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Abstract

The world fisheries resources have exceeded 160 million tons in recent years. However, every year a considerable
amount of total catch is discarded as by-catch or as processing leftovers, and that includes trimmings, fins, frames,
heads, skin, viscera and among others. In addition, a large quantity of processing by-products is accumulated as
shells of crustaceans and shellfish from marine bioprocessing plants. Recognition of the limited marine resources
and the increasing environmental pollution has emphasized the need for better utilization of the by-products.
Marine by-products contain valuable protein and lipid fractions, minerals, enzymes as well as many other com-
ponents. The major fraction of by-products are used for feed production—in making fish meal/oil, but this has
low profitability. However, there are many ways in which the fish and shellfish waste could be better utilized,
including the production of novel food ingredients, nutraceuticals, pharmaceuticals, biomedical materials, fine
chemicals, and other value-added products. In recent times, much research is conducted in order to explore the
possible uses of different by-products. This contribution primarily covers the characteristics and utilization of the
main ingredients such as protein, lipid, chitin and its derivatives, enzymes, carotenoids, and minerals originating
from marine by-products.
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1. Introduction a slight increase (2.9%) in consumption of farmed fish. Overall,
the expected increase of world fish traded volume is around 0.7%.
However, the market indications of FAO (2018c¢) predict that in-

The living marine resources are limited, therefore, it is important . . h s
ternational seafood traded value is going to expand significantly

to utilize them in a sustainable manner. According to FAO (2012,

2018a, b), marine fisheries production has been around 108 mil- (8.3%) due to favorable economic conditions worldwide, increased
lion tons in recent years (Figure 1) and this is expected to continue fiemand fo’r seafood and sham Pprice mncreases de.splte the on-going
increasing in 2018 with aquaculture harvests now accounting for tr.ade war’ between the Um?ed States of America and China and
around 49 percent of the total. As for food fish, tighter supplies for widespread monetary tightening by central banks. As a result, every
a number of key wild-caught species including cod, herring and year a considerable amount of total catch is discarded as process-
cephalopods will contribute to further reduction in capture fisheries ing leftovers without consideration of their potential value-added
to around 45% while projected growth in global harvests of shrimp, use. In addition, segments of the industry are also faced with a tre-
salmon, tilapia, pangasius, seabass and seabream will contribute to mendous amount of by-catch, which is not properly retained and
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Figure 1. World fisheries and aquaculture production and utilization (FAO, 2012, 2018a).

utilized (Batista, 2007; Bimbo, 2009; Zeller et al., 2018).

Fish is an important source of animal protein as well as other
nutrients for human health all over the world (Abraha et al., 2018).
Meanwhile, fish is also one of the most versatile food commodities
and can be utilized in a number of ways and product forms; they
are generally distributed as fresh, chilled, frozen, heat-treated, fer-
mented, dried, smoked, salted, pickled, boiled, fried, freeze-dried,
minced, powdered or canned, or a combination of two or more
of these forms (FAO, 2008). However, fish can be preserved and
processed by many other methods. Furthermore, fish preservation
and processing may vary according to the species because they
have their own characteristic composition, size, shape and intrinsic
chemistry (Rustad et al., 2011; Arnaud et al., 2018). Based on an
early study conducted in 2005 by FAO, around 7.3 million tons of
whole fish (~8% of the global catch by volume) is discarded before
landing worldwide every year in commercial fisheries (Ramirez,
2013). Overall, discards from all of these edible operations are
conservatively estimated at 50% of whole fish (Taylor and Alsal-
var, 2002), but can range from 10 to 90%, depending on the species
of fish and the intended use (Bimbo, 2009). For example, for cod
in Norway, it could be 58%, but mollusks, crustacean, and shell-
fish, in general, have a much higher proportion, for example, 88%
for scallops (Ramirez, 2013). Mostly, the discards from shellfish
range from 50 to 80%, particularly the shrimp shell discards have
increased tremendously over the past two decades (Ambigaipalan
and Shahidi 2017; Taylor and Alasalvar, 2002).

In primary processing of fish and shellfish, all the edible or
inedible leftover could be considered as by-products which have
different qualities and potentials (Gildberg, 2002; Jaczynski, 2008;
Kestin, 2017; Le Gouic et al., 2019). To obtain a final product with
higher commercial value, several operations are involved in fish
processing such as shelling, heading, gutting, filleting, removing
tails and peeling (Ramirez, 2013). These operations generate by-
products, including heads, tails, viscera, roe, frame, shells, skin, fins,
scales, blood, and among others. Moreover, by-catch, the portion of

marine life caught that was not targeted, can also be processed into
useful products (Kestin, 2017; Shahidi 2007; Venugopal and Sha-
hidi, 1995). By-catch may include low-value species but also vast
tonnage of undersized fish of valuable commercial species. Accord-
ing to UNEP (2004), almost 25% of all the fish harvested from the
sea never makes it to the market. An average of 27 million tons of
unwanted fish is thrown back into the ocean each year, and a large
portion of it does not survive. Sometimes by-catch fish are kept
for the market, but most often they are thrown back dead, because
they may be the wrong species, the wrong size, of inferior quality,
or surplus to the fishing operations quotas (UNEP 2004). However,
according to the Landing Obligation of the European Commission
Common Fisheries Policy, from 2019 onwards all fishing vessels
are forced to keep all species that are caught without discarding,
even though they are underutilized in commercial level (Vazquez
etal., 2019). However, fish that are saleable vary considerably from
country to country. Currently, by-catch is used mainly in the fish-
meal industry with oil being a by-product (Shahidi 2007), and there
has been a notable increase in global consumption of fish meal and
fish oil during the past two decades (Fortune et al., 2018).

Fish by-products are highly perishable because of several
chemical and biological changes that take place immediately after
capture (Falch et al., 2007; Le Gouic et al., 2019; Vazquez et al.,
2019). Moreover, during storage and transportation, the nutritional
and sensory quality of these fish and their by-products may dete-
riorate due to the spoilage mediated by microbial and enzymatic
reactions (Singh and Benjakul, 2018). In this connection, less at-
tention has been paid to the preservation of by-products and hence
conservation of their nutritional quality is one of the main chal-
lenges facing the industry. For instance, protease-mediated protein
degradation should be controlled or minimized as a high degree of
hydrolysis of raw materials may create bitter taste peptides (Singh
and Benjakul, 2018; Alder-Nissen, 1984) and together with lipid
peroxidation may cause variability in raw material (Alder-Nissen,
1984; Olsen et al., 2014). The acceptable levels of lipid and protein
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hydrolysis are highly product specific, depending on the end use
of products (Falch, et al., 2007; Guérard et al., 2005). The cleaving
of peptide bonds can have a negative impact on the physicochemi-
cal and functional properties of proteins due to their structural and
conformational changes (Singh and Benjakul, 2018). Since these
are important determinants of quality of the raw material, control-
ling autolysis and autoxidation of the by-products are of crucial
importance for effective utilization of by-products (Rustad, 2003;
Rustad et al., 2011). This will be a real challenge for the fishing
vessels, demanding more advanced equipment and technology for
processing and catching and more competence from harvesters for
better handling to retain the quality of by-products (Batista 2007
Galanakis, 2013). Particularly, implementation of effective process
control procedures, including Hazard Analysis Critical Control
Point (HACCP) systems are important as these fish and their by-
products are more perishable than other muscle foods (Dehghani
et al.,2018). Besides, the global seafood industry always prefers
to select the options with the least investment and least penalties
or consequences. The business of disposal of seafood by-products
may put producers into a loss or breakeven venture in lots of areas,
therefore government policies including penalty and subsidy set-
ting also play an indispensable role (Ramirez, 2013).

Although most of the fish by-products produced in large shore-
side fish processing operations are turned into low-value fish meal
and crude oil, there are many other ways in which the fish and
shellfish by-products could be better utilized (Galanakis, 2013;
Karayannakidis and Zotos, 2016; Kurtovic, et al., 2009; Rustad
et al., 2011; Shahidi, 2007; Singh and Benjakul, 2018; Venugopal
and Shahidi, 1995). In recent years, considerable research has been
carried out to utilize the ingredients/compounds originating from
by-products of seafood industry in diverse sectors such as food,
nutraceutical, functional food, pharmaceutical, biomedical, live-
stock, aquaculture feed, agriculture, biodiesel, and fine chemicals,
among others (Taylor and Alasalvar, 2002; Ambigaipalan and Sha-
hidi 2017; Haard, 1998; Hayes et al., 2008b; Hicks and Verbeek,
2016; Karayannakidis and Zotos, 2016; Kim and Mendis, 2006;
Ohshima, 1998; Rustad et al., 2011; Shahidi, 1994, 2007; Shahidi
and Kamil, 2001; Shahidi et al., 1999). However, it is more profit-
able to make products for human consumption while the highest
profitability is in producing specialty commodities (extracting and
purifying) such as enzymes, bioactive peptides, and bio-polymers
for biotechnological or pharmaceutical applications (Ambigaipa-
lan and Shahidi 2017; Kim et al., 2016; Rustad, 2003, 2011).
Therefore, devising strategies for full utilization of the catch and
processing of discards for production of novel products is a matter
of importance for both the fishing industry and food processors
(Chen et al., 2016; Shahidi, 2002). This review examines the main
characteristics of ingredients, namely protein, lipid, chitin/chi-
tosan and its derivatives, minerals, enzymes, pigments and flavor
compounds originating from by-products of the seafood industry
and then describes the possible ways to use them for production of
value-added products.

