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Abstract: The structurally diverse bioactive compounds found in marine organisms represent valu-
able resources for the food and pharmaceutical industries. The marine ecosystem encompasses over
half of the world’s biota, providing an extensive range of bioactive compounds that can be extracted
from various marine life forms, including marine microorganisms (such as bacteria, cyanobacte-
ria, and actinobacteria), algae (both macroalgae and microalgae), invertebrates (including sponges,
mollusks, echinoderms, and crustaceans), and, most importantly, fish. Many of these organisms
thrive in extreme marine environments, leading to the production of complex molecules with unique
biological functions. Consequently, marine biomolecules, such as lipids (especially polyunsaturated
fatty acids), proteins/peptides, polysaccharides, carotenoids, phenolics, and saponins, exhibit a wide
range of biological properties and can serve as valuable components in nutraceuticals and func-
tional foods. Nevertheless, most of these biomolecules are susceptible to oxidation and degradation;
encapsulation-based technologies tend to preserve them and increase their bioavailability and func-
tions. These biological compounds demonstrate diverse activities, including antioxidant, anticancer,
antithrombotic, anticoagulant, anti-inflammatory, antiproliferative, antidiabetic, antimicrobial, and
cardioprotective effects, making them promising candidates for applications in the food industry.
Despite their numerous health benefits, marine bioactive compounds have remained underutilized,
not only in the food industry but also in the pharmaceutical and nutraceutical sectors. Therefore, this
review aims to provide an overview of the various sources of marine bioactive compounds and their
potential contributions to the food industry.

Keywords: marine bioactive compounds; biological properties; functional foods; food industry

1. Introduction

Bioactive compounds originating from the marine environment are considered vital
sources of functional ingredients with favorable functions for human health in relation to
health promotion and disease risk reduction. Hence, there has been a growing interest in
researching and developing marine-derived functional food ingredients, nutraceuticals,
pharmaceuticals, and dietary supplements [1]. Recent epidemiological studies have re-
vealed dietary marine food products that contain high bioactive molecules with a direct
effect on reducing chronic diseases and cancers and promoting human health. Thus, the
current demand for seafood and its derivatives is associated with their potential as func-
tional foods [2,3]. Moreover, this abundance of functional foods and sources of favorable
compounds have given immense commercial value to marine bioactive compounds in the
food industry. Given the basic definitions and descriptions of bioactives and commercially
important functional foods and nutraceuticals, it is important to understand the importance
of marine-origin foods to derive bioactives and their use in these sectors. Due to the fact
that oceans cover over 70% of the Earth’s surface, their abundant biodiversity makes them
a prime resource for natural products [4,5]. Due to the unique characteristics of the oceanic
ecosystem, such as differing levels of salinity, temperature, and light exposure, a wide
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range of marine bioactive components can be obtained from various origins, encompass-
ing marine animals, plants, and other organisms, each with their distinct assortment of
biomolecules. These include polyunsaturated fatty acids (PUFAs), polysaccharides, pro-
teins/peptides/protein hydrolysates/enzymes, natural pigments, phenolic compounds,
vitamins, and essential minerals [2,3].

Marine by-products, including head, viscera, skin, and bones, often constitute over
50% of the biomass, which contains a wide range of biomolecules and is mostly under-
utilized [6]. For example, sea cucumber by-products, mainly gut materials, represent
up to 50% of sea cucumber body weight, which is a rich source of PUFAs and phenolic
compounds (phenolic acids and flavonoids), exhibiting antioxidant activity [7]. Hence,
marine bioactive compounds hold a significant potential to be a potential candidate in the
value-added nutraceutical, functional food ingredient, and natural health product sector
that can be used for health promotion and food preservation [8]. In particular, due to
tremendous functional (e.g., stabilizing, emulsifying, gelling, and water-thickening) and
biological (e.g., anticancer, antitumor, anti-inflammatory, antihypertensive, antidiabetic,
wound healing, and antimicrobial) properties, marine-derived bioactive compounds have
gained significant interest as a promising source of functional ingredients. For instance,
due to antibacterial and antihypertensive properties as well as foaming and gel-forming
capacities, proteins/peptides are considered one of the most promising ingredients in
the functional food sector. Nowadays, polysaccharides (alginate, agar, carrageenan, and
fucoidan) derived from seaweeds are commonly used in the food industry because of their
distinct physiological benefits [8]. Although the abundance of the sources of bioactives in
the marine environment and their application in the functional food industry is promis-
ing, numerous obstacles must be overcome on the road to the commercialization of these
products. The successful transfer of the technology to the market requires standardization
of analytical methods for the assessment of sensory properties for consumer acceptance,
product quality assurance, and well-designed clinical trials to afford robust evidence for
supporting health claims. Apart from these constraints, the lack of conclusive evidence
for the feasibility of marine bioactives for human consumption causes vast resources to be
abandoned [9,10]. Therefore, to facilitate this discussion, this review focuses mainly on the
sources of marine-derived bioactive compounds and their potential utilization, particu-
larly in the food industry. Moreover, this contribution is focused on discussing the major
sources of bioactives, their chemical properties and synthesis, as well as the limitations of
developing and commercializing them.

2. Marine Sources of Bioactive Molecules

The marine ecosystem is the richest source of life and has phenomenal biodiversity.
It represents untapped functional ingredient resources linked with diverse biological
activities. Based on their bioactive properties, their discovery and inclusion in food products
are relatively new compared to bioactive compounds derived from terrestrial sources.
Many unutilized and underutilized species in the marine world possess high nutritional
value. A plethora of compounds such as lipids (polyunsaturated fatty acids, PUFAs),
proteins (peptides), polysaccharides, phenolics, pigments, and other secondary metabolites
from different marine sources, including prokaryotes micro- and macroalgae, seaweeds,
invertebrates (e.g., sponges, mollusks, echinoderms, and crustaceans), and vertebrates like
marine fish and marine mammals and also all their by-products, can be of much support to
the functional food industry (Figure 1) [1,7,8].

2.1. Marine Microorganisms

Ocean microbial life is considered one of the most dynamic parts of the marine en-
vironment. Thus, marine ecology is well known for its highly diversified nature and has
been subjected to numerous investigations. Moreover, it has received growing attention
as a potential source of bioactive compounds, mainly due to its unique characteristics
associated with the adaptations to extreme conditions of the deep sea [11]. The ability to
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thrive in extreme marine habitats with a wide range of factors, such as pressure, salinity,
and temperature, under the competition for nutrients and symbiosis and with highly oxida-
tive environments has facilitated the development of unique metabolic and physiological
capabilities. These capabilities have resulted in the production of a plethora of bioactive
compounds, such as enzymes, vitamins, antibiotics, biosurfactants, and bio-emulsifiers,
which have been identified as contributors to both the pharmaceutical and food indus-
tries [12]. When considering the nutraceutical and functional food sectors, metabolite
profiles of microorganisms are directly related. In particular, marine bacteria, fungi, and
microalgae play a vital role in producing natural products compared to terrestrial microor-
ganisms. It is stated that marine microorganisms possess some distinguished characteristics
related to their structural and functional properties as compared to microorganisms present
in other habitats such as soil, air, freshwater, industrial effluents, and wastewater [13].
For instance, marine-derived fungi (Aspergillus sydowii) contain various constituents, in-
cluding alkaloids, terpenes, xanthones, anthraquinones, pyrones, sterols, diphenyl ethers,
cyclopentenones, and polyketides, as well as various enzymes such as α-amylases, lipases,
keratinases, xylanases, cellulases, and tannase, which have industrial and biotechnological
potential [14]. However, all marine microbial products, including their metabolites, are not
suited for food product development due to a lack of knowledge and research related to
food regulatory requirements.

Figure 1. Marine-derived bioactive compounds and their major functions.

2.1.1. Bioactive Polysaccharides from Marine Microbiota

Marine microbially derived polysaccharides are commonly used in the food industry
as stabilizers, emulsifiers, gelling, and water-thickening agents. According to their location
in the microbial cell, these microbial polysaccharides can be categorized into three major



Appl. Sci. 2023, 13, 12088 4 of 29

groups: cell wall, intercellular, and exocellular polysaccharides. In particular, exopolysac-
charides, or exocellular polysaccharides (EPSs), are promising types of polysaccharides
for industrial purposes due to their purity and ease of isolation. Pentoses, hexoses, amino
sugars, uronic acid, acetic acid, pyruvic acid, phosphoric acid, and sulfuric acid are com-
mon sugar and non-sugar components frequently found in bacterial exopolysaccharides.
Most microorganisms discharge these EPSs into their exocellular environment, and their
primary role is to protect the cell in its environment; in other words, their physiological
role depends on their ecological niche as they assist the microorganisms in growth by ad-
hering to solid surfaces and surviving adverse conditions [15,16]. Moreover, most EPSs are
synthesized by microorganisms and may be excreted out of the cell as soluble or insoluble
polymers. EPSs can further be classified into two major groups, homopolysaccharides
and heteropolysaccharides, while the majority of EPSs are heteropolysaccharides. Gener-
ally, heteropolysaccharides are represented by guaran, heparin, mannan, and chondroitin
or di-heteropolysaccharides, including fucoidan, hyaluronic acid, and agarose, showing
various biological activities, including antitumor activity [17]. Generally, EPSs of ma-
rine bacteria are comprised of heteropolysaccharides that contain three or four different
monosaccharides. Most of the EPSs are polyanionic, with the presence of either uronic acid,
ketal-linked pyruvate, or inorganic residues, while some EPSs function as neutral macro-
molecules. Additionally, most of the reduced carbon in the ocean is in the form of EPSs,
and it could facilitate the growth of microorganisms by maintaining their physiochemical
environment. Under extreme marine environmental conditions, marine microorganisms
produce structurally and functionally diverse EPSs [15,16].

Marine Bacteria

Among marine microorganisms, many species of gram-negative and gram-positive
bacteria, fungi, archaea, and cyanobacteria are considered to be EPS producers in the marine
environment. When considering marine bacterial species, Pseudoalteromonas sp., Pseudoal-
teromonas sp., Alteromonas macleodii subsp., Pseudoalteromonas sp., Pseudoalteromonas sp.,
and Vibrio sp. are the major heteropolysaccharide producers. Table 1 reports several gram-
positive and gram-negative bacteria present in the marine environment and their functions.

Table 1. Exopolysaccharides produced by different bacterial species.

