenes, and other compounds. Recent research has found
that marine-derived active substances help to relieve allergies
by inhibiting the development of Th2, enhancing Thl immune
function, inhibiting mast cell and basophil degranulation,
reducing cytokine production, and regulating intracellular
calcium concentration, among other mechanisms (Wang K. et al.,
2020).

Anti-microbial Activity

Adaptive immunity is not present in marine invertebrates.
Bivalves only have the innate reaction, which means they
must create defense systems to adapt to their environment,
which is frequently teeming with deadly bacteria and viruses.
Their pathogen exposure is increased as a result of their
filtering effect. Antibacterial peptides are one of the components
involved in defense mechanisms of invertebrates. Antimicrobial
peptides (AMPs) are short, cationic, amphipathic peptides with
a sequence ranging from 12 to 50 amino acids. They are the
first line of defense against infections in animals and plants
(Cunha and Pintado, 2021).

SUSTAINABLE GREEN PROCESSING
METHODS TO EXTRACT
BIOMOLECULES FROM SEAFOOD
WASTE

Seafood processing generates a large number of by-
products, which has significant economic and environmental
consequences. It is critical to have access to seafood resources

to minimize environmental issues and ensure
sustainability (Ozogul et al., 2021; Simat et al., 2021).

Green extraction techniques are a potential method for
recovering biomolecules from by-products from the seafood
industry (Figure 3). These cutting-edge techniques boost
extraction yield while minimizing process time and resources.
The extraction procedures employed and the operating
conditions used are crucial in producing a greater extraction
yield and greater target substances quality because of the diversity
of seafood by-products, as well as the variances in characteristics
of seafood biomolecules. The use of a combination of green
approaches may be able to help with the correction of some
problems. Furthermore, because laboratory and pilot-scale yields
and energy consumption differ, these green procedures must be
validated at pilot scale on seafood wastes before being applied in
the industry (Bruno et al., 2019).

Bioactive chemicals found in marine macroalgae can be
employed to promote health in several dietary, cosmetic, and
medical applications. Bioactivity has been demonstrated for
bioactive compounds including polyphenols, polysaccharides,
carotenoids, and w-3 fatty acids. These compounds were
extracted using modern technologies such as, Supercritical
Fluid Extraction, Subcritical Water Extraction, Ultrasound-
Assisted Extraction, and Microwave-Assisted Extraction
since they have advantages over traditional methods. Process
parameters of all techniques must be tuned to get extracts
containing the desired bioactive (Ciko et al., 2018). Ionic
liquids have developed as an alternate solvent for recovering
important proteins from microalgae bioprocessing. The
antioxidant properties of the isolated fucoxanthin fraction were
satisfactory. In repeated rounds of fucoxanthin extraction,
the recyclability of diallylammonium diallylcarbamate
was proven. As a result, CO,-based alkyl carbamate ILs
could potentially replace traditional organic solvents in the
downstream processing of microalgal bioactive chemicals
(Khoo et al., 2021).

resource

Traditional Methods

Maceration, percolation, and Soxhlet extraction are common
traditional extraction methods. This type of extraction is a
common process that may be found throughout the globe.
Ethyl ethanoate, ethanol, acetone, water, and methanol, in
various combinations, are the most commonly employed
solvents, and they are chosen depending on the polarity of
the molecules to be extracted. Solvents like hydroalcoholic
mixtures are appropriate for this technique since phenolic
compounds are hydrophilic. According to certain research,
combining a solvent with acids, or instance, citric acid, tartaric
acid, or hydrochloric acid can enhance the extraction efficiency
of specific substances. Within traditional extraction methods,
the Soxhlet extraction produces better results, though it has
various demerits, including the degradation of thermolabile
substances (such as anthocyanins, hydrolyzable tannins), the
use of relatively greater volumes of solvents, and more
processing times. To extract lipophilic compounds, the Soxhlet
technique is commonly used (Santos-Buelga et al., 2012;
Vieira et al., 2018).
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FIGURE 3 | Classification of sustainable green processing methods to extract biomolecules from different marine sources.