2. Protein

The increasing demand for protein on a global scale turns the focus
on underutilized protein sources (Rustad, 2003; Shahidi and Rah-
man 2018). Fish processing typically results in a large percentage
of by-products, much of which is high in nutritionally desirable
muscle protein (Djellouli et al., 2019; Le Gouic et al., 2019, Ocker-
man, 1992). These protein-rich by-products include cut-offs, back-
bones, heads, skin, milt, stomach, viscera, and blood, among oth-

ers. For example, shrimp processing industry is producing higher
amounts of by-products including carapaces, heads, and tails that
account for up to 20-50% of total weight (Djellouli et al., 2019)
and most of these discards are rich in different bioactive com-
pounds. In general, fish meat and oil left on the by-products range
widely, but typically account for 20-30 g/100 g and 5-15 g/100
g, respectively (Torres et al., 2007). A wide variety of protein-rich
by-products have been used for making fish silage (Aspevik et al.,
2017; Gildberg, 2002; Martinez-Alvarez et al., 2015). However,
recovered protein from by-products could be used for the devel-
opment of human food products, dietary supplements and phar-
maceuticals (Ambigaipalan and Shahidi 2017; Hayes et al., 2018;
Karim and Bhat, 2009; Kim and Mendis, 2006; Wasswa, et al.,
2007). Proteins could be recovered by different processes using
mechanical separation from frames, base extraction, or hydrolysis
(Shahidi 2007; Sila and Bougatef, 2016). Isoelectric solubilization/
precipitation has also been examined to recover muscle protein
from fish by-products (Hultin and Kelleher, 1999; Tahergorabi and
Ibrahim, 2016; Taskaya and Jaczynsk, 2009). This section reviews
collagen/gelatin and proteoglycan, protein hydrolysate, surimi,
protein concentrate, and fish silage.

2.1. Collagen and gelatin

The use of collagen and gelatin has expanded over a diverse field in
foods (Atay et al., 2018, Kittiphattanabawon et al., 2005; Rahman
2019), pharmaceutical/biomedical and cosmetics (Senevirathne
and Kim, 2012). The industrial use of collagen has been limited to
porcine skin and bovine skin and bone (Badii and Howell, 2006;
Choi and Regenstein, 2000; Larrazabal and Camacho, 2008).
However, the bovine spongiform encephalopathy (mad-cow dis-
ease) and foot-and-mouth disease (FMD) crisis as well as religious
and social issues in some countries and markets and ecological im-
pact of wasting the fish skin are the driving force for the increasing
commercial use of fish collagen (Badii and Howell, 2006; Blanco
et al., 2017; Choi and Regenstein, 2000; Ennaas et al., 2016; Gil-
senan and Ross-Murphy, 2000; Karim and Bhat, 2009; Kim and
Mendis, 2006; Rustad, 2003; Supavititpatana et al., 2008; Wasswa,
et al., 2007). This approach assures the sustainable exploitation
of marine resources whilst addressing the waste disposal issues
related to environmental pollution (Carvalho et al., 2018). Recent
research indicates that marine organisms are the most convenient
and the safest sources to obtain high-quality collagen. Therefore,
marine collagens are considered as promising alternatives to mam-
malian collagen, particularly in biomedical applications as well as
in food uses (Bernhardt et al., 2018). Apart from having desirable
functional properties such as good absorption capacity (Rahman
2019), they have better potential in biomaterial applications due to
a lower risk related to biological toxins. Hence, no known risk of
disease transmission, minimal inflammatory responses, as well as
no religious and ethical constraints account for their potential ap-
plication in different areas. Therefore, collagen from marine origin
can be used in a plethora of applications compared to other colla-
gen sources, particularly terrestrial animal originated collagen. Ac-
cording to the current research trends, collagens of marine origin
have overtaken mammalian collagens in tissue engineering of the
biomedical field (Bernhardt et al., 2018;).

Fish skin, scales, bone, and fins have been widely studied as
alternative sources of collagen (Bae et al., 2008; Ehrlich et al.,
2018; Hernandez-Briones et al., 2009; Kim et al., 2016; Kim and
Mendis 2006; Nomura, et al., 1995). In addition, it has been found
that the mantle of scallops (Shen et al., 2007), the muscle layer
of ascidians (Mizuta et al., 2002a), and the adductor of pearl oys-
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ters (Mizuta et al., 2002b; Wu et al., 2019) can be used as new
sources of collagen. Approximately, 36—-54% of collagen could be
obtained from fish skin, bone and fin (Nagai and Suzuki, 2000). It
has been reported that 70% of the pollock skin and squid skin dry
matter is collagen (Zhang et al., 2003). Some research works in
Japan has demonstrated that fish scales of sardines have potential
as an important collagen source (Belouafa et al., 2018; Kimura
and Ohno, 1987; Nomura et al., 1996). Rohu, catla, megrim,
dover sole, codfish, hake, carp, shark, spotted golden goatfish,
tuna, niger triggerfish and tilapia are some of the fish species that
have been subjected to extraction of collagen from marine ver-
tebrates (Gomez-Guillén et al., 2002; Kittiphattanabawon et al.,
2010; Matmaroh et al., 2011; Zhang et al., 2011; Carvalho et al.,
2018). A recent study found that collagens extracted from Atlantic
Salmon Salmo salar has the potential for use as scaffolds for bone
tissue engineering applications (Bernhardt et al., 2018). However,
the main constraint related to fish collagens is the establishment
of a sound extraction process for their commercial exploitation
(Carvalho et al., 2018).

The basic subunit of the collagen is tropocollagen, which is a
three stranded polypeptide unit. Collagen polypeptide chains are
structurally organized in three a-helices forming its secondary
structure (Silva et al., 2014). These polypeptide chains wrap around
one another and form a characteristic triple helix-tertiary structure.
Collagen fibrils are formed by self-assembling these triple helices.
Collagen family is classified into various groups, mainly due to
their complex structural diversity (Wang et al., 2014). Currently,
27 different types of collagen have been identified (Schrieber and
Gareis, 2007). These collagens could simply be classified as type
I (primarily in connective tissue such as skin, bone, and tendons),
type 11 (exclusively in cartilage tissue), type III (strongly depend-
ent on age: very young skin can contain up to 50%, but in the
course of time this is reduced to 5-10%) and other types (present
in very low amounts only and mostly organ-specific). Collagen
molecules, composed of three a-chains intertwined in the so-called
collagen triple-helix, adopt a 3D structure that provides an ideal
geometry for inter-chain hydrogen bonding, which stabilizes the
triple helices (Nijenhuis, 1997). Collagen is generally extracted
with mild acid or alkaline hydrolysis and solubilized without alter-
ing its triple helix (Abdollahi et al., 2018; Hernandez-Briones et
al., 2009; Regenstein and Zhou, 2007). The composition of colla-
gen encompasses all 20 amino acids (Schrieber and Gareis, 2007)
and it is the only mammalian protein that contains large amounts of
hydroxyproline and hydroxylysine, and it is also high in its content
of imino acids (proline and hydroxyproline) (Balian and Bowes,
1977). Generally, the amino acid sequence of collagen determines
its functional properties including energy storage capacity, stiff-
ness, elasticity and other mechanical properties (Uzel et al., 2009;
Ehrlich et al., 2018).

Fish collagens have been shown to vary widely in their amino
acid composition. In particular, the levels of proline, and hydroxy-
proline vary significantly among fish species (Arnesen and Gild-
berg, 2002; Balian and Bowes, 1977). The amount of amino acids,
especially hydroxyproline, depends on the environmental tempera-
ture in which the fish lives, and this affects the thermal stability of
the collagen (Balian and Bowes, 1977). Overall, collagens derived
from fish have lower concentrations of imino acids (proline and
hydroxyproline) compared to mammalian collagen, and warm-
water fish collagen (such as bigeye-tuna and tilapia) have a higher
imino acid content than cold-water fish (such as cod, whiting, and
halibut) collagen (Eastoe and Leach, 1977). Hydroxyproline is in-
volved in inter-chain hydrogen bonding, which stabilizes the triple
helical structure of collagen. The collagen derived from fish spe-
cies living in cold environments exhibits lower thermal stability

than those from fish living in warm environments (Wasswa et al.,
2007).

The high demand for potential usage of collagen has led to in-
tense research on different marine species, mainly due to its bio-
compatibility, biodegradability and weak antigenic potential as
biomaterial (Carvalho et al., 2018). In this respect, as mentioned
carlier, marine invertebrate collagen has gained much attention as
an alternative to mammalian collagen (Tziveleka et al., 2017; Ehr-
lich et al., 2018). Collagens from poriferans, coelenterates, anne-
lids, mollusks, echinoderms, and crustaceans have been investigat-
ed in several studies (Silva et al., 2014; Ehrlich et al., 2018). They
possess different morphological characters, and most of them are
quite distinct from each other (Langasco et al., 2017). Their unique
structural features, such as structure-function interrelations, have
made them more specific compared to vertebrate collagen. The po-
tential of using collagen originating from marine invertebrates in
diverse fields, including food (Hashim et al., 2015), medicine (Por-
firio and Fanaro, 2016; Pawelec et al., 2016; Conway et al., 2017)
and cosmetics (Avilia-Rodriguez et al., 2018) has gained much
momentum. However, their usage has been hindered, mainly due
to difficulties in their purification and relative species-dependent
complexity (Ehrlich et al., 2018).