Bacteria Species Strains Producing EPSs Characteristics of Exopolysaccharide Functions References

Bacillus
Bacillus B3-15, Bacillus
B3-72, Bacillus licheniformis,
and Bacillus thermoantaticus

Different types of EPSs, consisting of
tetra saccharide repeating units or
structurally different EPSs consisting of
trisaccharide repeating unit with a
mannopyranoside configuration

Antiviral and
immunomodulatory
effects

[15,16,18]

Halomonas Halomonas sp. TG39 Heterogenous polymer Emulsifying activity [19]

Planococcus Planococcus maitriensis
Anita I

Contained carbohydrate, protein, uronic
acid, and sulfate Emulsifying activity [20]

Enterobacter Enterobacter cloacae
Acidic polysaccharide which contained
high amount of uronic acid, fucose, and
sulfate

Emulsifying activity [19]

Alteromonas Alteromonus sp. 1545
Contained glucose, galactose, gluronic
acid, galacturonic acid, and
4,6-0-(1-carboxyethilidine)-galactose

Antiviral activity [21]

Bacterial EPSs are widely used in numerous fields, such as medicinal, food, and other
industrial applications, including heavy metal removal and oil recovery [22]. Their prop-
erties, such as thickening, coagulation, adhesion, stabilization, and gelling, enhance their
potential application in various sectors. Due to novel combinations of EPSs and their struc-
turally diversified nature, they play a vital role in the pharmaceutical industry. For example,
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antitumor, antiviral, and immunostimulant activities in polysaccharides produced by ma-
rine Vibrio and Pseudomonas, Bacillus licheniformis, and Geobacillus thermodenitrificans
produced EPSs, which are considered to be immunomodulatory agents [19]. In addition to
their pharmaceutical applications, EPSs can be used as gelling agents and exhibit preferred
thermal stability and clarity. Moreover, their participation in removing heavy metals also
plays a vital role in marine microorganisms’ EPSs when it comes to environmental pollution.
EPSs produced by the marine bacterium Zooglea sp. have been identified as adsorbents of
metal ions such as chromium, lead, and iron in a solution resembling a natural environment
and remove these types of pollutant and toxic elements [22,23]. Nevertheless, the emulsifi-
cation and surface-active properties of EPSs have attracted attention for bioremediation
and oil recovery. Apart from the above bacterial species, lactic acid bacteria (LAB) also
play a major role in producing EPSs and have a better potential to be applied in foods.
Lactobacilli can produce diversified EPSs and are popular for their application in fermented
food products as texturing agents. Their role in dairy products is explained in the literature
to be due to their contribution to the consistency and rheology of fermented milk products.
Besides, lactobacilli are well-known as bacteria that are generally recognized as safe (GRAS),
which may help their application in food product development [23,24].

On the other hand, marine actinobacteria are considered one of the emerging sec-
ondary metabolite producers among marine microorganisms, which have gained much
industrial attention. Representatives of the order Actinomycetes are usually filamentous
gram-positive bacteria and are known for producing biologically active secondary metabo-
lites. These actinomycete-derived compounds are considered to be antitumor, antibiotic,
anthelmintic, and antifungal agents [25].

Marine Cyanobacteria

There is a competitive and appealing interest in marine cyanobacteria compared to
terrestrial cyanobacteria as they produce polysaccharides, and their EPSs possess unique
biochemical properties. Polysaccharides produced by cyanobacteria are complex het-
eropolymers comprised of at least 10 different monosaccharides, including hexoses, pen-
toses, deoxyhexoses, and acidic hexoses. Moreover, the presence of pentoses is considered
a unique property in cyanobacterial EPSs as it is often absent in prokaryotic origin acidic
sugars and exhibits an anionic character due to the presence of anionic substances such
as pyruvyl, acetyl, phosphate, and sulfate [2,26,27]. Since the 1950s, various EPSs have
been discovered from different strains of cyanobacteria. For example, Sing et al. [28] re-
ported that EPSs produced by most cyanobacteria are present as sheaths, capsules, and
slimes. These polysaccharides are mostly known as released polysaccharides (RPSs) from
cyanobacteria, and most of the RPS-producing monosaccharides are obtained from Chroococ-
cus, Gloeothece, and Synechococcus. Several studies have reported that glucose is the most
abundant monosaccharide found in RPS, and arabinose, galactose, or fucose may also fre-
quently be found in cyanobacterial RPS. Furthermore, cyanobacterial RPS has been studied
for the presence of sulfated polysaccharides (SPs), and research remains in the developing
stages [19,27,28]. However, according to Sardari et al. [18], industrial interest is more in
microbial polysaccharides, mainly those composed of a lower number of monomers. The
most common industrial use of microbial polysaccharides is as thickening agents for stabi-
lizing the flow properties in aqueous solutions under different conditions, such as changes
in temperature, ionic strength, and pH [29]. For instance, Anabaena ATCC 33047, Cyanospira
capsulata, Nostoc, and Cyanothece, among other strains, are capable of producing RPSs that
have considerable rheological properties. Furthermore, RPSs produced by cyanobacterial
strains like Aphanocapsa, Cyanothece, Nostoc, Phormidium, and Synechocystis are considered
promising sources as stabilizers, emulsifiers, or bio-flocculants [30].

2.1.2. Proteins and Bioactive Peptides from Microbiota

Microorganisms, including Chlorella, Dunaliella, Micractinium, Spirulina, Oscillatoria,
Scenedesmus, Chlamydomonas, and Euglena, are considered high-quality protein sources [31].
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Moreover, these microalgal species are considered alternative protein sources for food
applications due to their favorable amino acid profiles. In particular, S. platensis is identified
as a major source of bioactive proteins as more than 75% of the protein nitrogen could
be extracted from hexane-defatted biomass [5]. Furthermore, several studies, based on
compositional analysis of microalgal proteins, have revealed that they could be used directly
as supplements or for formulating other health products such as nutraceuticals [31]. This
is mainly due to their enormous diversity and metabolic versatility. In particular, marine
microorganisms have attracted considerable attention as a resource for new enzymes as
they are more stable and active compared to enzymes from plant or animal origin [32].
Numerous studies have identified a wide range of enzymes with special functions from
marine bacteria, fungi, actinomycetes, and other marine microorganisms. These microbial
enzymes are being utilized in numerous industries, such as food, leather, textile, and
animal feed, as well as in bioconversion and bioremediation [33]. The complexity of the
marine environment and extreme environmental conditions, including low temperature,
high salinity, and extreme pressures, may determine the differences between enzymes
originating from marine microorganisms and enzymes derived from terrestrial sources [31]
(Table 2).

In addition to this, bioactive peptides derived from marine organisms possess nu-
merous therapeutic activities, including antihypertensive, anticancer, anti-inflammatory,
antioxidant, antimicrobial, and immunomodulatory activities, mainly due to their amino
acid composition. Moreover, they are often used in the pharmaceutical industry because
of their significant therapeutic potential [31,34]. For example, protein hydrolysate and
peptides obtained from Porphyridium sp. showed the potential to prevent inflammation,
hypertension, and pain. In particular, protein hydrolysates were incorporated into food car-
riers (jelly candies) and found their antihypertensive effects in spontaneously hypertensive
rats [35].

Table 2. Enzymes derived from marine microorganisms and their applications.

Type of Enzymes Responsible Microorganism Applications References

Protease Aureobasidium pullulans, Bacillus mojavensis, Psychrobacter,
Clostridium, Rhizopus, Penicillium, and Aspergillus

Pharmaceutical (digestive
drugs and anti-inflammatory
drugs), detergent, and leather
industries

[34,36]

Lipase

Penicillium Oxalicum, Aspergillus flavus, Moraxella,
Candida intermedia, Pichia guilliermondii, Lodderomyces
elongisporus, Candida parapsilosis, Candia rugosa, Candida
quercitrusa, and Yarrowia lipolytica

Detergents, cosmetic
production, paper production,
and food flavoring

[33,34,37]

Chitinase and
chitosanase

Aspergillus, Penicillium, Rhizopus Myxobacter,
Sporocytophaga, Bacillus, Enterobacter, Flavobacterium,
Arthrobacter, Vibrio parahaemolyticus, S Vibrio fluvialis,
Vibrio mimicus, Vibrio alginolyticus, Listonella anguillarum,
Klebsiella, Pseudomonas, Serratia, Chromobacterium,
Clostridium, and Aeromonas hydrophila

Pharmaceutical, functional
food, and cosmetic sectors [33,38,39]

Agarases Pseudomonas galatica, Cytophaga, Alteromonas, Bacillus,
Vibrio, Pseudoalteromonas, Streptomyces, and Pseudomonas

Food industry (beverages,
bread, cookies, and some
low-calorie food)

[33,34,40]

Cellulase
Cytophaga, Cellulomonas, Vibrio, and Clostridium, Nocardia,
Streptomyces, Trichoderma, Aspergillus, Fusarium,
Chaetomium, Phoma, Sporotrichum, and Penicillium

Cotton and linen product
processing, bio-textile
auxiliaries, and bio-fertilizer
processing

[33,34,38,41]

Xylanases Aspergillus niger and Penicillium chrysogenum Paper and pulp industries and
beverage clarification [33,42]
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2.1.3. Fatty Acids from Microbiota

Marine microorganisms such as bacteria, protists, yeast, dinoflagellates, and fila-
mentous fungi have been identified as producers of long-chain PUFAs in the marine
environment. Moreover, numerous bacterial species (e.g., Vibrio marinus, Moritella marina,
and Shewanella marinintestina) of marine origin have been found to have long-chain PUFAs,
especially the omega-3 and omega-6 series of fatty acids, including eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA). In particular, EPA production is mainly observed
in fungi and microalgae [43]. In addition, microalgae, including Spirulina, provide an
interesting source of fatty acids, including lauric, palmitic, oleic, and gamma-linolenic
acids with the omega-3 fatty acid DHA, and it has been reported to contain sterols, in-
cluding clionasterol [44]. The content of PUFAs in marine microalgae is higher than that
of freshwater microalgal species, as marine microalgae deliver higher amounts of PUFAs
to survive in extreme marine environments. Furthermore, microalgae are also able to
alter PUFA production rates with the growth phases. Nannochloropsis spp., Phaeodactylum
tricornutum, Porphyridium cruentum, and Chaetoceros calcitrans have been reported as the
best EPA-producing microalgae, while Cryptecodinium spp. and Isochrysis galbana are more
suitable for extracting DHA [45].