Emerging Methods

Pulse Electric Field-Assisted Method

Because it uses less specific energy per processed product,
pulsed electric field (PEF) processing is more acceptable due
to its environmental and cost-effective benefits. Several food
businesses have confirmed the use of PEF-based extraction
throughout the previous decade. Many of present procedures
of the food industries are less effective and sustainable than
PEF-based technology. Different researchers have discovered that
when combined with other techniques like osmotic shock and
mechanical press, this developing technology is efficient in the
extraction process. Furthermore, the combination of PEF and
solid/liquid extraction produces fewer food wastes in comparison
with existing methods (Arshad et al., 2021). By disrupting
cell membranes, PEFs can be used to improve mass transfer
techniques. A moderate PEF therapy uses 0.5-1.0 kV/cm field
strength with treatment periods of 100-10,000 seconds, or 1-
10kV/cm field strength and treatment times of 5-100 s. Intensity,
amplitude, length, amount, and repetition frequency of external
electric pulses determine whether reversible or irreversible
pores form in membranes. The ability to extract bioactive
substances from natural matrices requires the construction of
irreversible pores. Treatments using 1-20 kJ/kg specific energy
and 0.7-3 kV/cm electric field intensity are commonly used
(Grosso et al., 2015).

Microwave-Assisted Method

Microwave radiation is non-ionizing radiation that increases
molecular mobility while keeping the structure of the molecule
intact. Microwave wavelengths range from 1 to 1 cm, with
frequencies ranging from 300 MHz to 300 GHz. MAE is a
synergistic combination of two techniques that both work in
the same direction, namely energy and mass transfer. During
the microwave process, the moisture in the cells evaporates as
the temperature rises, resulting in high pressure in the cell. Due

to the fracturing of cell walls, this physical alteration in the
matrix improves its porosity. The mass transfer is assisted by
raising the matrix porosity while also increasing the temperature
and pressure. Sample moisture, the microwave power output,
processing duration, sample viscosity, frequency, extraction
cycles, pressure, sample size, and solvent nature all affect the
efficiency of the MAE process (Bruno et al., 2019).

The utilization of microwave potency, which produces
alterations in cell structures owing to electromagnetic waves,
lies at the heart of this method. Electromagnetic energy is
converted into calorific energy by two mechanisms: dipole
rotation and ionic conduction. Polyphenols and polysaccharides
can be extracted using this method in open (at atmospheric
pressure) or closed (at higher pressure) containers. The power
and frequency of pressure, microwaves, temperature, the solid-
to-solvent ratio, and time are all important parameters to
consider while optimizing this form of extraction. It is vital
to understand that phenolic compounds can be damaged by
high microwave power and high temperatures. When utilizing
hydroalcoholic solutions with moderate ethanol concentrations
as extraction solvents, these chemicals are easily dissolved. The
results of extracting phenolic compounds from brown algae using
this extraction method were positive (Kalil et al., 2017; Otero
etal., 2019).

Ultrasound Assisted Method

Ultrasonic waves in the 20-1000 kHz range are commonly used
to improve extraction efficiency. Ultrasonic waves are mechanical
waves that travel through target matrices by compressing and
rarefying them. When these waves propagate through a solvent,
they create negative pressure, and when sound wave pressure of
higher intensities propagates through a solvent, microscopically
small holes or bubbles arise. When these spaces or bubbles are
filled with a gas or water vapor, the bubbles grow and shrink until
they collide, causing cavitation (Donnell et al., 2020).
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Ultrasonic waves with a frequency ranging from 20 to 100 kHz
are used in this method, which induces bubbles to form due
to the pressure difference created. The bubbles then burst and
cavitation occurs, triggering particle breakup along with liquid-
solid interfaces and the release of bioactive chemicals into
the matrix. Low temperatures, short durations, and a small
volume of solvent are the key advantages of using Ultrasound
Assisted Method (UAE) to extract phenolic chemicals from algae.
However, it should be noted that prolonged ultrasonication
might raise the temperature, which can jeopardize the stability
of phenolic compounds. Frequency, power, and temperature
are the parameters to optimize this type of extraction (Heleno
et al., 2016). An ultrasonic bath (indirect sonification) or an
ultrasonic probe (direct sonification) is two types of ultrasound
equipment (direct sonification). These two have different
operating conditions and how ultrasonic waves affect the sample.
After the sample has been immersed in the ultrasonic bath, the
ultrasonic probe is inserted into it. The device is less expensive
than other extraction methods, and it can be used with a variety
of solvents. UAE operates at low temperatures, allowing for the
preservation of thermolabile compounds (Ciko et al., 2018).