Gelatin, not a naturally occurring protein, is derived from the
fibrous protein collagen and it is a heterogeneous mixture of water-
soluble proteins of high molecular weight (Budavari, 1996; Kwak
etal., 2019). The global demand for gelatin has increased over the
last decade (Tiimerkan et al., 2019). For example, Mad-Ali et al.
(2016) expected that the demand for gelatin for food and non-food
industry reach 450.7 kilotons in 2018 (Huang et al., 2018). Similar
to collagen, marine originated gelatin is regarded as an effective
replacement to mammalian gelatin in order to avoid potential is-
sues related to religious perspectives as well as safety and stability
concerns (Kwak et al., 2019). Conversion of collagen into solu-
ble gelatin can be achieved by heating the collagen in either acid,
alkali (Wasswa et al., 2007; Schrieber and Gareis, 2007; Ahmad
et al., 2017) or using enzymatic hydrolysis, the latter could also
improve further degradation of gelatin into its hydrolysates. Ther-
mal treatment destabilizes the triple helix configuration of collagen
and converts its helical conformation into coiled conformation by
cleaving hydrogen and covalent bonds (Djabourov et al., 1993;
Kwak et al., 2019). Thus, hot water treatment is generally used
to solubilize collagen in the skin and extract it as gelatin (Kim
and Mendis, 2006). Silver carp skin (Boran and Regenstein 2009),
rohu and tuna skins (Ninan et al.,2011), and skins from Catla catla,
Labeo rohita, and Cirrhinus mrigala (Chandra and Shamasundar,
2015) are some of the examples that were used to produce gelatin
from aquatic species. Moreover, tuna head bone originated gelatin
showed excellent gelling properties (Haddar et al., 2012). Regen-
stein et al. (2003) reported that scale collagen has a unique niche
market related to kocher fish. More recently, the extraction of col-
lagen from swim bladders of fish has been considered (Liu et al.,
2015).

The type of gelatin produced depends on the fish type and the
production process (Wasswa et al., 2007). The gel strengths of
commercial gelatins are expressed using bloom values (Schrie-
ber and Gareis, 2007). The gelling strength of commercial gela-
tins ranges from 100 to 300, but gelatins with bloom values of
250-260 are the most desirable (Holzer, 1996). Cold water fish
(Pollock, haddock, cod, salmon) gelatins are particularly different
due to their lower content of proline and hydroxyproline (Kwak et
al., 2017) compared to mammalian derived gelatin, but these usu-
ally have poor gelling ability and their gelling temperature is typi-
cally below 8—10 °C (Norland, 1990). Particularly, gel strength and
melting temperature of fish gelatin are lower than those of mam-
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malian gelatin, mainly due to the differences in their amino acid
composition (Kwak et al., 2017). Therefore, functional properties
including gel strength, viscosity, gelling behavior, and the melting
point of gelatin are determined by the source and type of collagen
(Kamer et al.,2019). However, the viscous liquid state of the fish
gelatin at room temperature is considered as a unique rheologi-
cal property that can be utilized in fabricating biomaterials under
“green” process conditions (Paszkiewicz et al., 2016). Warm water
fish (tuna, tilapia) gelatin can have a bloom value of 200-250 g and
their melting point is 25-27 °C and these gelatins more closely re-
semble bovine or porcine gelatin, which melts at 32-35 °C (Karim
and Bhat, 2009).

There are basically two processes by which collagen is pro-
cessed to gelatin, that is, acid and alkali processes (Wasswa et al.,
2007) (Figure 2). However, acidic treatment is most suitable for
the less covalently cross-linked collagens found in porcine and fish
skins and sometimes bone raw materials (Karim and Bhrat, 2008).
Pretreatment of the raw material, collagen hydrolysis to gelatin
and purification and drying are the main processing steps in gelatin
production (Kamer et al., 2019).

Several reports have been published about mechanical and
physicochemical properties of fish gelatins obtained from several
fish species (Table 1). Recently, Yan et al. (2009) investigated the
physical-chemical properties of collagen from squid skin, which is
8—10 percent of the leftover in squid processing.

As discussed earlier, collagen from fish by-products has some
important features for food processing that are distinguishable
from those of vertebrate land sources. The important feature is
fish collagen has lower denaturation temperature and viscosity
than land vertebrate collagen because of lower imino acid content
and a lower degree of proline hydroxylation (Kimura and Ohno,
1987; Leuenberger, 1991). Therefore, cold-water fish gelatin can
be used in applications that do not require a high bloom value or
gelling, relying instead on its other properties, such as prevention
of syneresis and texturization (Wasswa et al., 2007). Cold-water
fish gelatin can be used in frozen or refrigerated products that are
consumed quickly following removal from the fridge or defrost-
ing (Karim and Bhrat, 2008). In addition, as a protein, gelatin is
low in calories, and melts in the mouth to give excellent sensory
properties resembling fat, making it ideal for use in low-fat prod-
ucts (Karim and Bhrat, 2008). Fish gelatin may also be used in the
microencapsulation of colorants (Karim and Bhrat, 2008) and food
flavors (150-300 Bloom) (Soper and Thomas, 2000). Choi and Re-
genstein (2000) reported that fish gelatin with lower gel melting
temperatures had a better release of aroma and offered a stronger
flavor. Moreover, processing and extraction conditions, including
time and temperature combinations, as well as the nature of chemi-
cals can also affect the techno-functional properties of gelatin due
to various lengths of polypeptide chains (Kamer et al., 2019). It
has also been reported that fish gelatin emulsion is significantly
affected by pH and storage time with large increments in consist-
ency coefficient and particle size, mainly due to the production of
relatively large droplet size during homogenization (Surh et al.,
2006; Huang et al., 2018).

However, it is possible to enhance the gel properties of these
gelatins by mixing with high-quality gelatins from warm-water
fishes or mammals (Zhou et al., 2006) or by means of chemical
and enzymatic modification (Gudmundsson, 2002; Kolodzjieska
etal., 2004). Kotodziejska et al. (2004) investigated the enzymati-
cally crosslinked fish gels and suggested that fish could be used
as a gelling component of sterilized products. Furthermore, sev-
eral studies have been conducted to investigate the modification
of fish gelatin using transglutaminase process in order to improve
the functional properties of gelatin (Jongjareonrak et al., 2006b;

ACID PROCESS ALKALI PROCESS
Fresh crushed raw material oSl crush:):d T el
(skin) (bone)
l Degreasing
Degreasing |
Demineralization
Acid treatment |
Liming
Extraction |
Neutralization
Filtration Extraction
I
Filtrati
Ion exchange Ell o
Ion exchange
Concentration |
Concentration
Sterilization |
Sterilization
|
Drying Drying
Gelatine Gelatine

Figure 2. Flow process for most typical processing steps for fish gelatine
manufacture. Source: Adapted from Wasswa et al. (2007).

Kotodziejska et al., 2004). The use of transglutaminase can en-
hance the elasticity and cohesiveness of the gels as well as provid-
ing non-thermoreversible gels with lower gel strength (Huang et
al., 2017).

In addition, fish gelatin could be used as a food emulsifier (Surh
et al., 2006), edible film (Senaratne et al., 2006; Avena-Bustillos
et al., 2000), thickener, stabilizer, foaming agent (Karaman et al.,
2016) and additive in surimi processing to improve the mechanical
and functional properties of gels (Hernandez-Briones et al., 2009).
Zhou and Regenstein (2007) reported that desserts made from fish
gelatins by increasing the concentration of gelatin or by using gela-
tin mixtures would be more similar to desserts made from high
bloom pork skin gelatin. Compared to fish species, a special fea-
ture of squid collagen lies in its high degree of cross-linking, due
to the high amount of hydroxylysine, together with a high content
of hydroxyproline (Gomez-Guillén et al., 2002). Giménez et al.
(2009) reported that gelatins from outer and inner tunics of giant
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Table 1. Examples of literature on extraction and characterization of fish gelatine

Variety of fish

Reference

Baltic cod (Gadus morhua), salmon (Salmo
salar), herrings (Clupea harengus)

Flounder (Platichthys flesus)
Alaska pollock (Theragra chalcogramma)

Alaska pollock (Theragra chalcogramma)
surimi processing by-products

Megrim (Lepidorhombrus boscii) (Risso), Hake
(Merluccius merluccius), Dover sole (Solea vulgaris)

Megrim (Lepidorhombrus boscii)

Grass carp (Catenopharyngodon idella)
Brown backed toadfish (Lagocephalus gloveri)
Horse mackerel (Trachurus trachurus)

Cod (Gadus morhua)

Catfish (Ictalurus punctatus)

Sin croaker (Johnius dussumieri), shortfin
scad (Decapterus macrosoma)

Black tilapia (Oreochromis mossambicus),
red tilapia (Oreochromis nilotica)

Bigeye snapper (Priacanthus macracanthus),
brownstripe red snapper (Lutjanus vitta)