As conventional sources of PUFAs, fish oils encounter several natural constraints
and limitations, such as producing undesirable odors and suffering from low stability.
Furthermore, the purification of PUFAs (e.g., DHA) from fish sources is relatively expensive
due to technical difficulties [46]. In contrast, microbial PUFA production is sustainable
and independent of climatic or seasonal changes as marine microorganisms, including
microalgae and fungi, are able to grow on a diverse range of substrates with relatively rapid
growth rates. For instance, microalgae, such as Amphidinium sp., contain up to 48% of their
cell fatty acids as DHA [47]. Various yeast and fungal species have also been identified as
potential alternative sources to produce long-chain PUFAs. For example, Cunninghamella
echinulate, Mucor circinelloides strainsa, Thamnidium elegans strains, Yarrowia lipolyticab,
and Zygorhynchus moelleri have been reported as PUFA-producing fungi [46]. Various
microbial oils are already commercially produced and can be manipulated by maintaining
culture conditions, such as providing unique substrates for microbial enzymes and genetic
engineering to enhance microbial lipid-producing biosynthetic pathways. Large-scale
production of PUFA-rich microbial oils has already been popular in the industrial world
with genetically modified strains [46,48].

2.2. Marine Algae

Marine algae are a significant source of bioactive compounds in the ecosystem, consti-
tuting over 90% of all marine plants. These photosynthetic organisms lack true stems or
roots and encompass a wide array of species, ranging from unicellular microscopic microal-
gae to multicellular macroalgae of varying sizes [49]. The latter are commonly referred to
as seaweed and are categorized into three distinct groups based on their pigmentation: red
(Rhodophyta), brown (Pheophyta), and green (Chlorophyta). Their nutritional and chemi-
cal compositions are subject to various influences, including geographical origin, species,
seasonal and environmental factors, physiological variations, and processing methods,
among others.

2.2.1. Macroalgae

Seaweeds are well known for their abundance of dietary fiber, polysaccharides, pro-
teins, lipids, minerals, and vitamins, as well as other phytochemicals. Furthermore, they
encompass a range of bioactive compounds, including phenolic compounds, known for
their antibacterial, antiviral, antifungal, anticancer, and antioxidant functions [50]. Owing
to their diverse biological activities, they have gained increasing interest as a promising
source of pharmaceutical products and functional food ingredients. Due to their functional
and health-beneficial properties, most East Asian consumers incorporate seaweeds into
their cuisine as a functional food ingredient. On the other hand, microalgae are microscopic
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organisms (around 20 µm) and are frequently characterized as phytoplankton, including
diatoms (phylum Ochrophyta, class Bacillariophyceae), dinoflagellates (phylum Myzozoa,
class Dinophyceae), blue-green algae (phylum Cyanobacteria, class Cyanophyceae), and
green and yellow-brown flagellates such as prymnesiophyta, prasinophyta, chlorophyta,
and cryptophyta, among others [51,52]. Among them, Nostoc, Arthrospira (Spirulina),
edible blue-green algae, and Aphanizomenon are very common species that have been
used for centuries [53]. They have a rich profile of PUFAs, polysaccharides, carotenoids,
and chlorophyll pigments, which have been used in the food and pharmaceutical sectors.
For example, Dunaliella salina is a rich source of vitamin A and PUFAs and is cultured on a
commercial scale [54].

Macroalgae Polysaccharides

Seaweed is a rich source of polysaccharides, mainly SPs, which demonstrate strong
biological and physicochemical characteristics, suggesting their potential to be used in
different sectors, including food production. A wide range of polysaccharides have been
identified in seaweed, mainly observed as storage polysaccharides and in cell wall struc-
tures. The primary components of cell wall polysaccharides consist of hemicelluloses,
cellulose, and neutral polysaccharides, which serve to impart structural strength to the
thallus when submerged in water. For instance, polysaccharides in brown algae consist
of laminarin (β-1,3 glucan), fucoidan (sulfated fucose), cellulose, sargassan, alginates, and
mannitol, while green algae contain sulfated galactan, SPs, and xylans. Moreover, red algal
polysaccharides are mostly carrageenans, water-soluble sulfated galactan, agars, xylans,
floridean starch (amylopectin-like glucan), and porphyran [19,50,55]. In particular, polysac-
charides with sulfated hemi-ester groups linked to sugar moieties are observed as galactan
(agar and carrageenan) in red algae (Rhodophyceae), fucoidan (fucoidans, ascophyllan,
and sargassum) in brown algae (Phaeophyceae), and arabinogalactans with a lesser content
of sugars in green algae (Chlorophyceae) [7,19,56]. Generally, SPs can be categorized into
three distinct groups such as water-soluble ulvan found in green algae (which consists of
sulfated aldobiouronic acid and sulfated rhamnose), linear carrageenan and galactan found
in red algae, and water-soluble fucoidan found in brown algae (xylose, uronic acid, fucose,
and galactose) [19,56].

The percentage of polysaccharides in seaweed species can go up to 75% on a dry weight
basis, while green seaweeds, mainly Ulva, contain a high level of polysaccharides [53].
For example, U. lactuca contains over 80% polysaccharides, mainly ulvan, a functional,
structural, and storage polysaccharide [57]. Most of these polysaccharides are mainly
dietary fibers, which promote gut health by maintaining the intestinal environment, and
the total fiber content of seaweed can vary between 29 and 62% [55]. These dietary fibers
can be categorized into two groups: water-soluble, namely alginic acid, agars, porphyrin,
furonan, and laminaran, and insoluble dietary fibers, such as mannans, cellulose, and xylan.
Soluble fibers can transfer through the gastrointestinal (GI) tract without digestion, and they
can enhance the feeling of satiety due to their bulking capacity [58]. For instance, brown
seaweed alginates could involve fecal bulking, water-binding, and reducing transit time in
the gut, inhibiting colon cancer. Apart from controlling and maintaining intestinal flora,
algal fibers or SPs can act as prebiotics, enhancing the growth promotion of gut microbiota
in the GI tract. In particular, SPs obtained from marine algae demonstrate a wide range of
bioactivities, including anticoagulant and antioxidant activities. For instance, fucoidan in
brown algae (Phaeophyceae), ulvan in green algae (Chlorophyceae), and carrageenan in
red algae (Rhodophyceae) are the common SPs that showed antioxidant activity [55,59].
The effectiveness of these polysaccharides in terms of their antioxidant activities primarily
depends on factors such as the degree of sulfation, molecular weight, glycosidic bonds, and
type of main sugars, among others. Specifically, the antioxidant activity of SPs could be due
to the donating ability of hydrogen atoms/electrons to free radicals or chelating transition
metal ions (e.g., Cu2+ and Fe2+) since they are extremely nucleophilic [60]. Apart from their
antioxidant potential, these polysaccharides, due to their unique structural composition,
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possess antiproliferative, anticoagulant, antithrombotic, antitumoral, anti-inflammatory,
anticomplementary, and antiviral activities (Table 3). In addition to fucoidans, the other
storage and structural polysaccharides, such as carrageenan, agar, and alginate, are widely
utilized commercial polysaccharides found in macroalgae. They exhibit stabilizing and
textural characteristics that are broadly used in the food industry for purposes such as gel
formation, thickening, product stabilizing, and the development of water-soluble films [49].

Table 3. Sulfated polysaccharides derived from marine algae and their health benefits.

Biological Activity Sulfated Polysaccharides Health Benefits Species References

Antioxidant Fucoidan and laminaran

Showed potential to prevent
cancer, neurodegenerative,
diabetes mellitus, and
inflammatory diseases

Sargassum fulvellum, Fucus
vesiculosus, and Laminaria
japonica

[56,61]

Anticoagulant Fucoidans and
carrageenan

Enhanced the inhibition of
thrombin and showed
anticoagulant activity

Codium fragile, Codium
cylindricum, and Monostroma
nitidum

[56,62,63]

Antiallergic Fucoidans

Reduced IgE production in
both peripheral blood
mononuclear cells from
healthy donors and atopic
dermatitis patients

Undaria pinnatifida, P.
binghamiae, Ishige okamurae,
Hizikia fusiformis, Meristotheca
papulosa, Porphyra yezoensis,
S. thunbergia, and E. cava

[19,64]

Antiviral
Fucoidan, carrageenan,
galactan sulphate, and
xylomannan sulphate

Inhibited virus adsorption to
cells by competing with virus
binding to cells interacting
synergistically with the target
cell to block the entry of virus
novel therapeutic candidates
for Herpes simplex virus (HSV-1)
and human immunodeficiency
virus type (HIV)

Codium fragile, Caulerpa
racemose, Sargassum horneri,
Sargassum patens, Undaria
pinnatifida, Cryptonemia
crenulate, Nemalion
helminthoides, Chondrus
crispus, and
Gelidiumcartilagineum

[65,66]

Anticancer activity Fucoidans
Inhibited tumor cell
proliferation and tumor cell
adhesion to various substrates

Ecklonia cava and Porphyra
yezoensis [67,68]

Immunomodulating
activity Carrageenan

Stimulated macrophages
modulation and have
promising anti-inflammatory
activities

Porphyra yezoensis, Gracilaria
verrucosa, and Ulva rigida [62,69]