Supercritical Fluid Extraction

This is dependent on the supercritical fluid extraction principle,
which involves raising temperature and pressure above their
critical points while maintaining liquid and gas characteristics
(Sanchez-Camargo et al., 2017). The fluid has a density that is
similar to liquids and a viscosity that is akin to gasses. Because of
its non-toxicity, safety, and low cost, carbon dioxide (CO,) is the
most often used solvent for Supercritical Fluid Extraction (SFE).
Because of their low viscosity and enhanced diffusion coefficient,
supercritical fluids have a significant advantage in terms of mass
transfer. Supercritical CO, can only extract non-polar or low-
polarity molecules because it is a non-polar solvent, though it can
also extract polar chemicals (Ciko et al., 2018).

High Hydrostatic Pressure

A non-thermal high hydrostatic pressure (HHP) technology
combined with polysaccharidases is proposed as a novel method
for improving phytochemical extraction from red macroalgae.
Palmaria palmata and Solieria chordalis, two macroalgae species,
were hydrolyzed with cellulase and hemicellulase under HHP
conditions (400 MPa, 20 min). The HHP-assisted enzymatic
treatment improves the extraction of certain components like
proteins, polyphenols, and polysaccharides; however, the benefits
vary greatly depending on the macroalgae species. As a result
of the treatment with HHP and hemicellulase, the antioxidant
activity of isolated fractions increased by over 2.8 times
(Suwal et al., 2019).

High hydrostatic pressure is a non-thermal processing
method used to reduce microbial populations and inactivate
enzymes in marine food, as well as to treat marine food,
dairy, fruits, and vegetables. Under high pressure (100-
1000 MPa) and at a temperature of 5-35°C, charged particles
were deprotonated, salt bridges were broken down, and
weak connections (electrostatic bonds, hydrogen bonds, and
hydrophobic bonds) in cell membranes were shattered, resulting

in increased cell permeability. Cell permeability increases
as pressure rises to the crucial threshold level, improving
extracellular fluid flow (Ali et al., 2021).

Pressurized Liquid Extraction

High pressures (10-15 MPa), short processing periods, and
temperatures ranging from 50 to 200 °C characterize this
form of extraction, which is a green technique because it uses
small volumes of non-toxic solvents. Four different solvents
(hexane, ethyl acetate, pure ethanol, and 50 percent ethanol)
were employed to extract phenolic chemicals from the brown
algae Laminaria ochroleuca at 100 bar, with ethanol diluted in
water yielding the greatest extraction yield (37 percent for 80°C
and 52 percent for 160°C) (Otero et al.,, 2019). The selectivity
and solubility of the different substances in the supercritical
fluid are influenced by the extraction conditions, particularly
pressure and temperature. Bioactive molecules are preserved
and no breakdown occurs because CO, has a low critical
temperature and pressure. Fatty acids, phytosterols, phenolics,
carotenoids, and triglycerides are commonly found in SC-CO,
extracts (Duarte et al., 2014; Sdnchez-Camargo et al., 2017).