Yellowfin tuna (Thunnus albacares)
Blue shark (Prionace glauca)

Nile perch (Lates niloticus)

Grass carp (Ctenopharyngodon idella)
Skate (Raja kenojei)

Atlantic salmon (Salmo salar)

Dover sole (Solea vulgaris)

Harp seal

Kotodziejska et al. (2008)

Fernandez-Diaz et al. (2003)
Zhou and Regenstein (2005); Zhou and Regenstein (2004)
Kim and Park (2004)

Fernandez-Diaz et al. (2001); Gomez-Guillén
et al. (2002); Sarabia et al. (2000)

Montero and Gémez-Guillén (2000)
Kasankalaa et al. (2007)

Senaratne et al. (2006)

Badii and Howell (2006)

Fernandez-Diaz et al. (2001); Kotodziejska et al.
(2004); Gudmundsson and Hafsteinsson (1997)

Yang et al. (2007); Liu et al. (2008)
Cheow et al. (2007)

Jamilah and Harvinder (2002)

Jongjareonrak et al. (2006b); Jongjareonrak et al. (2006a)

Cho et al. (2006)

Yoshimura et al. (2000)

Muyonga et al. (2004)

Kasankala et al. (2007)

Cho, Jahncke, Chin and Eun (2006)

Arnesen and Gildberg (2007)

Gomez-Guillén et al. (2005); Giménez et al. (2005)
Arnesen and Gildberg (2007)

squid exhibit good filmogenic ability. Moreover, addition of sugar
can influence the functional, physicochemical, and structural prop-
erties of gelatin (Hazaveh et al., 2015; Kamer et al., 2019). It has
been found that low concentrations of sugar decrease gel strength,
while higher levels of sugar increase the gelling and melting tem-
peratures (Sow and Yang 2015; Cai et al., 2017). These structural
features may improve the potential application of fish gelatin in
confectionery products. For example, Kamer et al. (2019) reported
that addition of sorbitol and sucrose to gelatin produced from rain-
bow trout (Oncorhynchus mykiss) skin showed enhanced proper-
ties of fish gel solutions with confectionery solutes that have the
potential to be used in gummy-like candies.

Fish gelatin has also been used in the preparation of pharma-
ceutical and medical products as its low gelling temperatures of-
fer new potential application areas (Wasswa et al., 2007). One of
the major applications of fish gelatin is in microencapsulation of
vitamins and other pharmaceutical additives such as azoxanthine
(Karim and Bhat, 2008). The use of fish gelatin soft capsules is
most common in nutrition supplements. Park et al. (2007) patented
a process describing the preparation of a film-forming composition
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for hard capsules composed of fish gelatin. Another patent (Hansen
et al., 2002) described the use of fish gelatin (Bloom value higher
than 100) as an ingredient in drug tablets. Moreover, the use of gel-
atin is generally recommended for reducing the fat levels in food
formulated for obese patients (Liu et al.,2015; Huang et al., 2018).

The skin and cartilage of the blue shark are rich in types I and
IT collagen, respectively (Nomura, 2001). Meanwhile, type I col-
lagen is the most commonly used and researched collagen (Lin et
al., 2019). Recent studies have shown that sharkskin collagen is
useful as the material for cell culture matrix, a substrate for matrix
metalloprotease involved in tissue metabolism (Nomura, 2001),
wound dressings, vitreous implants and carrier for drug delivery
(Senaratne, Park and Kim, 2006). According to the available da-
tabase, including Web of Science, there are increasing number of
collagen-based biomaterials that are being approved for regen-
erative medicine applications (Lin et al., 2019). Several studies
have reported that collagen from fresh water fish has a lower cy-
totoxic effect and higher cell viability than bovine collagen (Song
et al., 2006; Lin et al., 2019). Furthermore, it has been reported
that shark gelatin improves bone mineral density in a rat model
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(Nomura, 2004; Koyama et al., 2001). These results indicate that
shark gelatin would be useful as a food supplement for treating
osteoporosis. Manikandan et al. (2018) reported that gelatin from
fish scales modified with caffeic acid showed better mechanical,
biodegradability, and cytocompatible properties compared to their
native forms and was an effective material for tissue engineering
research.

However, application of fish skin collagen in food and bio-
materials is still limited due to its poor solubility, negative sen-
sory properties (fishy smell) and weak gel strength (Lin and Li,
2006; Yan, et al., 2008). Nonetheless, more recent studies have
been concentrated on developing various methods for improving
cross linking and thermal stability of marine collagen (Subhan et
al., 2015). It has been reported that denaturation temperature of
salmon atelocollagen (SC) can be increased by employing a modi-
fied extraction method and hybrid of marine collagen with chi-
tosan and hydroxyapatite using a freeze-drying and lyophilization
method can also improve the thermal stability of marine collagen
hybrid (Pallela et al., 2012; Subhan et al., 2015).

The low gelling temperature (8—10 °C) of gelatin from cold-
water fish makes it useful as the base for light-sensitive coatings
that are important to the electronics trade (Norland, 1990). Thus,
gelatin produced from cold-water fish like Alaska pollock, salmon,
and unicorn leatherjacket possesses relatively lower gel strength
at 10 °C (Lin et al.,2017). Cold-water fish gelatin also provides a
good medium for precipitating silver halide emulsions since this
process can be carried out at a lower temperature than with warm-
blooded animal gelatin (Norland, 1990). Furthermore, aquatic gel-
atins with lower gel melting temperature have desirable functional
properties and better sensory characteristics (Choi and Regenstein,
2000). Generally, the properties of gelatins are determined by two
main factors, namely the characteristics of the source collagen and
the specific production process employed (Lin et al., 2017). For
example, cold-water fish gelatin films showed significantly lower
water vapor permeability (WVP) than warm-water fish and mam-
malian gelatin films (Avena-Bustillos et al., 2006; Lin et al., 2017).

2.2. Proteoglycan

Cartilaginous tissues are by-products of the seafood industry.
They contain valuable glycosaminoglycans which are mainly
chondroitin-4-sulfate and chondroitin-6-sulfate, present in the
form of proteoglycans (Garnjanagoonchorn et al., 2007). Glycosa-
minoglycans originating from marine sources are different from
those of terrestrial organisms, mainly in terms of their molecular
weight and sulfation (Valcarcel et al.,2017). For example, marine
glycosaminoglycans have distinct sulfation with different inter-
related aspects such as the relative abundance of sulfated units
which varies between marine and terrestrial glycosaminoglycans.
The rare disaccharide units, such as chondroitin sulfate-keratan,
are only found in marine sources (Higashi et al., 2015; Valcarcel
et al., 2017). Chondroitin sulfate is a typical mucopolysaccharide
(Guérard, 2007). Chondroitin-4-sulfate and chondroitin-6-sulfate
are composed of N-acetyl-D-galactosamine and D-glucuronic acid
sulfated at positions 4 and 6, respectively (Garnjanagoonchorn et
al., 2007). Skate cartilage is reported to be exclusively composed
of chondroitin sulfate (Roy, 1998) covalently attached to a core
protein and embedded in a network of collagen fibrils (Carney
and Muir, 1988). Chondroitin sulfate has been widely used for its
chondroprotective effect (Pipitone, 1991). It could be enzymati-
cally extracted from cartilage (Nakano et al., 1996; Lignot, et al.,
2003; Garnjanagoonchorn et al., 2007). However, chondroitin sul-
fates from marine origin are more varied (Novoa-Carballal et al.,

2017) and those from fish processing by-products could be used
as alternative sources of chondroitin sulfate. For example, heads
from Prionace glauca, and skeleton from Raja clavata and a com-
mon fish by-catch small-spotted catshark (Scyliorhinus canicula)
were identified as potential sources of chondroitin sulfate due to
the higher yields of production and higher availability in the fish
processing industry (Blanco et al., 2015; Vazquez et al., 2016).
Clinical studies on osteoarthritis patients have confirmed the
therapeutic effects of orally taken chondroitin sulfate in improve-
ment of joint function and pain reduction (Morreale and Mano-
pulo, 1996; Bucsi and Poor, 1998; Ronca and Palmieri, 1998). Fur-
thermore, it has been found that many therapeutic functions such
as anti-angiogenic and anti-metalloproteinase activities of shark
cartilage are associated with the presence of chondroitin sulfate
(Guérard, 2007). Solubilization of chondroitin sulfate requires de-
grading both the collagen matrix and the core protein. Shark carti-
lage is marketed by a number of different manufacturers; branded
products include Cartilade (Solgar, BioTherapies, Source Natu-
rals), Mega Shark Cartilage (Twinlab), Sharkilage (Futurebiotics),
and BeneFin Shark Cartilage (Lane Labs). Moreover, as inflamma-
tory agents, marine originated chondroitin sulfate plays an impor-
tant role. Shrimp heparin, fucosylated chondroitin sulfate from sea
cucumber, and chondroitin sulfate from shark cartilage are some of
the marine originated anti-inflammatory agents that show in vitro
and in vivo activities (Valcarcel et al., 2017). Apart from these
therapeutic activities, chondroitin sulfate also appears as the most
promising compound which promotes neurite outgrowth and can
be utilized for nerve regeneration (Sugahara and Mikami, 2007;
Serrano et al.,2014 ) Chondroitin sulfate extracted from shark, as-
cidians, sea urchin, squid and octopus showed neurite outgrowth
promoting characteristics (Higashi et al.,2015; Li et al., 2007);) as
well as potential for nerve regeneration (Valcarcel et al., 2017).