Macroalgae Proteins, Peptides, and Amino Acids

Macroalgae are a significant source of marine-derived proteins, amino acids, and
peptides with various biological activities. These proteins are found within cell walls, often
in conjunction with enzymes, polysaccharides, and pigments [49]. The composition of
protein in macroalgae varies based on factors like species, geographic location, season,
and cultivation conditions. Generally, red and green seaweeds contain a higher protein
content (9–47%) than brown seaweeds (4–24%). Despite fluctuations in essential amino
acid concentrations, research indicates that macroalgae encompass all essential amino
acids. The amino acid levels in seaweed are aligned with the dietary protein requirements
outlined by the FAO/WHO, suggesting their potential as an alternative protein source [70].
Moreover, seaweed is rich in acidic amino acids like glutamic and aspartic acids but
may lack cysteine, tryptophan, lysine, and methionine, which are graded limiting amino
acids [49]. For instance, Palmaria palmate (dulse) is abundant in essential amino acids such
as valine, leucine, and methionine, resembling the amino acid composition of ovalbumin.
Additionally, the protein content in most seaweeds is substantial, which is akin to that
found in terrestrial plants like soybeans [71].
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The attention directed towards the compositional, structural, and sequential attributes
of peptide sources from marine algae has significantly increased, owing to their extensive
application in the food and pharmaceutical sectors. Developing these bioactive peptides
from most seaweeds poses challenges because of the significant amount of polysaccharides
in their cell walls. Nevertheless, in comparison to methods like solvent extraction and
microbial fermentation, enzymatic hydrolysis is widely used in the food and pharma-
ceutical industries. For instance, enhancing peptide production from seaweed has often
involved the application of digestive enzymes or proteolytic microorganisms for enzy-
matic hydrolysis [60]. Typically consisting of 3–20 amino acid residues, bioactive peptides’
biological activities, such as their antihypertensive, antithrombotic, immunomodulation,
anticancer, and antioxidant properties, are determined by their amino acid composition
and sequence [7]. Hydrophobic amino acids like valine, leucine, and proline are commonly
found in the peptide sequences of marine-derived peptides known for their antioxidant
activities. Marine microalgae have yielded antioxidant peptides like glutathione and
carnosine, which are typically associated with animal muscles [72]. Additionally, protein
hydrolysates sourced from macroalgae have been identified as a promising source of antiox-
idants. The principal constituents of free amino acids in seaweed encompass aminobutyric
acid, taurine, alanine, citrulline, ornithine, and hydroxyproline, with their proportions
depending upon seaweed species. Taurine (2-aminoethanesulfonic acid) stands out among
these amino acids, playing a critical role in various biological functions such as blood pres-
sure regulation, conjugating bile acids, and acting as an anti-inflammatory, antioxidant, and
hypocholesterolemic agent [73]. Additionally, various types of seaweeds contain uncom-
mon amino acids, including mycosporine-like amino acids (MAAs), which are renowned
for their antioxidant properties [49]. Nevertheless, the most extensively studied functional
algal proteins fall into two main categories: phycobiliproteins (phycocyanins, phycoery-
thrin, and allophycocyanins) and lectins. Phycobiliproteins form complexes of proteins
and pigments (phycobilins) and are considered highly soluble fluorescent proteins. These
are broadly applied as fluorescent markers in the biotechnology field and serve as natural
colorants for the cosmetic and food industries. Furthermore, certain phycobiliproteins ex-
hibit anti-inflammatory, antioxidant, antiviral, hypocholesterolemic, neuroprotective, and
lipase inhibition activities [74]. On the other hand, macroalgal lectins, which are typically
bound with glycoproteins and carbohydrates, have also been obtained from both green and
red algae (e.g., Ulva sp.). These bioactive lectins play diverse roles in biological processes,
including antibacterial and antiviral activities, intercellular communication, antitumor and
anti-inflammatory effects, and binding and recognition of carbohydrates [75,76]. Nonethe-
less, seaweed proteins face limitations in digestibility due to their elevated phenolic content,
especially in brown algae. Conversely, red and green algae generally offer better protein
availability due to their low phenolic content [77]. Aside from phenolic compounds, the
digestibility of proteins can also be influenced by abundant dietary fibers, polysaccharides,
and lectins, as well as the extent of protein glycosylation. Consequently, augmenting the
digestibility of these proteins can be accomplished by eliminating polysaccharides through
enzymatic methods. However, more research is required to uncover the in vivo digestibility
of algal proteins while devising effective strategies for enhancing the bioaccessibility of
these proteins [49,55].

Macroalgae Lipids and Fatty Acids

Phospholipids and glycolipids are the predominant lipid types in seaweed, making
up roughly 1–5% of their cell walls. While seaweed has a lower lipid level than terrestrial
plants like soy and sunflower, it contains a high amount of PUFAs. The lipid composition of
seaweed differs based on factors such as species, season, location, salinity, temperature, and
light intensity [49]. In particular, lower temperatures lead to increased PUFA accumulation
in algae [78]. Various species of macroalgae have substantial quantities of EPA and DHA.
Specifically, EPA stands out as the primary fatty acid in most seaweeds, making up over
50% of the total fatty acids. Notably, brown and red algae are rich in EPA, linoleic acid, and
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α-linolenic acid, whereas green seaweeds have higher levels of oleic, hexadecatetraenoic,
and palmitic acids. For example, Ulva sp. (e.g., Ulva pertusa) are high in hexadecatetraenoic
acid, while Laminaria sp. (e.g., Laminaria ochroleuca and Undaria pinnatifida) are abundant in
octadecatetraenoic acid [79]. Nevertheless, their role as a food energy source seems limited
due to their relatively low lipid level (~4.5%). Nonetheless, different red seaweed species
have phospholipid levels ranging from 10 to 21% of their total lipid level, together with
nearly equivalent amounts of glycolipids such as monogalactosyldiacylglycerol (MGDG),
sulfoquinovosyl diacylglycerol (SQDG), and digalactosyldiacylglycerol (DGDG). Green
algae, on the other hand, predominantly contain MGDG and DGDG as their major gly-
colipids [51]. Thus, the growing interest among research groups and consumers in lipid
products rich in PUFAs has spurred the exploration of alternative methods for extracting
lipids from algal sources. One such method, using chloroform/methanol to extract PUFAs
from seaweed, has demonstrated higher PUFA yields, though their safety is always a
concern [80].

2.2.2. Microalgae

Microscopic marine organisms known as microalgae (~20 µm) are located in both
littoral and benthic environments and exist in the ocean as phytoplankton, which are
considered the earliest and most organized members of the plant kingdom. These phy-
toplankton populations often encompass various types, including diatoms, green algae,
blue-green algae, dinoflagellates, and yellow-brown flagellates. In particular, dinoflagel-
lates, green and yellow-brown flagellates, and Bacillariophyceae (diatoms) also share many
of the same photosynthetic pigments that are similar to those found in terrestrial plants.
Consequently, they are rich sources of bioactive compounds and biochemicals such as
pigments like carotenoids and chlorophylls, PUFAs, polysaccharides, antioxidants, sterols,
and vitamins. For instance, diatoms produce essential PUFAs such as DHA, EPA, and
other omega-3 fatty acids, as well as substances like fucoxanthin and chlorophyll [81,82].
Nonetheless, environmental conditions such as abiotic stresses and salinity could affect the
pigment and antioxidant components of microalgal species (e.g., Tetraselmis tetrathele) [83].
However, a significant number of these bioactives found in microalgae are not suitable
for human consumption due to the potential production of potent neurotoxins or hepato-
toxins [51]. Consequently, ensuring their safety is crucial before considering their use for
human consumption.

2.2.3. Other Biomolecules from Marine Algae

Some of the other valuable components originating from algae include pigments,
phenolic compounds, and vitamins. Many of the pigments found in algae are photosyn-
thetic compounds that are crucial for autotrophic organisms to capture solar energy during
photosynthesis [82]. The principal types of photosynthetic pigments in marine life consist
of phycobiliproteins, carotenoids, and chlorophylls. Carotenoids act as potent antioxi-
dants, neutralizing reactive oxygen species (ROS). In green algae, lutein, violaxanthin,
β-carotene, zeaxanthin, and neoxanthin are abundant, while red algae predominantly con-
tain lutein, α- and β-carotenes, and zeaxanthin. In brown algae, violaxanthin, β-carotene,
and fucoxanthin are prevalent [84]. Fucoxanthin, which is among the most abundant
carotenoids, displays antioxidant, antidiabetic, antiangiogenic, antiviral, anticancer, and
antiphotoaging properties, as well as anti-obesity effects. Other carotenoid derivatives
like diatoxanthin, heteroxanthin, peridinin, and siphonaxanthin may also be present in
algae [81]. Conversely, β-carotene, with provitamin A potential, has demonstrated cancer
prevention abilities and a reduced risk of cardiovascular and ophthalmological ailments. Its
antioxidant characteristics counteract the detrimental effects of free radicals, with naturally
sourced microalgal β-carotene being more biologically active than its synthetic counter-
part [85]. Tocopherol, a potent antioxidant, is found in α-, β-, and δ-tocopherol forms across
microalgae species (e.g., Tetraselmis) and can aid in preventing cardiovascular diseases [81].
Apart from this, chlorophylls, lipid-soluble pigments, are often utilized as natural colorants
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in the food and beverage industries. These pigments can undergo transformations during
food processing and ingestion by humans, converting them into pyropheophytin, pheo-
phytin, and pheophorbide. In particular, pigments (e.g., fucoxanthin, zeaxanthin, lutein,
and β-carotene), phenolic compounds (e.g., anthocyanin and phlorotannins), proteins
(e.g., phycobiliproteins), and glycosides are among the colorants derived from marine
algae, which also provide nutritional value to food products in addition to enhancing its
acceptability, appeal, and flavor. Additionally, chlorophylls and their derivatives exhibit
other bioactivities, including antigenotoxic, anticancer, antioxidant, antimutagenic, and
anti-obesogenic properties [52,85,86].