Subcritical Water Extraction

This technique entails keeping water liquid for a short time (5-
10 min) at temperatures above its boiling point (100-374°C)
while under high pressure (10-60 bar). The change of the
dielectric constant with temperature is one of the most vital
elements to consider in this type of extraction. Pressure, time,
and temperature, as well as choosing the right solvent, are all
important aspects to consider and optimize while using this
process (Zakaria and Kamal, 2016). SWE uses a small amount
of solvent and operates for a short time (5-10 min) at high
temperatures (50-200°C) and pressures (50-300 psi). This is the
most promising technology for extracting bioactive chemicals,
according to published studies. The solvents are held in a liquid
state within their critical zone, below their boiling point, with
the help of applied temperature and pressure. As the working
temperature rises, the viscosity and surface tension of the solvent
decrease, improving solubility and mass transfer rate. SWE is an
environmentally friendly extraction method since it uses water
instead of an organic solvent as a solvent (Duarte et al., 2014).

Extrusion-Assisted Extraction

This is an ancient food processing technique that is used to
prepare infant food and ready-to-eat snacks. It has lately been
employed for extractive purposes due to its capacity to solubilize
particular macromolecules. Heating to high temperatures at
high pressure, mechanical mixing, and shearing are all part of
the traditional extrusion process. Extrusion-Assisted Extraction
(EAE) operates by rupturing cell walls and using a thermo-
mechanical action to transform insoluble macromolecules into
soluble ones. The walls are strengthened by biomaterial mixing
and shearing during EAE, allowing heat to penetrate more freely.
Heat, on the other hand, accelerates the cell’s disruption (Huang
et al,, 2016). The EAE process has several advantages, including
a reduction in process time, energy consumption, and solvents
required, as well as an increase in extraction yield. Extrusion, on
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the other hand, is not suggested for thermo-sensitive compounds,
and it must be followed by a method to extract the solubilized
chemicals. EAE has only been used to extract biomolecules
from seafood wastes in a few studies. Extrusion-hydro-extraction
(EHE) is a process that involves extruding a by-product solution
and extracting the extrudates in water (Bruno et al., 2019).

Membrane Separation Technologies

Membrane Separation Technologies (MST) is a technique to
distinguish tiny particles from dissolved compounds. In a
membrane separation technique, the molecules are isolated
depending on their molecular size since the membrane acts as
a selective and semi-permeable barrier. Molecules and particles
with a diameter less than the membrane pores pass through,
while those with a diameter larger than the membrane pores are
repelled. On the other hand, at the molecular level, microporous
membranes can segregate particles (nanofiltration and reverse
osmosis). The molecule is segregated mostly depending on its
chemical composition in this case (Nedzarek et al., 2017).

The bulk of membranes currently on the market are made
comprised of inorganic materials (ceramic membranes made
of zirconium, aluminum, titanium, and silicium oxides) and
organic polymers (polyamides and polysulfones). The solvent
permeability and separation selectivity of the membrane are
the most important qualities. Microfiltration, ultrafiltration,
nanofiltration, and reverse osmosis are the most common
membrane technologies utilized in the seafood business, and
they range greatly in structure and function. MST is primarily
utilized in the seafood processing industry to recover and separate
biomolecules from by the byproducts (Bruno et al., 2019).

Fermentative Extraction

It has been found that fermenting crustacean waste yields a higher
extraction yield than chemical extraction. Fermentation, on the
other hand, has been used extensively in the case of shrimp
waste. During bacterial fermentation operations, the proteins
and minerals in the shrimp shells are successfully eliminated,
increasing the extraction efficiency of carotenoids without
harming the quality. Although astaxanthin is greatly unstable,
it can be stabilized through lactic acid fermentation, potentially
boosting manufacturing yield by lowering the byproduct losses.
The shrimp waste is both perishable and seasonal, as the
fermenting method creates carotenoid-rich liquor that can be
stored for a long time (75 days) under normal storage conditions,
which is impossible to achieve with typical extraction methods.
Shrimp waste fermentation takes a long period and necessitates a
constant temperature to be successful. Regular pH monitoring is
also necessary for optimal carotenoid production. Fermentation,
rather than ensilaging, is a useful approach for demineralization,
deproteination, and proteolysis (Routray et al., 2019).