2.3. Surimi

Processing the protein by-products into surimi is a popular op-
tion for increasing utilization of the resource (Martin-Sanchez et
al., 2009). Surimi is a Japanese term for deboned, minced, and
washed fish flesh (Figure 3) and can also be defined as a com-
mercial preparation of fish myofibrillar protein which may serve
as a main ingredient in a variety of formulated seafood products
(Jannat-Alipour et al.,2019). For example, it can be used for the
manufacture of seafood imitation products such as crabsticks and
chunks, and flakes, among others (Martin-Sanchez et al., 2009;
Kristinsson, 2007). Since commercial demand for white-fleshed
fish is higher than that for other fish species, surimi is typically
made from white-fleshed fish such as pollock or hake (Lee 1994;
Venugopal 1997; Venugopal and Shahidi 1998). Alaska pollock is
the most valuable species because it has good gelation properties,
desirable odor, white color, and good cooking tolerance. Thus, it is
used for the production of higher-quality surimi. Moreover, surimi
is considered as a convenient intermediate product used in the
preparation of ready-to-eat seafood such as kamaboko, fish sau-
sage, imitation crab legs and shrimp products (Gao et al., 2018).
Pacific whiting (Merluccius productus), as such, is also one of the
main species for surimi production (Velazquez et al., 2008). How-
ever, it has been reported that surimi products can also maximize
the use of less popular and underutilized fish species in order to
upgrade them as human food (Alipour et al., 2018). Lizard fishes
of the genus Saurida, bluefin gurnard Chelidonichthys kumu and
other by-catch of trawl fisheries are some of the examples that
have progressively been considered in the production of surimi
(Guenneugues and Ianelli 2014; Galal-Khallaf et al., 2016).
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Figure 3. Processing steps in conventional surimi processing. Source:
Adapted from Martin-Sanchez et al. (2009).

According to FAO (2008), the catch of pelagic fish as by-catch
is increasing, whereas some of the most valuable species such as
Alaska pollock (Theragra chalcogramma) are declining. Further,
the demand for fish protein throughout the world is increasing
faster than the available supply using traditional resources (Hul-
tin and Kelleher 2000; Jaczynski, 2008). Hence, the manufacture
of surimi can be an alternative to make use of by-catch and by-
products that are unwanted or unsuitable for other processes and
to produce edible proteins from a range of other sources (Baxter
and Skonberg 2008; Alvarez et al., 1992; Karayannakidis et al.,
2008). However, this kind of surimi differs from conventional fish

surimi in a number of characteristics (Martin-Sanchez et al., 2009).
Generally, the quality of surimi products is mainly determined by
gel-strength, water-holding capacity and sensory characteristics
(Zhang et al., 2019). In case of cephalapodas, despite the fact that
acceptable collagen-based edible gels can be obtained as reported
by De La Fuente-Betancourt et al. (2009), the traditional method
to make surimi cannot be applied to cephalopod muscle because
its myofibrillar protein is much more water-soluble than fish mus-
cle, with some odorous compounds, and its high protease activity
that results in decreased functionality of the product so obtained
(Martin-Sanchez et al., 2009).

Jonah crab (Cancer borealis), a by-catch of the lobster indus-
try, has become popular due to increased consumer demand for
crab claws due to their mild flavor and relatively low cost (Baxter
and Skonberg, 2006, 2008). One concern is that while claws are
the most popular part, much of the remaining crabmeat is wasted
after their removal. Therefore, the low-value crab mince can be
obtained from the neglected meat, a potential resource of protein
for surimi-like gels, using mechanical deboning equipment (Bax-
ter and Skonberg 2008; Galetti, 2010).

The principal purpose of catching shark is to obtain shark fin
for high-class Chinese cuisine. Furthermore, the most abundant
available blue sharks in Japan are landed as a secondary catch
from long-line tuna fishing (Ishimura and Bailey, 2013; Nomura,
2001). After removal of the fin, shark meat is left as a by-product,
which can also be used as a surimi material for making kamaboko
(Nomura, 2001). However, reports about surimi from sharks and
rays are scarce, but Turan and Sonmez (2007) found that thorn-
back ray (Raja clavata) was a suitable resource for surimi pro-
duction, and Kailasapathy and Salampessy (1999) made surimi
from angel shark (Squatina spp.) with the addition of urease to
remove the urea from shark mince without affecting its myofibril-
lar proteins.

2.4. Fish protein hydrolysate and bioactive peptides

One of the approaches for the effective protein recovery from the
by-products is enzymatic hydrolysis, which is widely used to im-
prove and upgrade the functional and nutritional properties of pro-
teins (Je et al., 2005; Kristinsson, 2007; Kim and Mendis, 2006;
Slizyte et al., 2009; Shahidi et al., 1995; Shahidi et al., 1994; Yu
and Brooks, 2016). Fish protein hydrolysates have similar ami-
no acid profiles to their original material except for the sensitive
amino acids such as methionine and tryptophan that are affected
to a relatively large extent during enzymatic hydrolysis (Shahidi
et al., 1995). Figure 4 shows the outline of the main steps in the
production of fish protein hydrolysate (FPH). Nowadays, fish pro-
tein hydrolysates are of significant interest, due to their potential
application as a source of bioactive peptides in nutraceutical and
pharmaceutical domains as well as in the preparation of high end
pet feedstocks (Cudennec et al., 2008; Halim et al., 2016; Picot et
al., 2010). One of the most important factors in producing protein
hydrolysates with desired functional properties is their use in pro-
duction of functional materials with desirable health effects (Dees-
lie and Cheryan, 1991).

Fish protein hydrolysates (FPH) have good solubility over
a wide range of ionic strength and pH and usually tolerate high
temperatures without precipitating (Skanderby, 1994). FPH have
good functional properties and can contribute to water holding,
texture, gelling, whipping, foaming, and emulsification properties
when added to food (Kristinsson, 2007). Several reports have sug-
gested that there is an optimum molecular size or chain length for
peptides to provide good foaming and emulsifying properties, and
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Figure 4. Flow diagram for the preparation of fish protein hydrolysate.
Source: Adapted from Kristinsson (2007).

that limited hydrolysis resulting in larger peptides generally leads
to improved emulsification and foaming properties, while exten-
sive hydrolysis resulting in small peptides reduce these properties
(Slizyte et al., 2009). In addition, except for the deficit of a few
amino acids, hydrolysates have a high nutritional value (Chala-
maiah et al. 2012; Halim et al., 2016; Slizyte et al., 2005; Shahidi
et al., 1995). Furthermore, several studies have shown that protein
hydrolysates containing mostly di- and tripeptides, are absorbed

more rapidly than the free form amino acids and much more rap-
idly than intact proteins (Di Pasquale, 1997; Manninen, 2004).

The peptides produced from the action of enzymes (mixture or
several) have proven to be good sources of antioxidants, such as
capelin protein (Amarowicz and Shahidi, 1997; Najafian and Ba-
bji, 2012), mackerel protein (Morales-Medina et al., 2016; Wu et
al., 2003), jumbo squid skin (Mendis et al., 2005; Suarez-Jiménez
et al., 2015), hoki frame protein (Kim et al., 2007), yellowfin sole
frame protein (Jun et al., 2004), yellow stripe trevally (Selaroides
leptolepis) (Klompong et al., 2007), yellowfin sole skin gelatin
hydrolysate (Kim et al., 1996), Alaska pollack skin gelatin hydro-
lysate (Kim et al., 2001), Alaska pollack frame protein hydrolysate
(Je etal., 2005), and sardinelle (Sardinella aurita) by-products hy-
drolysate (Bougatefa et al., 2010). In these studies, peptides frac-
tions from protein hydrolysates showed different antioxidant effec-
tiveness. The antioxidative peptides commonly sourced from fish
have been reported with molecular weights between 0.5 and1.5 kDa
(Halim et al., 2016). According to Amarowicz and Shahidi (1997),
among the four peptides isolated from the capelin protein hydro-
lysates, one fraction possessed a notable antioxidant activity and
another two had a weak efficacy while the fourth fraction exerted
a prooxidant effect in a f-carotene-linoleate model system. Mean-
while, protein hydrolysates prepared from seal meat were found to
serve as phosphate alternatives in processed meat applications and
reduced the cooking loss considerably (Shahidi and Synowiecki,
1991). Kim et al. (2001) prepared protein hydrolysate from Alaska
pollack skin using a multienzyme system in a sequential manner.
The enzymes used in the order of application were Alcalase, Pro-
nase E, and collagenase. The fraction from the second step, which
was hydrolyzed by Pronase E, was composed of peptides ranging
in molecular weight from 1.5 to 4.5 kDa and showed a high anti-
oxidant activity. In this study, two peptides were isolated using a
combination of chromatographic procedures, and these were com-
posed of 13 and 16 amino acid residues. Both of these peptides
contained a glycine residue at the C-terminus and the repeating
motif Gly-Pro-Hyp. The peptide with the sequence Gly-Pro-Hyp-
Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly was more effective
in inhibiting the formation of oxidation products (TBARS) in lin-
oleic acid compared to the other peptide fraction with amino acid
sequence Gly-Glu-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-
Gly-Pro-Hyp-Gly. The difference in antioxidant activity between
the two peptide isolates was thought to be attributed to the addi-
tional three amino acid residues (Gly-Glu-Hyp) at N-terminus of
the latter peptide (Kim et al., 2001). He et al. (2006) demonstrated
that protein hydrolysate prepared from Shrimp (Acetes chinensis)
by a crude protease inhibited hydroxyl radical generation by about
42%. Recently, Chi et al. (2015) extracted protein hydrolysate from
heads of bluefin leatherjacket (Navodon septentrionalis) by using
papain. Three antioxidant peptides were identified from this pro-
tein hydrolysate with specific sequences of Trp-Glu-Gly-Pro-Lys,
Gly-Pro-Pro, and Gly-Val-Pro-Leu-Thr. They exhibited significant
radical scavenging ability in DPPH, ABTS, hydroxyl radicals, and
superoxide radical experiments. For more antioxidant data on fish
protein by-product, the reader may refer to other reviews (Liu et
al., 2016; Sila and Bougatef, 2016). Overall, high hydrolytic rate
in hydrolysate preparation results in the formation of shorter and
more active peptides that serve as electron donors and react with
free radicals to stop chain reactions (Chi et al., 2015; Centenaro et
al., 2014).