Marine algae are a rich source of phenolic compounds, rendering them highly potent
bioactive resources in marine ecosystems. Seaweed species like Undaria sp., Laminaria sp.,
Porphyra sp. (red algae), and Fucus sp. (brown algae) are notable sources of phenolic
compounds. Generally, phenolic acids, such as protocatechuic, caffeic, gallic, chlorogenic,
p-hydroxybenzoic, vanillic, and salicylic acids, and flavonoids, such as quercetin, narin-
genin, apigenin, luteolin, hesperidin, kaempferol, catechin, genistein, and epicatechin, were
found in different species of marine algae. Typically, brown algae contain a higher content
of tannins, primarily due to elevated phlorotannin levels, than the red and green algae.
Phlorotannins contribute to numerous biological activities, encompassing antioxidant, anti-
tumor, anti-inflammatory, antidiabetic, antiallergic, and antihypertensive effects. Moreover,
phenolic compounds from marine algae could be used as alternatives to synthetic antioxi-
dants, which are useful for rendering lipid oxidation in oils as well as fish and fish-based
products [49,87,88]. For example, Das et al. [89] identified around 100 bioactive compounds,
mainly polysaccharides, flavonoids, tannins, glycosides, and steroids, from seagrass (Cy-
modocea serrulata) and red seaweed (Kappaphycus alvarezii), which exhibited antioxidant and
antibacterial properties. Aside from this, marine algae also serve as a valuable vitamin
source. To illustrate, red algae contain B vitamins (B1, B2, and B12), while green algae
encompass vitamins E and C. Vitamin C is found in all macroalgae, with red algae being
notably employed to combat scurvy stemming from vitamin C deficiency. Seaweed can
exceed daily vitamin requirements, particularly for vitamins A, B12, B2, and C [90]. Beyond
pigments, phenolics, and vitamins, marine algae are also renowned for their richness in es-
sential minerals (e.g., magnesium, sodium, calcium, potassium, and phosphorus) and trace
minerals (iodine, zinc, and manganese). Their mineral presence is attributed to their ability
to accumulate inorganic matter from seawater [51]. The mineral composition of marine
algae is contingent upon the species and can vary due to factors like environment, geogra-
phy, seasonality, and physiology. In particular, marine algae can contain mineral levels 10
to 100 times higher than those in terrestrial plants. Indeed, the mineral content of specific
algal species (e.g., red and brown algae) can extend to approximately 40% when measured
on a dry weight basis, whereas spinach, known for its remarkable mineral content, has
been documented to possess only 20% dry weight mineral content [88]. As a result, selected
marine algae are broadly incorporated into dietary supplements to meet mineral and trace
element requirements. Furthermore, owing to the balanced ratio of sodium and potassium,
mainly evident in green algae like Ulva rigida, these algae might contribute positively to
preventing hypertension [55]. Therefore, marine algae or their products exhibit an array
of health benefits, encompassing the prevention of various ailments such as symptoms of
osteoporosis, hypocalcemia, goiter, cretinism, and mental disorders [85]. Consequently, it is
crucial to make concerted efforts to expand their inclusion in innovative food formulations
and to rigorously assess the purported health benefits tied to these novel products.

2.3. Marine Invertebrates

Marine invertebrates, including sponges, mollusks, echinoderms, and crustaceans,
have attracted scientific and economic interest worldwide as promising sources of novel
bioactive compounds. These multicellular non-chordates belong to a wide range of species,
from phylum Porifera to phylum Echinodermata [91]. Their abilities to thrive in extreme
halobiotic environments and their metabolic activities have been important drivers in
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the production of a diverse array of bioactive compounds. These molecules with unique
structural features exhibit numerous biological activities with, for example, antioxidant,
antibacterial, antiviral, anthelmintic, antifungal, anticancer, antihypertensive, and immune-
modulatory properties [92,93]. Moreover, extensive research on marine bioactives high-
lighted that marine invertebrates (non-chordates) are the most interesting group for the
discovery of marine natural products.

2.3.1. Sponges

Sponges, belonging to the phylum Porifera, are the oldest and the most primitive of the
metazoans, with a global distribution in all aquatic habitats. They are more abundant (area
coverage/biomass/volume) in benthic communities compared to other benthic marine
organisms. Sponges are the simplest form of multicellular animals with gelatinous material,
mesophyll, and a hollow pitcher-like body that consists of spicules and spongia, as well as
often some species associated with dense and complex microbiota [4]. They are ecologically
important due to their active involvement in marine nutrient cycling and, in the meantime,
play a pioneering role in the discovery of bioactive substances from marine organisms. The
very first bioactive compounds from marine sources were the serendipitous isolation of C-
nucleosides, spongouridine, and spongothymidine from the Caribbean sponge Cryptothecaa
crypt in the early 1950s. Since then, numerous chemically diverse biotechnologically
relevant natural products such as peptides, sterols, alkaloids, terpenoids, polyketides,
macrolides, and polyphenolic compounds have been isolated from these sponges [91,94]
(Table 4).

Table 4. Bioactive compounds in sponges.

Bioactive Compound Sources Biological Activity References

Peptides

Discodermia sp., Geodia sp., Halichondria,
Cylindrata, Theonella sp., Microscleroderma sp.,
Haliclona nigra, Sidonops microspinosa, Cliona
vastifica, Clathria sp., and Clathria sp.

Anticancer, antitumor, antiproliferative,
antibacterial, antifungal, and
immunosuppressive properties

[5,94,95]

Sterols Halichondria mooriei, Toxadocia zumi, Dysidea
arenaria, Hyrtios eubamma, and Disidea pallescens Antimicrobial properties [94,96]

Phenols Halichondria panacea, Zygomycale parishii, and
Callyspongia diffusa Antimicrobial and antioxidant properties [97,98]

Terpenoids
Spongia officinalis, Luffarella variabilis,
Cacospongia scalaris, Phyllospongia foliascens,
Sarcotragus sp., and Prianos sp.

Anticancer, anti-inflammatory, antifungal,
antibiotic, and Na, K-ATPase inhibitory
activities

[94,98,99]

Alkaloids
Stylissa carteri, Hyrtios erecta, Monanchora sp.,
Corticium sp., Stylissa massa, and
Halichondria okadai

Anti-inflammatory and antiviral
properties [93,100]

2.3.2. Mollusk

Phylum Mollusca represents one of the largest and most diverse groups of marine
animals, and within the phylum, clams, oysters, scallops, and mussels are some of the well-
known invertebrates. Several bioactive compounds, including primary metabolites such as
amino acids, nucleic acids, simple sugars, and lipids, as well as secondary metabolites, like
alkaloids and terpenoids, have been isolated from molluscans [4]. These components have
been proven to possess unique biological functions. As a result, they are used for the devel-
opment of functional foods as well as an alternative medicine for various diseases. Among
these organisms, mussel, namely Mytilus and Perna, components have been extensively
investigated by many researchers in recent decades. For example, peptides obtained from
mussels (Perna canaliculus) exhibited antioxidant and angiotensin-I-converting enzyme
(ACE) inhibitory activity [101]. Moreover, Naik and Hayes [102] reported that mussel
(Mytilus edulis) by-products, including byssus threads, shell, and discarded meat, contained
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a wide range of valuable components like polyunsaturated fatty acids, proteins, minerals,
pigments, and enzymes, among others.

2.3.3. Echinoderms

Echinoderms are a phylum of invertebrate marine animals that are distributed in five
different classes: Asteroidea (starfishe), Holothuroidea (sea cucumber), Echinoidea (sea
urchin and sand dollar), Crinoidea (crinoid and sea lilie), and Ophiuroidea (brittle star
and basket star). Among these five extant classes of echinoderms, sea urchins (Echinoidea)
and sea cucumbers (Holothuroidea) are both fished commercially and have gained much
attention due to their abundance in bioactive compounds [10,91]. The major metabolites of
echinoderms are mainly saponins, and there has been a recent emphasis on exploring the
compositional, structural, and sequential properties of other bioactive compounds such
as asterosaponins. Most of these secondary metabolites are well known for their antitu-
mor, cytotoxic, antibacterial, antiviral, antifungal, and anti-inflammatory activities [103].
In particular, sea cucumbers (e.g., Cucumaria frondosa, Apostichopus japonicus, Cucumaria
japonica, and Holothuria forskali) are rich in proteins, lipids, and SPs, namely fucosylated
chondroitin sulfate and fucoidan, as well as saponins, phenolic compounds (e.g., phenolic
acids and flavonoids), and carotenoids, among others [10,60]. The phenolic compounds,
including protocatechuic acid, gallic acid, ellagic acid, p-coumaric acid, catechin, and
quercetin, of sea cucumbers have been reported to have inhibitory activities against ty-
rosinase, α-glucosidase, and the formation of advanced glycation end products (AGEs)
as well as LDL cholesterol and DNA oxidation, while protein isolates/peptides derived
from C. frondosa showed antioxidant and ACE inhibitory effects [104,105]. Therefore, these
echinoderms have been, and continue to be, examined as a source of biologically active
compounds. Table 5 summarizes some bioactive compounds of echinoderms and their
biological activities.

Table 5. Bioactive compounds from echinoderms.

Bioactive Compounds Echinoderms Biological Activity References

Triterpene
glycosides/saponins

Bohadschia marmorata, Achlionice Violaecuspidata,
Pentacta quadrangularis, Staurocucumis liouvillei,
Pearsonothuria graeffei, Eupentacta fraudatrix,
Cucumaria frondosa, Holothuria nobilis, Holothuria
scabra, and Apostichopus japonicus

Antitumour, anticancer,
antiviral, and antifungal
activities

[10,91]

Chondroitin Sulphate Holothuria Mexicana, Stichopus japonicas, Holothuria
nobilis, Cucumaria frondosa, and Cucumaria japonica

Anticoagulant, antitumor,
antiviral antithrombotic, and
antioxidant properties

[10,60,106]

Steroids
Evasterias retifera, Evasterias echinosoma, Hippasteria
kurilensis, Strongylocentrotus nudus, Asterias
amurensis, and Craspidaster hesperus

Antitumor, anticancer,
immunomodulatory,
antibiofouling, antimicrobial,
and neuritogenic properties

[107,108]

Lipids and fatty acids

Bohadschia argus, Cucumaria frondosa, Acaudina
molpadioides, Athyonidium chilensis,
Strongylocentrotus nudus, Protoreaster nodosus,
Paracentrotus lividus, Strongylocentrotus purpuratus,
Lytechinus variegatus, Holothuria eduli, and
Holothuria scabra

Anti-inflammatory,
antidiabetic, and
cholesterol-lowering effects

[10,109]

Proteins, amino acids,
and peptides Cucumaria frondosa and Echinus esculentus

Antioxidant, antimicrobial,
antihypertensive, and DNA
and LDL cholesterol oxidation
inhibitory activities

[105,110,111]

Phenolic acids
and flavonoids

Cucumaria frondosa, Luidia sarsi, Astropecten
irregularis, and Ophiura albida

Antioxidant, α-glucosidase,
and DNA and LDL cholesterol
oxidation inhibitory activities

[104,112,113]
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2.3.4. Crustaceans

The largest group of marine arthropods, the class crustacean, is made up of approx-
imately 30,000 species. They are considered the most economically important class of
marine arthropods with regard to their role in the global fisheries market and also make a
substantial contribution to the discovery of novel natural ingredients. Marine crustaceans,
including shrimp, crabs, lobsters, crayfish, and prawns, have gained great attention due
to their abundance of biologically active compounds. The ratios of saturated, monoun-
saturated, and polyunsaturated fats in shellfish play a role in promoting a healthy diet.
Additionally, the presence of high-quality proteins containing all the dietary essential
amino acids is vital concerning the maintenance and growth of the human body. More-
over, even their exoskeleton shells are identified as rich sources of functional biopolymers
such as chitin/chitosan. By-products of crustaceans are recognized as a rich source of
many other compounds, including proteins, lipids, pigments (astaxanthin), flavors, and
minerals [114,115].