Enzymatic Extraction

Enzymatic extraction saves energy and time by eliminating
chemical contamination caused by leftover solvents and it is
another ecologically acceptable method that is quickly being
researched in the case of nutraceutical application of extracted
value-added compounds. To extract astaxanthin, enzymes

(proteases and lipases) from several sources are used, including
microbial, bovine, porcine, and cod sources. Enzymes are affected
by temperature, acidity, and other environmental factors, and
they can be used at different stages of the process to create a
wide range of products and by-products (Armenta and Guerrero-
Legarreta, 2009). After fermentation and/or other digestion
processes, enzymatic digestion is utilized as a final step in the
processing of crustacean detritus. Astaxanthin is extracted in
the form of carotenoprotein, which is a mixture of carotenoid
and lipoprotein that provides both carotenoids and protein.
Astaxanthin is extracted in a form called carotenoprotein, which
is a mixture of carotenoid and lipoprotein that provides both
carotenoids and protein. Carotenoprotein is a bluish-brown
stable complex form that degrades to its natural reddish-
orange color when exposed to heat. Separation of astaxanthin
from carotenoproteins is frequently accomplished via enzyme
hydrolysis. Protein hydrolysate and astaxanthin can be isolated
from enzyme-digested materials (Routray et al., 2019).

Supercritical CO, Extraction

Numerous temperature and pressure combinations are possible
with this method. Furthermore, as a supercritical fluid, CO»,
a non-toxic gas, is utilized, causing the fluid to behave both
like a liquid and a gas at the same time, making extraction
easier. Using co-solvents like ethanol, the polarity of CO; can be
altered, and polar components can be removed as a result. The
thermal destruction of phytochemicals is prevented by using low
temperatures and pressure (Jimenez-Lopez et al., 2021). CO; is
used as a supercritical fluid in this approach.

This fluid is frequently used due to its non-toxicity, non-
flammability, cost-effectiveness, and widespread availability with
a high purity grade. Supercritical CO, Extraction (SC-CO,)
extraction can be employed with several pressure-temperature
combinations, making it the method of choice for a wide
range of end products. Because it allows for the use of low
pressure (7.386 MPa) and low temperature, SC-CO, is a popular
method in lab-scale facilities (31.60°C, the critical point of CO;).
A combination of low temperatures and pressure ensures the
retention of thermolabile phytochemicals (Alara et al., 2021).

Pressurized Hot Water Extraction

Pressurized Hot Water Extraction (PHWE) is a type of PLE that
extracts using water as the solvent. It is also known as superheated
water extraction (SHWE), subcritical water extraction, or
pressurized low polarity water (PLPW) extraction. Water has
numerous advantages in terms of versatility and environmental
effect, and it can be utilized to extract usable molecules from
a variety of source materials, including plants and food waste.
The idea behind PHWE is to use water at temperatures higher
than its atmospheric boiling point while keeping it as a liquid
by applying pressure; physical and chemical properties of water
change dramatically under these conditions. Furthermore, as the
temperature rises, the viscosity and surface tension decrease,
while diftusivity rises, improving the extraction method in terms
of efficiency and speed. Furthermore, temperature affects the
solubility of water, favoring the solubility of various types of
compounds and altering its selectivity. Water is also the most
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environmentally friendly solvent available, perfectly adhering to
the Green Chemistry rules. As with PLE, using solvents above
their boiling temperatures allows for faster extractions; The
PHWE, on the other hand, is a more environmentally friendly
extraction technology because it uses water instead of organic
solvents. This type of extraction optimization, on the other hand,
is frequently empirical, failing to take into account experimental
discoveries from related domains or theoretical connections.
Although PHWE is a promising technology, additional research
in the marine field is required; there are currently just a
few applications dealing with bioactive extraction from marine
sources (Hayes, 2012).