The antioxidant activity of proteins and peptides is due to spe-
cific scavenging of radicals formed during peroxidation, scaveng-
ing of oxygen-containing compounds, or chelation of prooxidant
metal ions (Kristinsson, 2007). Therefore, production of fish pro-
tein hydrolysates with antioxidant properties will enable formula-
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tion of protein enriched and oxidatively stable seafood.

In addition to antioxidative effect, bioactive peptides isolated
from various fish protein hydrolysates have shown antithrombot-
ic (Rajapakse et al., 2005), immunomodulatory (Gildberg et al.,
1996), antimicrobial (Zamora-Sillero et al., 2018), and antiprolif-
erative (Umayaparvathi et al., 2014) activities. In another study,
Kim et al. (2000) reported that some peptides derived from fish
showed antihypertensive activity by inhibiting the action of an-
giotensin I converting enzyme (ACE) even stronger than that of
many other natural peptides. The study of Cheung and Li-Chan
(2010) demonstrated that protein hydrolysate produced from
shrimp processing by-products also had ACE inhibitory activity.
A more recent study by Nasri et al. (2013) found a high percentage
of aliphatic amino acids such as isoleucine, leucine and methionine
in goby protein hydrolysate which was positively associated with
ACE inhibitory activity.

Kim et al. (1999) and Jung et al. (2005) reported that fish pep-
tides are capable of accelerating calcium absorption. Furthermore,
fish protein hydrolysates were found to possess hormone-like
peptides and growth factors that accelerated calcium absorption
(Fouchereau-Peron et al., 1999). Thus, recovery of fish protein
from by-products may be of great value. In addition, fish protein
hydrolysates commonly used as nutritional supplements (commer-
cial names PC60 and Stabilium 200) were reported to reduce anxi-
ety in humans and to improve memory and learning performances
in animals and human patients (Dorman, et al., 1995; Landsberg et
al., 2015; Le Poncin, 1996a, 1996b; Gevaert et al., 2016).

2.5. Fish silage

As mentioned earlier, virtually all fish contain 15-20% protein
and some contain high amounts of oil. Fish silage or liquefied fish
protein is a simple way to convert fish by-catch and fish process-
ing by-products into a very nutritious feedstuff for productive
and fur-bearing animals. The well- established markets for silage
from fish waste can be found in Scandinavia, Poland, Denmark
and the Netherlands (Mack et al., 2004). In addition, fish silage
has been used extensively as a feed in aquaculture for a number
of fish and shellfish with a promising potential in the field of
larval nutrition (Martinez-Alvarez et al., 2015; Raghunath and
Gopakumar, 2002; Rustad et al., 2011). It could be used as an
ingredient in feed, supplying protein and water in the formula-
tion to obtain the proper density and stability required for use in
aquaculture farms (Gill, 2000). Silage made from whole fish or
parts of fish, to which a mineral acid such as formic acid or lactic
acid bacteria derived from fermentable carbohydrate substrates
are added to lower the pH to below 4.5 (Guérard et al., 2005;
Goddard and Perret, 2005; Vazquez et al., 2011). Liquefaction is
carried out by endogenous enzymes naturally present in the fish
(Guérard et al., 2005; Rai et al., 2011). Acid aids in accelerat-
ing the process by creating the right conditions for the enzymes
to work and by helping to break down bone. This procedure ef-
ficiently prevents the growth of spoilage bacteria (Ghanbari et
al., 2013; Tatterson, 1982). After liquefaction, it is convenient to
remove the oil coming from the raw material and the protein in
the aqueous layer may thereafter be dried or semi-dried (Goddard
and Perret, 2005; Vazquez et al., 2011). The main advantages of
fish silage are the recovery of fish offal and waste fish, low cost,
good nutritional value of the resulting product is its long stor-
age life. Besides, compared with fishmeal, silage generally has
the advantage of no heat denaturation and the proteins are more
available for the aquaculture species. The main inconvenience is
the impossibility of regulating the degree of hydrolysis achieved

(Guérard et al., 2005).

3. Marine lipid
3.1. Marine fish oils

Fish oil is mainly derived from by-catch and by-products of fisher-
ies (Rustad et al., 2011; Ambigaipalan and Shahidi, 2017; Shahidi
and Ambigaipalan, 2015). Pelagic fish species, namely menhaden,
capelin, herring, blue whiting, Norway pout, sand eel, sprat, sar-
dine, jack mackerel, and anchovy, among others, caught in large
quantities as by-catch are primarily used for the fish meal industry
with oil being a by-product (Bimbo 2009; Shahidi 2007; Ziegler et
al., 2016). A number of fish species including catfish, tuna, salmon,
sardine/pilchard, white fish sp., dogfish, pollock, horse mackerel,
Atlantic herring, mackerel sp., and hoki, among others, are caught
or raised principally for food use and their by-products from gut-
ting, filleting and other processing operations are then converted
into fishmeal and oil or other products (Rustad et al., 2011; Sha-
hidi, 2007).

In addition to being a major source of energy, marine oils are
rich in polyunsaturated fatty acids (PUFA), especially the n-3
PUFA family of alpha-linolenic acid (C18:3n-3) and its elongat-
ed and desaturated products such as eicosapentaenoic acid (EPA,
20:5n-3), docosapentaenoic acid (DPA, 22:5n-3) and docosahex-
aenoic acid (DHA, 22:6n-3) which endows marine products espe-
cially oil-rich products the prevention capacity of various diseases
such as blood pressure, coronary heart disease, inflammation, can-
cer and helps consumers in maintaining health (Brunborg et al.,
2006; Kerry and Murphy, 2007; Sargent et al., 1989, 1999; Sha-
hidi, 2007; Abraha et al., 2018). Besides fish oil, shellfish also has
favorable lipid composition. As Phleger et al. (1998) reported, the
lipid content in krill varies due to their specific diet, which could
be either phytoplankton or zooplankton (Araujo et al., 2014). The
Euphausia superba collected in the Elephant Island area of the Ant-
arctic Peninsula contains 0.2% wax ester, 33.4% triacylglycerols
(TAG),12.8% free fatty acids (FFA), 2.2% sterol and 51.3% phos-
pholipids (PL). However, a different lipid content was observed
from male E. superba collected in Eastern Antarctica, with 0% wax
ester, 1.7% TAG, 0% FFA, 5.4% sterol, and 93.1% PL. Similarly,
Gigliotti et al. (2011) showed that the extracted oil from Antarctic
krill (Euphausia superba) contained predominantly phospholipids
(20~33%), polar non-phospholipids (64~77%), and minor amount
of TAGs (1~3%). Within phospholipids, there was a total of 47.4%
n-3 fatty acids consisting of 18.0% DHA, 28.2% EPA, and 23.5%
saturated fatty acids. On the contrary, TAG contained significantly
less amount of total n-3 (4.0%), DHA (1.1%), and EPA (2.3%), but
more saturated FA (38.7%). On the other hand, marine fish oil from
by-products showed a better market potential, particularly those
prepared by molecular distillation and enzymatic processes as well
as other specially developed methods in purification of the final
products. Based on the recent market report, the increase of ma-
rine fish oil consumption and their price have been more dramatic
than the case of fishmeal due to the awareness of heart function as
well as brain, eye, and joint health, and for prenatal development
through ingestion of fish oil products (Olsen et al., 2014; Ramirez,
2013). Figure 5 shows the structures of omega-3 fatty acids in ma-
rine oils.