The exoskeletons of crustaceans comprised about 30–50% minerals (mainly calcium
carbonate), 30–40% proteins, and 20–30% chitin, in addition to other compounds such as
pigments (e.g., astaxanthin) and lipids [116]. Numerous biologically active compounds
associated with shellfish species have been investigated over the decades. For example,
peptides derived from crustaceans possess potential therapeutic effects due to their activity
as immune modulators and antitumor and antimicrobial agents. In particular, the ACE
inhibitory activity of peptides derived from shrimp (Acetes chinensis) and Izumi shrimp
(Plesionika izumiae) was found to be most effective as compared to the peptide derived
from terrestrial food sources [117,118]. Moreover, protein existing in shrimp waste com-
prises essential amino acids and non-essential amino acids, approximately 56.8 and 43.2%,
respectively, and their protein hydrolysates also have diverse applications, for example,
in pharmaceuticals, human nutrition, animal nutrition, cosmetics, and even as a nitro-
gen source in the growth media for microorganisms [119,120]. For example, shrimp shell
discard hydrolysates revealed their potential for application in functional foods, nutraceuti-
cals, and protein supplements, as well as in blood pressure-lowering applications, mainly
due to their significant antioxidant activities [114]. Moreover, investigations by Balzano
et al. [121] on mantis shrimp (Squilla mantis), caramote prawn (Penaeus kerathurus), and crab
(Liocarcinus vernalis) assessed the distribution of fatty acids, mainly n-3 PUFA and furan
fatty acids, in the neutral lipid and phospholipids fractions. According to their findings,
caramote prawn contained higher furan fatty acids, while the crab edible part represented
the most valuable source of dietary omega-3 fatty acids, mainly EPA.

Apart from this, carotenoids are also another essential bioactive constituent that is re-
sponsible for the color of marine crustaceans such as shrimp, lobster, and crab. Carotenoids
occur either as free pigments or as carotenoproteins in invertebrates. The predomi-
nant types of pigments in crustaceans are carotene, hydrocarbon- and oxygen-containing
carotenoids, and xanthophyll, which are mainly carotenolipoproteins, carotenoproteins,
and chitinocarotenoids [122]. In particular, the crustacean exoskeleton is a rich source of
carotenoproteins, which are mainly responsible for the green or orange-red color in shore
crabs (Carcinus maenas), the red color in prawns (Pandalus borealis), and the blue color in
freshwater prawns (Macrobrachium rosenbergi) [123,124]. Crustaceans can absorb the in-
gested carotenoids and metabolically alter their keto and hydroxy derivatives [125]. When
considering the carotenoprotein complexes in crustacean tissues, prosthetic carotenoid
groups in the ovaries/eggs of crustaceans are canthaxanthin, astaxanthin, or astaxanthin
ester, while astaxanthin is predominant in their exoskeleton [115]. Several studies have
isolated and characterized the different carotenoids and their prosthetic groups. Astax-
anthin, astaxanthin esters, and zeaxanthin were identified from shrimp Pandalus borealis
and canthaxanthin, astacene, and lutein from processing discards of snow crab Chinoecetes
opilio [3,126]. Moreover, a high level of astaxanthin, which exists as a chemical complex
with proteins (carotenoproteins) or lipoproteins (carotenolipoproteins), was identified in
by-products of shrimp processing discards [114]. This astaxanthin is considered a su-
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per antioxidant and possesses various bioactivities, including antioxidative, anticancer,
immunomodulating, antidiabetic, and anti-inflammatory effects. Moreover, offals from
shrimp processing have been used as a source of carotenoid astaxanthin for aquaculture,
particularly for salmon and trout. In addition, carotenoids play a vital role in various
physiological processes, and as provitamins, they can also ensure the provision of the daily
vitamin A requirements [127].

Chitin is another well-known bioactive material derived from the skeletal material of
crustacean shells. As a linear amino polysaccharide, chitin is considered the second most
abundant natural polymer in the world. From a chemical viewpoint, chitin consists of
repeating β-1,4 linked N-acetylated glucosamine units, whereas its N-deacetylated deriva-
tive, chitosan, is composed of randomly distributed β-(1→4)-linked-D-glucosamine and
N-acetyl-D-glucosamine. Moreover, chitosan is prepared by alkaline or enzymatic deacety-
lation of chitin and is also widely distributed as a polymeric product in nature. Moreover,
one of the limitations of chitin is its hydrophobicity, and as a water-insoluble derivative,
chitosan expands its applications in various fields. These two biopolymers possess high
biological and mechanical properties due to their unique structures. They have received
significant interest as bio-functional, renewable, biocompatible, and biodegradable materi-
als for a wide range of biomedical and biopharmaceutical applications (Figure 2) [116,128].
However, the exoskeletons of crabs and shrimps are widely used as chitin sources for com-
mercial use due to the availability of wastes from the seafood processing industry. Moreover,
producing chitin-like important biopolymers using these discards directly helps to manage
the waste of the shellfish industry and also mitigate possible environmental hazards.

Figure 2. Major applications of chitin and chitosan.

2.4. Marine Fish

Among the wide range of seafood types, marine fish is the major source of protein
in the diet. Marine fish plays a vital role in the world economy, and the per capita finfish
demand was around 13.7 kg in 2010, and by 2030, annual fish consumption is predicted to
rise by around 202 million tons or between 20 and 22 kg per person [129]. The increasing
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demand for marine fish for human consumption is linked to the growing population and
consumers’ concern about a healthy diet. Generally, fish can serve as an excellent source
of functional materials that include PUFAs, minerals, vitamins, enzymes, essential fatty
acids, and bioactive peptides. Marine fish, in particular, are considered an excellent source
of macromolecules such as high-quality protein, as well as lipids and a wide variety of
minerals. Diversified fish products such as fresh, dried, fermented, and salted fish provide
a major part of the essential amino acid requirements and can also be the perfect healthy
food due to their low content of saturated fat and calories [1,7].

2.4.1. Fish Lipids

Marine lipids are derived from the flesh of fatty fish, the blubber of marine mammals
(e.g., seals and whales), and the liver of white lean fish, and they are composed of a
mixture of fatty acids with different chain lengths and degrees of unsaturation. Several
studies have revealed that the major compound of marine lipids is triacylglycerol (TAG),
which is abundant in monounsaturated fatty acids (MUFAs) and PUFAs. These fatty acids
occur in different proportions that vary according to their source, the composition of the
plankton/feedstuff, and the harvest time [5,7]. Moreover, marine organisms are the best
available natural sources of omega-3 PUFA as they are directly or indirectly linked by food
webs with marine phytoplankton. These marine phytoplanktons (uni- and multicellular
marine plants) are considered primary producers of omega-3 fatty acids in the trophic
chain, and they transfer these fatty acids, which can remain in liquid form, even under
extreme marine conditions, into fish and marine mammals [85,118]. The long-chain omega-
3 PUFAs are mainly comprised of EPA and DHA, and they are considered one of the most
abundant essential fatty acids in fish species. In recent decades, marine oils have gained
much attention as a rich source of PUFAs due to their beneficial health effects. For example,
pelagic species caught in large quantities are considered the main sources of fish oil. Salmon,
herring, tuna, mackerel, and small fish such as anchovy and capelin are considered oily
fish species that are widely used for fish oil production. Furthermore, several studies have
revealed that fish species belonging to Scombridae, Clupeidae, and Salmonidae families
contain the highest amounts of EPA and DHA [118]. For example, anchovy contains 21%
EPA and 9% DHA, while sardine contains 16% of EPA and DHA. Typically, crude fish oil
is considered to be the direct by-product of the fish meal industry. Recently, krill oil has
gained great interest due to its unique composition. Krill oil is abundant in phospholipids,
and most of the EPAs and DHAs in krill are bound to these phospholipids [130,131].

However, the constitutes and configurations of marine oil from fish species and marine
mammals are different. For example, EPA and DHA are present abundantly in most marine
oils, while docosapentaenoic acid (DPA) is frequently found mainly in the oil of marine
mammals [85,132]. These marine oils are usually extracted from the blubber of marine
animals like seals and whales. Moreover, the positional distribution of fatty acids in TAG
also varies in fish and marine mammal lipids. Fish oils contain long-chain PUFAs mostly
in the sn-2 position of TAG, while marine mammal oils are located primarily at the sn-1
and sn-2 positions [133]. Fish oils are one of the main dietary sources of long-chain PUFAs
and contain α-linolenic acid (ALA) and its longer-chain metabolites, namely EPA and
DHA. Hence, consumers’ preference for the consumption of fish oil is a growing global
trend due to the multiple health benefits associated with the constituents of fish oil. The
beneficial effects of omega-3 PUFA, particularly EPA and DHA, are crucial in preventing
diseases like cardiovascular, inflammations, hypertension, allergies, and some forms of
cancer while enhancing functional development and growth of the central nervous system,
which directly influences infant growth and development [134]. Apart from oily fish, fish oil
supplements are also considered one of the principal dietary sources of long-chain omega-3
PUFAs. However, the typical ‘Western’ diet is relatively high in omega-6 PUFAs and low
in omega-3 PUFAs [7,85,134]. Therefore, alternative methods are needed to overcome
this issue and ensure the intake of the required amount of omega-3 PUFAs. In order to
achieve this, food-grade fish oils are often introduced to the market as capsules or in liquid



Appl. Sci. 2023, 13, 12088 18 of 29

forms. Fish liver oil, mainly cod or halibut oil, is generally used as capsules for medical
applications [135]. Moreover, salmon oil, omega-3 concentrated oils, and omega-3, -6, and
-9 combination oils are already available in the market all over the world. Most of these
products are considered health supplements, and the consumption of liver oils provides
additional health benefits due to their richness of fat-soluble vitamins (e.g., vitamin A)
apart from their omega-3 components. However, the TAG structure of fish oils limits the
usage of omega-3 PUFA in these fish oil products and thereby enhances the bioavailability
of omega-3 PUFA extraction methods, and their incorporation into food products are
important aspects to be discussed [127,134].