Combined Extraction Techniques

In some cases, a combination of extraction methods may be
required to improve phytochemical extraction. This is the case
when a single extraction procedure is insufficient to extract all of
the desired phytochemicals from the source material. As a result,
using various extraction methods to extract such phytochemicals
more efficiently may be a viable choice (Alara et al., 2021). Green
technologies have a lot of benefits, but they also have certain
drawbacks. These limitations can be overcome by employing
a combination of green approaches, which increases extraction
efficiency while also improving the quality of target compounds.
The protein hydrolysate product rejection coefficient was in
the range of 90% after scaling up the enzymatic hydrolysis
and coupling the reactor with an ultrafiltration machine to
concentrate the hydrolysates (Tonon et al., 2016).

MARINE BY-PRODUCTS

Bioactive peptides can be mined in large quantities from
seafood products and by-products. Marine proteins contain
new bio-functional peptides in their main structure, which can
be exploited in food and medicinal applications due to their
structural variety (Sila and Bougatef, 2016). By-products from
the processing of seafood often account for 20-60% of the
original raw material. Offal, head, and tail (27 percent of the
fish) gathered by eviscerating, cutting, and fileting operations
account for the majority of residues in pelagic fish including
tuna, cod, mackerel, anchovy, and herring. The second significant
residues gathered during skinning and cutting processes (25
percent of the fish) include skin, bones, blood, and frames.
The majority of these by-products are currently transferred to
fish meal facilities, which generate fish meal and fish oil. By
far the most lucrative non-edible product made from marine
wastes is fish meal (Ferraro et al., 2010; Ngo et al, 2011;
Table 5).

Owing to their extraordinarily nutritious and value-added
substances, modern food processing companies generate marine
goods and by-products, and they play an important role
in the regular function and enhancement of human health.
By-products of industrial marine processing are currently
produced in large quantities, and these by-products can be
ingested by people. Skulls, viscera, bones, scales, skin, blood,
and shells are among the by-products. Depending on the

species and processing parameters, marine by-products account
for 50-70% of all harvested marine animals, and they are
typically discarded as wastes. The by-products of marine
processing, on the other hand, contain significant amounts
of extremely nutritional substances. Bioactive compounds
can be found in proteins, minerals, vitamins, and PUFAs
such as EPA and DHA. Proteins, enzymes, hydroxyapatite,
oil, collagen, and gelatine are examples of high-value-added
chemicals applied in the pharmaceutical and nutraceutical sectors
(Ali et al., 2021).

BIOMEDICAL USES OF BIOACTIVE
COMPOUNDS

A diverse spectrum of marine-derived bioactive compounds is
available for a variety of biotechnological and medical uses.
Natural materials can be converted into high-value-added goods
of interest after careful consideration. Potential candidates
include marine-derived bio-products, which contain a large
number of pharmacologically active elements with a wide
chemical and structural variety. As a result, they have a lot of
potentials to create high-value therapeutics (Centella et al., 2017).

APPLICATION AS FUNCTIONAL FOOD
INGREDIENTS

Carotenoids, chlorophyll, DHA, EPA, and astaxanthin are only
a few of the functional components found in algae. These
components provide several advantages for value-added food
applications and are in high demand in today’s market. Because
the cost of producing these nutraceutical products is so
expensive, researchers are exploring ways to increase yield using
nanotechnology (Koyande et al., 2021).

Edible marine invertebrates such as crabs, mollusks, and
echinodermata can be used as organic-based biopolymers for
a variety of purposes. These biopolymers are composed up
of polysaccharides and proteins, and have been used by
humans for decades as food and nutraceutical ingredients to
treat various ailments (Hosseini et al, 2020). Biopolymers
such as glycosaminoglycans, fucosylated chondroitin sulfate,
chitin, and chitosan have recently gained popularity in the
biomedical industry for treating a variety of illnesses. These
chemicals have antibacterial, anti-inflammatory, anti-cancer,
wound healing, hypoglycemia, and anti-microbial functions,
as well as being used in animal feed (Qin, 2018a; Ganesan
et al., 2020b). While being generally unaffected by harmful
anthropogenic activities, the marine environment represents a
massive source of bioactive chemicals. Many chemicals present in
seafood, including pigments, enzymes, proteins, polysaccharides,
peptides, PUFAs, phenolics, and other secondary metabolites,
have broader applications in a variety of industries such as
the food industry (Figure 4). These compounds are found
in prokaryotes, microalgae, and macroalgae, as well as crabs,
sponges, and other invertebrates, as well as a variety of vertebrates
(Karunarathne et al., 2020).
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TABLE 5 | Various by-products with biological activities extracted from different species.