Many studies have reported the fatty acid composition of fish
by-products. Tuna is found to be a particularly good source of
DHA-rich oil and it is derived as a by-product from canning opera-
tions (Chantachum et al., 2000). The tuna oil supplements general-
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Figure 5. Structure of omega-3 fatty acid. Source: Adapted from Shahidi (2007).

ly contain higher levels of DHA than other supplements currently
available (Mann et al., 2010; Nichols et al., 1998). Catfish viscera,
a by-product of catfish processing, are industrially used to produce
edible oils (Shahidi, 2007). According to Sathivel et al. (2003),
the total unsaturated fatty acids in the purified oil from the catfish
viscera was 67.7% and the combined omega-3 fatty acids was only
4.6 mg/g of oil. Significant differences have been reported in the
fatty acid content and composition of salmon by-products (Shahidi
2007). Aursand et al. (1994) reported that EPA and DHA levels
were higher in liver than in edible belly flap region of Atlantic
salmon. Furthermore, pink salmon heads had the highest lipid con-
tent while viscera had the lowest (Wanasundara et al., 1998).
Herring oil is produced from different types of by-products, but
only heads, mixed and headless by-products are of interest (Sathiv-
el etal., 2003). In general, monounsaturated fatty acids are the ma-
jor constituent class of fatty acids present in herring by-products,
with docosenoic acid (C22:1) and eicosenoic acid (C20:1) being
the most important among them (Aidos et al., 2003). However, no
significant differences were found between the fatty acid composi-
tion of the mixed and the headless by-products or their correspond-

ing oils (Aidos et al., 2002).
3.2. Marine mammal oils

Marine mammals are unique in that their lipids are mainly stored
as subcutaneous fat, known as blubber (Holmer, 1989; Shahidi
and Ambigaipalan, 2015). Blubber functions primarily as an en-
ergy source, body stream-liner, insulator and buoyancy adjuster
during aerobic dives (Brunborg et al., 2006; Davis, 2014). The
oils from marine mammals contain various lipid classes, includ-
ing triacylglycerols (TAG), diacylglycerols (DAG), monoacylg-
lycerols (MAG), free fatty acids (FFA), phospholipids (PL), wax
esters, cholesterol, cholesterol esters, hydrocarbons, vitamins, and
ether lipids (Shahidi, 2007; Beppu et al., 2017). Furthermore, fatty
acid composition of marine mammal lipids varies significantly,
but all contain a large proportion of long-chain highly unsaturated
fatty acids (LC-HUFA), similar to fish oils (Shahidi, 1998; Sha-
hidi and Ambigaipalan, 2015). Although EPA and DHA are found
abundantly in different marine oils, DPA is present in significant
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amounts only in seal blubber oil (Broadwater et al., 2013; Wa-
nasundara et al., 1998; Aidos et al., 2002; Sathivel et al., 2003;
Jayasinghe et al., 2003). The ratio of DHA to EPA and presence of
DPA in modest amount are most important (Shahidi, 2002).

The main components of seals are carcass (44%), blubber
(29%), viscera (18%) and skin (8%) (Shahidi, 1998). Seal blubber
and skin are widely used, but the utilization of blubber and meat
for human food consumption is limited (Brunborg et al., 2006).
Seal blubber oil is an important by-product of the sealing industry
that is almost entirely triacylglycerols (Shahidi and Wanasunda-
ra, 1994) and is quite low in cholesterol (Schreiner et al., 2004).
Many studies have shown that seal blubber is an excellent source
of long chain and very long-chain 3 polyunsaturated fatty acids
(Broadwater et al., 2013; Brunborg et al., 2006; Wanasundara and
Shahidi, 1998). Furthermore, the positional distribution of fatty
acids on the glycerol backbone of triacylglycerols of seal blubber
is fundamentally different from that of fish oil (Ackman and Rat-
nayake, 1989; Shahidi et al., 1996; Shahidi, 1998). While most of
the PUFA of fish oil are located in the sn-2 position, they are found
primarily in the sn-1 and sn-3 positions in marine mammal oils
such as the seal blubber oil (Figure 6). The positional distribution
of -3 fatty acids in the TAG molecules of seal blubber oil is con-
sidered as being favorable because during digestion the fatty acids
from sn-1 and sn-3 positions of the TAG are liberated by position
specific enzymes such as pancreatic lipase, while the fatty acids
attached to the sn-2 position of the TAG are distributed in the body
in the chylomicron form (Yang et al., 1990), these polyunsaturated
fatty acids are in a liquid form within blood with low viscosity
and high fluidity, which is believed to be a reason for the low in-
cidence of cardiovascular disease among the Inuit of Greenland
compared to that of the Danish population there, despite their high
fat consumption (Ackman and Ratnayake, 1989; Bang et al., 1976;
Jeppesen et al., 2014).

Since marine oils are complex mixtures of fatty acids with
varying chain lengths and degrees of unsaturation, separation of
individual fatty acids is difficult for production of highly concen-
trated individual ®3 components. However, this challenge may be
overcome using a number of techniques such as adsorption chro-
matography, fractional or molecular distillation, enzymatic split-

ting, low-temperature crystallization, supercritical fluid extraction,
liquid-liquid extraction and urea complexation (Ratnayake et al.,
1988; Schlenk and Holman, 1950; Shahidi et al., 1994; Shahidi
and Wanasundara, 1998; Swern, 1964; Wanasundara and Shahidi,
1997, 1999). However, each of these methods has its own draw-
backs and thus far only a few are suitable for large-scale produc-
tion (Shahidi and Wanasundara, 1998). According to Shahidi and
Wanasundara (1998), there is a growing industrial interest in the
use of enzymatic methods due to the potential benefits of obtain-
ing concentrated omega-3 oils in the acylglycerol form. A prom-
ising new n-3 LC-PUFA extraction technique called the pH-shift
method may prove beneficial in the industry because no heat is
required, thereby limiting decomposition reactions and oxidative
damage that normally occurs during extraction (Okada and Mor-
rissey, 2007).

3.3. Application of fish and seal blubber oils

The market for omega-3 fatty acids as supplements and nutraceu-
ticals in Europe and Japan has long been established, and the US
market is experiencing rapid growth (Olsen et al., 2014; Rasmus-
sen and Morrissey, 2007). In general, marine oils are used in a vari-
ety of applications that include industrial, food, feed, aquaculture,
and nutraceuticals use (Bimbo, 2009; Shahidi and Ambigaipalan,
2015).

3.3.1. Application in food

Fish oil may be used edible purposes and has historically been
used in partially hydrogenated form in Europe in the baking indus-
try. However, a wide variety of foods, including bread, baby food/
infant formula, maternal beverages, margarine and salad dressings
containing marine oils have been prepared (Bimbo, 2009; Ferraro
etal., 2010; Garcia-Carreno et al., 1994; Kadam and Prabhasankar,
2010; Shahidi, 2012; Suleria et al., 2015). Many of these marine
oils, including fish oils have been marketed as omega-3 concen-
trates and have been GRAS approved by FDA, provided that the
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Table 2. Nutraceutical potentials of omega-3 fatty acids

Health benefits

Reference

Prevention of coronary artery disease

Protection against arrhythmias

Reduce blood pressure

Beneficial for diabetic patients

Fight against manic-depressive illness

Reduce symptoms in asthma patients

Protection against chronic obstructive pulmonary diseases
Alleviate symptoms of cystic fibrosis

Improve the survival of cancer patients

Prevent relapses in patients with Crohn’s disease
Prevent autoimmune disorders

Influence on mental health and psychiatric illness

Schacky (2000)
Christensen et al. (1997)
Appel et al. (1993)
Sheehan et al. (1997)
Severus et al. (1999)
Broughton et al. (1997)
Shahar et al. (1994)
Lawrence and Sorrell (1993)
Gogos et al. (1998)
Belluzzi et al. (1996)
Kelley (2001)

Sinn and Howe (2008)

combined intake of DHA and EPA does not exceed 3 g/person/day.
Hoffmann La Roche company produces microencapsulated fish oil
under the brand name of ROPUFA’ for use in health food formula-
tions. Such powdered products are used mainly in dry foods (e.g.
bakery products and milk powders), low-fat products, milk-based
drinks, orange drinks, salad dressings, soups, cakes and biscuits
(Beindorff and Zuidam, 2010; Newton, 1996).

Barlow and Young (1988) reported novel uses of marine oils
and suggested that the optimum level of their incorporation into
meat products (e.g. salami, frankfurters) was 9 to 16.5% of the
total lipid content. Incorporation of marine oils in highly flavored
foods is preferred since any off-flavor development from the use
of marine oils is masked. The refined and bleached seal blubber
oil (SBO)/canola oil blends containing 0, 25, 50 and 100% (w/w)
SBO were used to prepare French salad dressings and mayonnaise
without any added antioxidants. These products were stable for
2-4 weeks at room temperature without changes in their physi-
cal appearance or taste (Shahidi 1994). Ghorbanzade et al. (2017)
used nano-liposome technology to nano-encapsulate fish oil which
was utilized in fortifying yogurt. Through measuring various phys-
icochemical properties such as pH, acidity, syneresis, fatty acid
composition, peroxide value as well as sensory tests of the yogurt
so produced, they found that during three weeks storage at 4 °C,
addition of nano-encapsulated fish oil into yogurt provided longer
shelf life in terms of sensory characteristics than yogurt fortified
with free, unencapsulated fish oil. In an earlier study, Jafar et al.
(1994) showed that mayonnaise prepared from menhaden oil had
a shelf life of one day without any added antioxidants. However,
added citric acid or sodium citrate and propyl gallate in the oil
phase and ethylenediaminetetraacetic acid (EDTA) and ascorbic
acid in the aqueous phase increased the shelf life of the product
to an average of 49 days at room temperature. In addition to the
direct use of marine oils in foods, concentrates or nanoliposome of
EPA and DHA may be applied as PUFA supplements in a number
of dairy products, mayonnaise, margarine, other table spreads, ed-
ible vegetable oils, emulsified or non-emulsified shortenings, hard
fats, pastry fats, biscuits, icings and bread doughs (Bimbo, 2009;
Rasti et al., 2017). A large proportion of marine oils used in food
applications are hydrogenated to various degrees. Modem hydro-
genation processes of high selectivity make it possible to produce
a high proportion of mono- and polyunsaturates without increasing
the level of saturated fatty acids, and the degree of hydrogenation

can be controlled to produce oils with a wide range of physical and
chemical properties in order to meet various application demands
(Bimbo, 2009). However, concern about production of trans fatty
acids may overshadow the use of such oils, if not fully hydrogen-
ated.