2.4.2. Fish Proteins

Fish protein is the dominating source of seafood-derived protein as fish is considered
a rich source of easily digestible protein and essential amino acids. Much research has
investigated the utilization of fish muscle protein and protein-derived products such as
peptides, collagen, and gelatin, which are used as functional ingredients in the food,
pharmaceutical, and nutraceutical sectors. Approximately 11–27% of seafood comprises
crude proteins and non-protein nitrogenous (NPN) compounds. NPN compounds include
free amino acids, peptides, amines, amine oxides, guanidine, quaternary amino acids and
ammonium compounds, polyamines, nucleotides, nucleic acids, and urea. In addition, all
other muscle and seafood proteins are classified into three groups, namely myofibrillar,
sarcoplasmic, and stroma types. Sarcoplasmic protein contains approximately 15–35% of
the total muscle tissue protein, while myofibrillar represents 65–75%. Stroma types only
represent approximately 3% of the total muscle tissue protein [31,35,136]. Sarcoplasmic
proteins such as myoglobin and other albumins can be extracted to water or neutral
solutions, whereas myofibrillar proteins like actin, myosin, tropomyosin, and troponins are
soluble in high salt solutions. Stroma-type proteins (collagen and elastin from connective
tissue) remain in the residue after extraction of myofibrillar and sarcoplasmic proteins [137].
On the other hand, the content of NPN compounds in seafood, including marine fish, is
primarily influenced by factors like the specific species, freshness level, and habitat. Fish
processing discards also play a key role as a source for obtaining high-quality protein
and protein-derived products (e.g., hydrolysates/peptides). Generally, the percentages
of proteins in processing by-products are cuts (15–20%), bones (9–15%), heads (9–12%),
skin and fins (1–3%), viscera (12–18%), and scales (5%) [138,139]. The global demand for
collagen and gelatin continues to grow steadily due to their extensive applications in the
food, nutraceutical, pharmaceutical, and cosmeceutical industries. Gelatin, the partially
hydrolyzed form of collagen, is a widely employed ingredient in the food sector. The
functional properties of the extracted collagen and/or gelatin are closely tied to their
quality and their suitability for specific uses. In particular, fish skin collagen and gelatin are
gaining more attraction as an alternative to mammalian collagen because of their purity
and low risk of possessing unknown pathogens [31,85,118,140].

Development of Fish Protein Hydrolysates/Peptides

Fish protein hydrolysates (FPH) have demonstrated excellent physicochemical and
functional properties such as antioxidant, antihypertensive, mainly as inhibitors of ACE, an-
timicrobial, and immunomodulatory functions, which are often linked to peptide sequences.
Hence, these proteins and their hydrolysates have been analyzed for their nutritional and
functional properties related to the possibility of recovering biologically active peptides
over the years. Bioactive peptides are specific protein fragments acting as a source of
nitrogen and amino acids that have a positive impact on body functions or conditions
and may ultimately influence health [5,118]. In particular, bioactive peptides with short
sequences, typically containing 2–20 amino acids, showed greater biological activities. The
nature of bioactive peptides produced from a specific protein is determined by two key
factors: the selectivity of the enzyme employed for peptide generation and the primary
sequence of the protein substrate [35,141].



Appl. Sci. 2023, 13, 12088 19 of 29

Bioactive peptides can be produced using chemical (acid or alkaline) hydrolysis, enzy-
matic degradation, or microbial fermentation of proteins. When it comes to marine bioactive
peptides, they are typically produced through enzymatic hydrolysis using suitable prote-
olytic enzymes derived from microbes, plants, and animals. Moreover, physicochemical
conditions of the reaction media (e.g., pH and temperature of protein solution) are also
influenced by the hydrolysis procedure employed. For instance, the recently developed
pH-shift process is considered a feasible option for the hydrolysis and recovery of proteins
or peptides from fish products. The resultant recovered protein from this pH-shift process
can further be hydrolyzed to produce highly bioactive protein hydrolysates. In enzymatic
hydrolysis, one of the crucial initial steps includes the selection of enzymes for obtaining
the desired bioactive and functional properties with maximum yield of the final product.
This can be further explained by considering the exopeptidase and endopeptidase activities
of individual enzymes. Enzymes with endopeptidase can cleave the peptide bonds of non-
terminal amino acids, while exopeptidases are able to break the terminal ends of proteins
or peptides. Exopeptidase enzyme activity subsequently results in a higher degree of hy-
drolysis and a combination of large and small peptides, whereas endopeptidases produce
large peptides [31,111]. The biochemical generation of fish protein hydrolysates can also be
carried out by using an autolytic process, which is determined by the digestive enzymes of
the fish itself. In particular, fish viscera contain high levels of digestive proteolytic enzymes
such as pepsin, trypsin, and chymotrypsin. Furthermore, many bioactive peptides have
been produced using commercial proteases such as papain (EC 3.4.22.2), bromelain (EC
3.4.22.32), and ficin (EC 3.4.22.3). Ultrafiltration, nanofiltration, ion exchange membranes,
and column chromatography are some of the common methodologies for the separation
of the desired bioactive peptides. Moreover, a serial enzymatic digestion system with a
combination of a multi-step recycling membrane reactor and an ultrafiltration membrane
to separate marine-derived bioactive compounds has been used [111,141,142].

2.4.3. Other Compounds/Elements Derived from Marine Fish

Fish bones constitute a significant part of the fish and are considered a rich source of
minerals and collagen proteins. After the removal of muscle proteins on the frame, fish
bones comprise 60–70% inorganic compounds and are mostly composed of calcium, phos-
phorus, and hydroxyapatite, while their organic component represents 30% collagen [5].
Producing calcium-fortified milk powder and fish meal, which contains 10% minerals, are
some applications of fish bones, which contain a high content of calcium and phosphorus.
Moreover, autografts, allografts, and xenografts are used as bone substitution materials in
clinical applications, mainly for bone fractures and damage [5,85]. In addition, the presence
of hydroxyapatite has widened the biomedical applications of fish bone due to its role in
the structural strength of bone and bone regeneration. Apart from this, fish processing
by-products contain a diverse array of enzymes that are found in the stomach and intestine.
Enzymes from marine organisms are widely used for the preparation of FPH and also for
the processing of herring, pollock, shrimp shells, squid, skate, and tuna [143].

3. Marine Bioactive Compounds and the Food Industry

The marine environment is a valuable source of numerous bioactive compounds
with unique biological functions suitable for use as functional food ingredients. Marine
products are rich in different kinds of polysaccharides, including SPs and chitin/chitosan,
proteins, including both essential and non-essential amino acids, PUFAs, vitamins, minerals,
carotenoids, and other bioactive compounds [4,5]. Various sources of marine organisms
offer these bioactive compounds in varying quantities, and they can be incorporated into
the food production process at different stages, from processing to storage [137]. Moreover,
nowadays, consumers are becoming more conscious of the link between a wholesome diet
and the prevention of diseases. Hence, marine-derived biologically active components
have enormous potential to be the best ingredients for incorporation into foods as they
enhance both the nutritional and economic value of the food. In the last decades, a wide
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range of marine-derived functional foods have been launched into the world market, which
could be fortified with many functional ingredients, including antioxidants, vitamins,
carotenoids, probiotics, minerals, fiber, PUFAs, polysaccharides, protein hydrolysates, and
other dietary supplements. For instance, seaweeds have been incorporated in meat, dairy,
confectionery, bakery, and pasta products due to their ability to reduce blood pressure, fight
obesity, lower cholesterol content, and tackle free radicals. Most common commercially
available seaweed-based supplements include seaweed-derived functional drinks and
seaweed biscuits, among others [4,8]. Apart from this, marine-derived polysaccharides
(e.g., chitosan, alginate, and carrageenan) and protein (e.g., gelatin) have gained extensive
research attention as primary biopolymers for preparing edible films and coatings as they
are available worldwide at relatively low costs with high performance [128,144].

3.1. Bioactive Marine Polysaccharides

The biological properties of marine-derived polysaccharides are determined by their
chemical composition and structure. They can be derived from a wide range of marine
organisms and possess several properties that make them ideal ingredients to incorporate
into food. Algae, crustaceans, and most other marine organisms produce fucan/fucoidan,
carrageen, hydrocolloids, and glycosaminoglycans like polysaccharides that are widely
used in numerous commercial applications, particularly in food, beverages, and supple-
ments [49]. For example, algal polysaccharides such as alginate, agar, and carrageenan are
used as gelling, emulsifying, clarifying, thickening, stabilizing, and flocculating agents in
various food products, including ice cream, candy, yogurt, meat product, and functional
beverages [56]. Most of their functional properties, such as gelling and thickening, are due
to the presence of polysaccharide–polysaccharide interactions as their unique structural
characteristics. Agar forms stable gels and is widely used as an additive in dairy, bakery,
and canned meat/fish products, soups, sauces, and beverages, and also in some culinary ap-
plications such as Japanese foods like “Tokoroten” (noodlelike agar gel) and “Mitsumame”
(canned fruit salad with agar jelly) [144]. Furthermore, due to the high sugar content of agar,
it can be used in confectionery industries, particularly in jellies, jams, fruit candies, pud-
dings, and custards. Like agar, alginate also possesses the ability to form a firm and rigid gel
that can be used in jams and puddings, and it is also important as a thickening agent in ice
cream, sauces, ketchup, mayonnaise, and purees. Apart from that, the film-forming ability
of alginate is used in pastries and fruit fillings to prevent cake moistening [49]. Moreover,
some polysaccharides can bind large amounts of water and disperse it in food products.
This property is exhibited in carrageenan-like polysaccharides that are used to modify the
texture of food products by changing their water-binding and foaming attributes [4]. For
example, carrageenan finds application in a variety of water-based gelled desserts and cake
frosting. Additionally, it is employed in dairy products both on its own (e.g., processed
cheese, flan, sterilized chocolate, and evaporated milk) or in conjunction with other gums
such as locust bean gum (e.g., ice cream and cream cheese) [49,145]. Fucoidans are another
complex sulfated polysaccharide isolated from different marine species, and because of
their structural sulfated groups, they improve biological properties and make them suitable
to incorporate into dairy products. Apart from fucoidan, other marine polysaccharides such
as chitosans are ideal raw materials for edible and biodegradable films and as antimicrobial
agents, additives, and nutraceuticals. In addition, meat products, including sausages, dairy
products, and beverages, can be supplemented with polysaccharides like carrageenan,
chitosan, and chito-oligosaccharides [7,8,51,128].