Name of the marine species By product  Bioactive component  Biological role References

Bluefin leatherjacket (Navodon septentrionalis) ~ Skin Bioactive peptides Antioxidant activity Chiet al., 2015
Atlantic salmon (Salmo salar L.) Skin Collagen hydrolysates Antioxidant and antihypertensive activities Subin et al., 2018
Salmon (Oncorhynchus keta) Skin Oligopeptides Antidiabetic properties and Protein recovery  Lapefa et al., 2018
Indian mackerel (Rastrelliger kanagurta) Bone Bioactive peptides Antioxidant activity Al Khawli et al., 2020
Rainbow trout (Oncorhynchus mykiss) Viscera Bioactive peptides Antibacterial Activity Nikoo et al., 2019
Tuna (Thunnus alalonga) Bone Bioactive peptides Antioxidant activity Saidi et al., 2014
Sardinella (Sardinella aurita) Head Bioactive peptides Antioxidant activity Ozogul et al., 2021
Chum salmon (Oncorhynchus keta) Skin Collagen peptide Antioxidant activity Al Khawli et al., 2020
Tilapia (Oreochromis niloticus) Head Bioactive peptides Antimicrobial activity Hemker et al., 2020
Rain bow trout (Oncorhynchus mykiss) Viscera Protein hydrolysate Antimicrobial activity Yaghoubzadeh et al., 2020
Pacific cod (Gadus macrocephalus) Skin Gelatin hydrolysate Angiotensin-converting-enzyme inhibitors Vasquez et al., 2021
Red snapper (Lutianus campechanus) Viscera Protease Protolithic activity Rodgers et al., 2018

Flavoring agent

e

Vitamin E supplement

Dry seafood

Preservation aid

FIGURE 4 | Biomolecules derived from seafood as a functional food ingredient.

Natural pigment

Fortified food

Due to its cellulose structure, the cell wall of microalgae

is usually tough to digest,
when consumed. Microalgae

inhibiting protein absorption
protein  hydrolysates

have

enhanced digestibility and peptide and amino acid availability,

making them more valuable in food applications. To enhance
their application in food items, the importance of marine
biopeptides in human nutrition should be emphasized,
including:
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o they are easier to absorb by the gastrointestinal tract in
comparison with intact protein;

e they have numerous bioactivities described that can
improve human health;

e Because maritime biopeptides are generated from marine
species, they can contribute to long-term development;

e they can contribute to sustainable.

Food Colorant

Color is believed to be the primary element seen by the senses,
and it has played an important part in the acceptance of foods for
millennia to improve their actual appearance and quality (Ghosh
et al., 2021, 2022).

The microalgal pigment is a natural food coloring component
with commercial use. Carotene is found in large concentrations
in some microalgae (besides beta carotene). Other sorts of colors
can also be seen in microalgae. Beta carotene is used as a
food pigment (most notably to give margarine its yellow color),
as a food additive to enhance the color of fish flesh and egg
yolks, and to enhance the health and fertility of grain-fed cattle.
Natural Beta Carotene has physical features that distinguish it
from synthetic Beta Carotene (Aman et al., 2021). Natural Beta
Carotene is a far superior anti-carcinogen and anti-heart disease
agent because it is fat-soluble. The role of microalgae as a food
coloring source is limited, however, because algal-derived food
coloring is not photostable and bleaches with cooking. Despite
this constraint, the market for microalgae-derived food coloring
has enormous potential. Dunaliella salina is cultivated to produce
beta-carotene, a photosynthetic pigment. Beta-carotene is an
orange color and a vitamin C supplement (Zeid and Dhar,
2012). Lutein is a high-value bioactive molecule that has greater
industrial applications in aquaculture, poultry farming, food
processing, and health care (Low et al., 2020).