3.2. Bioactive Marine Peptides

Proteins and peptides derived from marine organisms display several unique func-
tional properties, such as film-forming, gel-forming, and foaming capacities. For example,
marine collagen and gelatin are widely used in the food industry as food additives mainly
due to their gel-forming ability, film-forming, texture improvement, and water-holding
capacity [144]. Furthermore, there has been much attention and considerable interest in
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the food industry about bioactive peptides due to their nutritional and therapeutic values.
These biologically active peptides play crucial roles in metabolic regulation and modulation.
Especially, proteins from fish, mollusks, and crustaceans are among the excellent sources of
all essential amino acids. Fish protein powders and fish protein supplements, including fish
protein hydrolysates (FPHs), are widely used in fish protein-incorporated food products,
and they are available in the market. Fish protein powders are often produced by drying
mechanically deboned fish flesh, which is washed with water or diluted in salt solutions
(surimi). The amount of collagenous matter and myofibrillar proteins is relatively greater
in surimi compared to fish flesh [31,141]. Therefore, dietary proteins can be replaced by
fish protein concentrates without any effect on metabolic balance. When considering the
functionality of these FPHs, several studies have revealed their high solubility [111]. Due
to their high solubility, FPHs could successfully be incorporated into drink formulations.
Several research groups have focused their attention on enhancing water-holding capacity
in raw and cooked foods by introducing FPHs [146]. Apart from interaction with water,
FPHs’ interfacial and surface properties are linked to their interactions with fats and oils.
These interactions determined the emulsifying and foaming properties of FPHs. However,
bitterness associated with FPHs may hinder their use in several food applications. There-
fore, further studies are needed to explore the interfacial properties of FPHs, including their
emulsifying and foaming properties in functional foods and nutraceuticals. For example,
salt, phosphate, and cyclodextrin were found to be important ingredients to mask the
bitter taste of FPH [51]. Moreover, FPHs have the potential to be used as flavorings and
as “extracts” to be added to food products like soups, bisques, frozen seafood, fillings,
and snacks in order to enhance their flavor. When considering algal proteins, the class
of phycobiliproteins (phycoerythrin, phycocyanin, and allophycocyanin) and lectins are
two major groups of functionally active proteins, which show several beneficial functions,
such as antioxidant and antidiabetic properties. Phycobiliproteins, water-soluble protein
pigments, are found mainly in cyanobacteria and red algae (Spirulina) and are used as food
dyes [52,118].

3.3. Bioactive Marine Polyunsaturated Fatty Acids

Enhancing food products with omega-3 PUFA fortification has been recognized as an
effective approach to increasing their dietary intake (Figure 3).

Figure 3. Common omega-3 fatty acids enriched foods available in the world market.
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Fortification and microencapsulation are the most popular methods in this enrichment
process. The inclusion of fish oil in food products such as bakery, dairy, and pasta by using
modern technologies is a growing industry, and recent advances in this sector have resulted
in a recognizable change in the functional food sector. For example, novel microencapsu-
lated oil, which is known as MEG 3 (produced by Ocean Nutrition Canada; now DSM),
has the ability to remain unaffected until it reaches the GI tract. However, preventing lipid
oxidation and related fishy off-flavors associated with lipid degradation after incorporation
of fish oil and, in the meantime, protecting the sensory attributes of food products are some
of the major technical hurdles to overcome during the application [147,148]. The formation
of both primary and secondary oxidation products in polyunsaturated fatty acids (PUFAs)
over extended periods of storage significantly contributes to the degradation of quality in
fish oil and food products that contain fish oil. Nevertheless, the extent to which fish oil
can be fortified in products like bakery goods, dairy items, and other frozen foods has been
limited primarily because fish oil is highly prone to oxidation over time. Recent studies
have indicated that fatty acids present in fish oil might undergo oxidative deterioration [9].
As a consequence of this degradation of the original PUFAs, the possibility of forming reac-
tive lipid radicals and ultimately unhealthy volatile off-flavor molecules is high. Generally,
the oxidation of fatty acids (EPA and DHA) results in the production of different volatile
aldehydes and ketones. Depending on the substrate and environmental compositions,
these volatiles can vary. Moreover, they belong to several groups such as short-chain
aldehydes (acetaldehyde, 2-propenal, propanal, and 2-butanal), long-chain aldehydes (hex-
anal, 2,4-heptadienal, nonal, and nonadienal), diunsaturated aldehydes (nonadienals and
2,4-heptadienal isomers), saturated aldehydes (hexanal, pentanal, and nonanal), ketones
(1-penten-3-one), alcohols (1-penten-3-ol), hydrocarbons (pentane, 1-pentene, 2-methyl-1-
butene, 1,3-pentadiene, and 1-heptene) and acids (formic acid, propanoic acid, hexanoic
acid, and butanoic acid) [147]. However, introducing or incorporating fish oil into foods
is a challenging and difficult task as omega-3 PUFAs are extremely liable to oxidation.
Moreover, executing preventive measures is not enough for industrial-scale usages of fish
oil and fish oil-incorporated products. Hence, the use of antioxidants has gained attention
in order to enhance the shelf life of oil-related food products by retarding the oxidation
process. Particularly, synthetic antioxidants, such as butylated hydroxyanisole, butylated
hydroxytoluene, t-butyl-hydroxyquinone, and propyl gallate, and natural antioxidants,
such as tocopherols, ascorbic acid, gallic acid, and lactoferrin, among others, have been
studied for preventing oxidation of bulk fish oil, fish oil emulsions, and other marine
oils [149,150]. Nevertheless, crude fish oils often contain impurities and oxidation products.
Due to their compositional characteristics, these oils are often considered a good source
for tanning, margarine oil (hydrogenated), supplement, and aquaculture industries [151].
Therefore, refining and purification procedures should be practiced, especially before their
incorporation into food products.

Recent studies on the sensory evaluation of foods enriched with fish oil have also
revealed that the addition of fish oil can negatively affect the sensory properties of fortified
foods [128]. Nevertheless, there are numerous instances of omega-3 fatty acid-enriched
foods that are available in the market worldwide, while maintaining sensory attributes.
These include meat and poultry products, eggs and egg products, bread and bakery
products, spreadables, milk and dairy products, sauces, pasta, soft drinks, juices, and
instant concentrates [127,151]. Therefore, the fortification of food products with long-chain
omega-3 PUFA using unhydrogenated marine oils is a popular and growing area in the
food sector. However, it is in demand to discover novel methodologies and creativity for
devising cost-effective approaches to stabilize these beneficial oils for delivery in food
systems for the betterment of consumers and for the industry itself to remain competitive.

4. Challenges and Future Trends

The increasing consumer focus on healthy food ingredients is propelling both research
and the development of functional foods, with no exception from those of marine ori-
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gin. Given this background, the health effect of marine-derived functional foods should
be scientifically proven, the institutional barriers to the commercialization of foods with
marine-derived ingredients cleared, and the feasibility of marine food for human consump-
tion widely established to ensure the vast resources of marine organisms are optimally
utilized. While the wealth of bioactive sources in the marine ecosystem and their potential
application in the functional food industry hold great promise, there are several challenges
that must be addressed. Achieving a successful transition from technological develop-
ment to commercialization necessitates the standardization of analytical methods to ensure
product quality, evaluation of sensory characteristics to gain consumer acceptance, and
well-structured clinical trials to generate substantial evidence for health claims. As an illus-
tration, the utilization of microalgae as a source of food ingredients has seen some progress
in the industry but still awaits full exploitation of its biotechnological potential [49].

The incorporation of marine-derived ingredients into the human diet is a multifaceted
matter that is influenced by various constraints. These constraints encompass global
factors, such as cultural and ethnic considerations like dietary preferences and habits,
environmental concerns such as apprehension about ocean pollution and the sustainable
use of resources, and also more specific factors like the sensory qualities of food and
compliance with legislation [4,49]. There are no clearly defined safety regulations specific
to most functional food. In the EU, the functional food sector has only achieved modest
growth, mainly due to the lack of European legislation specifically for health benefits,
efficacy, and health claims. The legislation in specific countries, which is continuously
changing and sometimes requires complex procedures, is a potential obstacle for the new
functional foods, mainly marine-derived ones. The financial implication of complying with
these regulations is huge. For example, in order to prove the health benefits, scientifically
expensive human clinical trials should be conducted. Due to the elevated cost of products
due to these costly procedures, the targeted market niche may be somewhat narrow.

Identifying, extracting, incorporating, and commercializing marine-derived func-
tional food ingredients is challenging. The exploration and utilization of marine-derived
functional food should be compatible with sustainable harvest practices and food grade
compatibility. Moreover, the methods of extraction of concentrated extracts should be
efficient and sustainable. It is essential to validate the biological properties of these extracts
and purified functional ingredients to facilitate the development of novel functional foods,
incorporating them into consumer foods. Furthermore, evaluating the stability and bioavail-
ability of these functional ingredients, as well as substantiating their specific health benefits
through human clinical trials, is of paramount importance. For instance, the digestibility
of algal proteins remains poorly characterized, and existing studies on their assimilation
by humans have not yielded definitive conclusions [4]. Even under the above-discussed
challenges, there exists a vast body of literature exposing new opportunities for marine-
derived value-added products. For example, encapsulation of bioactives not only preserves
nutrients but also improves bioavailability, sensory characteristics, and antioxidant activity;
it also reduces toxicity [152]. Amiri et al. [127] reported that encapsulation of fish oils, fish
protein hydrolysates, and shrimp lipid extracts using whey protein and chitosan could be a
potential approach to retain functional characteristics and improve antioxidant activity.

5. Conclusions

Marine organisms serve as one of the most significant natural sources of bioactive
compounds, offering a wide range of such substances. These bioactive compounds derived
from marine sources have gained considerable recognition in the food and supplement
industries due to their pivotal role in promoting human health and nutrition. The avail-
ability and rheological properties associated with important biological functions make
marine bioactive compounds promising alternatives to existing natural bioactive molecules.
Although the resource is substantial, more research should be conducted to identify efficient
and low-cost extraction methods, incorporate foods without changing sensory attributes
of the food, and prove they have actual health benefits for people through clinical trials.
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Therefore, despite the enormous benefits and wide potential of the target compounds, more
multidisciplinary research is needed to develop them into functional food ingredients and
to explore more of the marine ecosystem, which is still an untapped reservoir. Consequently,
it is essential to make concerted efforts to enhance the accessibility and utilization of these
bioactive compounds as functional food ingredients in a sustainable manner. This is crucial
for the maintenance of health and the prevention of various diseases.
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