Other Food Application

Marine proteins are employed in food owing to their unique
features, including the ability to film foam and gel form. Marine
gelatin is used as a food additive after the partial hydrolysis
of collagen due to its gel-forming capacity, enhancement of
texture, water-holding ability, and food product longevity.
Marine polysaccharides come from numerous creatures and
have several qualities that make them excellent for use in
food. Marine polysaccharides, for example, can bind greater
amounts of water and disperse it in meals. Agar can be utilized
in the confectionery business due to its high sugar content,
bland taste, and lack of flavor in jellies, jams, fruit desserts,
puddings, and custards. By modifying their water binding,
foaming, and emulsifying capabilities, carrageenans are utilized
to vary the texture of a range of meals. Because of their
gel-forming capacity, other marine polysaccharides including,
alginate, chitosan, and fucoidan are also good raw materials
for edible, biodegradable films. Antimicrobial substances, edible
films, additives, nutraceuticals (e.g., enhancing dietary fiber,
decreasing fat absorption), and water purifiers are just a few of
the uses for chitin, chitosan, and its derivatives in food. Other
marine polysaccharides, for instance, alginate, chitosan, and

fucoidan, have a gel-forming potential that makes them ideal raw
ingredients for edible, biodegradable films (Suleria et al., 2016).

CONCLUSION

In the era of modern world biotechnology, research on marine-
derived bioactive chemicals is gaining traction. Natural marine-
derived bioactive substances are favored over chemical-based
manufactured formulations because they are more accessible
and have fewer adverse effects. This study looks at the
biotechnological and medical use of marine-derived bioactive
substances. Bioactives and nutraceuticals can be found in
abundance in marine resources. Due to the numerous potential
health benefits, food products, supplements, and natural health
products containing marine bioactives are predicted to command
a large market. The addition of three fatty acids in foods has
been at the forefront of research and development since they
have proven to be the most beneficial in treating a variety of
health concerns. Many recent studies have focused on marine
algae and their nutraceutical contents, with potential health
advantages linked to the three fatty acids, antioxidants, and other
bioactives found in these organisms. Marine microorganisms
have gotten a lot of attention in bio-discoveries because of
the unique physicochemical traits that they have developed as
a result of surviving in the harsh circumstances of the sea.
Marine organisms, particularly sponges, and their symbiotic
fungus and bacteria, have produced a plethora of bioactive
natural compounds with unique structures, according to a broad
prospectus. Although the use of PLE and SFE for bioactives
extraction is now considered a mature field, new advancements
that can greatly boost the interest in these approaches are still
needed. Methods such as SFE, UAE, SWE, and MAE can be
used to isolate certain bioactive chemicals, according to the
findings. It is possible to optimize their process parameters,
desired extraction yield, and chemical makeup of the extracts.

We believe that the use of novel metabolites produced from
marine microorganisms in current nutraceuticals and functional
foods with advanced health claims is not far off.

Future research should give emphasize on-

e Further research and development of marine functional
foods should be pursued in the hopes that, in the
future, their regular inclusion in the human diet would
result in a reduction in the incidence and severity of
numerous ailments.

e Despite the wide range of applications for marine bioactives
in food, an additional multidisciplinary study is required in
all areas, including chemical composition, biotechnology,
extraction, bioactivity, and toxicity.

e Furthermore, new fermentation technology approaches are
required for the cost-effective commercial synthesis of
marine microbial metabolites.

e To ensure the future success of marine natural health at
specialty products as new and novel therapeutic entities
that can make a significant contribution to the treatment
of human ailments as well as disease risk reduction
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and health care cost reduction, new technologies and
efficient collaborations between academia and industry
will be required.
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