3.3.2. Application in nutraceuticals

Marine oil is an excellent source of omega-3 fatty acids which
are linked to the promotion of human health and to fight against
numerous diseases (Shahidi, 2007; Shahidi and Ambigaipalan,
2015). Table 2 shows the nutraceutical potential of omega-3 fatty
acids. Furthermore, several studies have shown the importance
of n-3 and n-6 fatty acids supplementation to pregnant and lac-
tating women (Coletta et al., 2010; Helland et al., 2001; Jensen,
2006; Mitmesser and Jensen, 2007; Swanson et al., 2012). The n-3
fatty acids, especially long-chain n-3 polyunsaturated fatty acids
DHA and EPA exert important effects on eicosanoid metabolism,
membrane fluidity, myelination, neurotransmission, ion channel,
enzyme regulation and gene expression and therefore are bio-
logically important nutrients (Calder, 2018; Calder, 2014; Jensen,
2006; Sinn and Howe, 2008; Swanson et al., 2012). Because of
the biological activities of n-3 fatty acids, some investigators have
hypothesized that maternal n-3 fatty acid intakes might have sig-
nificant effects on several pregnancy outcomes, including duration
of gestation and infant size at birth, preeclampsia, depression, cog-
nition, and immunologic function (Jensen, 2006; Swanson et al.,
2012). In addition, because DHA is present in high concentrations
in the brain and retina, particularly in synaptic membranes and
rod-cone outer membranes, adequate provision of DHA is thought
to be essential for optimal visual and neurologic development dur-
ing early life (Jensen, 2006; Swanson et al., 2012). Thus, maternal
DHA supplementation may also affect infant visual function and
neural development (Jensen, 2006; Swanson et al., 2012).

As discussed earlier, fish oil, particularly tuna oil, is a rich
source of DHA. The use of fish oil supplements has gained consid-
erable interest in a variety of applications, including additive in in-
fant formulas. It has been reported that a deficiency of DHA exists
in erythrocyte lipid, phosphatidylcholine and phosphatidyletha-
nolamine in unsupplemented bottle-feeding compared to breastfed
infants (Putnam et al., 1982; Simopoulos, 1989). DHA supple-
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mented from fish oil source formula-fed infants exhibited a more
rapid rate of development of visual acuity compared to the control
formula fed babies (Campoy et al., 2012; Tai et al., 2013; Uauy,
1990: Uauy, et al., 1990). However, the investigation of Nichols
et al., 1998 showed that arachidonic acid (AA): EPA: DHA ratio
(0.2:2.1:1.0) in Northern hemisphere fish oil differs markedly from
breast milk (2:0.2:1). Due to the presence of a high level of EPA in
fish oil, which may inhibit the infant’s own endogenous AA syn-
thesis, fish oil supplemented infant formula milk may require AA
co-supplementation (Hadley et al., 2017; Uauy et al., 1990). How-
ever, some analyses of flesh from selected Australian fish showed
more similar ratios of these three essential fatty acids as observed
in breast milk (Nicholos et al., 1998).

Among marine oils, cod liver oil is dominant in the market; it
is rich in n-3 PUFA as well as containing high levels of vitamins
A and D (Shahidi, 2007; Engelhardt and Walker, 1974). Similar to
cod liver oil, halibut liver oil is also used as prime source of vita-
mins A and D, as both of these fish species belong to the lean white
fish category (Shahidi, 2007).

Fish oils and their -3 fatty acid concentrates have also been
used in pharmaceuticals such as tendon, skin and hair care prod-
ucts and EPA and DHA capsules due to their promoting effect on
collagen synthesis. Chan et al. (2016) reported the positive healing
effect of therapeutic ultrasound coupling with topical fish oil in
treating soft tissue (Achilles tendon) injuries. Commercially, seal
blubber oil (SBO) products are mostly prepared as nutritional sup-
plements in the form of gelatin capsules (Bimbo 2009). Osterud
et al. (1995) have reported that supplementation of a regular diet
with a combination of SBO and cod liver oil would have benefi-
cial effects with respect to cardiovascular and thrombotic diseases.
Due to its high content of long-chain PUFA, SBO may provide
an alternative starting material for the production of 3 fatty acid
concentrates.

3.3.3. Application in animal feed formulations

Designer Eggs

The consumption of eggs has been decreasing because of recom-
mendations by health professionals to reduce dietary cholesterol.
Eggs with modified fat content have become very popular and are
available in many parts of the world. This involved the produc-
tion of low cholesterol, high omega-3 fatty acid eggs now called
designer eggs. However, the key aspect of designer eggs is the syn-
ergistic combination of n-3 fatty acids with major antioxidants, lu-
tein and vitamin E (Rajasekaran and Kalaivani, 2013; Surai et al.,
2001; Zaheer, 2015). The aim of such production is to obtain eggs
with omega-6 to omega-3 fatty acid contents are at the optimal 1:1
ratio. One large egg obtained in this way can supply more than
600 mg of total omega-3 fatty acids with a significantly elevated
polyunsaturates to saturates ratio of 0.6 to 1.02 and lowering the
omega-6:omega-3 fatty acid ratio from 10:1 to 1:1, which is able to
satisfy the recommended regular fish consumption of WHO (1-2
servings per week, equivalent to 200 to 500 mg/day EPA + DHA)
as protective against coronary heart disease and ischaemic stroke.
(Lesnierowski and Stangierski, 2018; Watson, 2002). While the
cholesterol issue remains controversial, feeding 1.5-3% fish oil in
layer hen diets will increase the @3 levels in the egg yolk. Flavor is
not affected until levels of 6% are used (Bimbo 2009). Shimizu et
al. (2001) demonstrated that dietary LCn-3PUFA accumulate pref-
erably in the phospholipid (PL) fraction of the egg by efficiently
replacing AA, even after moderate supplementation of n-3FA. This

mechanism might possibly explain why, when fish oils are fed in
excess of about 1.5% in the diet, the amount of LCn-3PUFA in the
egg is not altered to any great extent (Schreiner et al., 2004).

Broiler

Infectious diseases cause serious economic losses to the poultry
industry every year. Dietary lipids are one class of nutrients that
offer tremendous opportunity for modifying immune responses in
addition to supplying energy in animals (He et al., 2007; Hwang,
2000; Kouba and Mourot, 2011; Miles and Calder, 1998; Calder
et al., 2002 and 2014). Fritsche et al. (1991) have reported that
feeding chickens a diet rich in @3PUFAs (70 g fish oil/kg of diet)
significantly enhances their primary antibody response and alters
lymphocyte proliferation. Research indicates that prostaglandin E2
is immunosuppressive and that the 3 fatty acids in menhaden oil
reduce its biosynthesis (Liu and Denbow 2001; Moison and He-
negouwen, 2001). Fish oil also manipulates the fat composition of
broiler meat (Hargis and Elswyk, 1993). The study of Konieczka
et al. (2017) shows that one week of feeding fish-oil diets (10 g/kg
diet) to 15-day-old female broilers Ross 308 was sufficient to en-
rich breast meat with LC-PUFA, whereas two weeks were needed
to effectively enrich thigh meat with these FA. A 100 g portion
of such breast or thigh meat would provide on average 33% and
15.5%, respectively, of the recommended daily intake of EPA and
DHA for humans, and therefore make enriched chicken meat a su-
perior source of LC-PUFA than lean fish meat.

Ruminant

Because of the bad publicity about red meats, several research-
ers have been attempting to decrease the saturated fatty acids and
incorporate omega-3 fatty acids into the flesh of red meat ani-
mals. Recently, there has been a great deal of interest in feeding
fat to dairy cows in order to increase nutrient density of the diet
and improve reproduction (Petit-Omega-dsm.com). In lactating
dairy cows, it was reported that a product rich in omega-3 fatty
acids sourced from fish oil played a role in reducing prostaglandin
production which plays an important part in embryo implantation
by preventing embryonic loss (Thatcher and Staples, 2000; Petit-
Omega-dsm.com). Meanwhile, modification of the diet of cows
with fish oil significantly increased the concentration of bioactive
whey proteins, fat-soluble vitamins (E, A), and carotene (a-retinol)
with a-tocopheroll, as well as EPA and DHA ratio in fatty acid
composition of the milk. Therefore, introducing fish oil improved
the antioxidant properties of milk at the same time (Puppel et al.,
2016). Furthermore, the findings of Burke et al. (1997) showed
that feeding lactating dairy cows of low fertility a source of EPA
and DHA in menhaden fishmeal increased pregnancy rates from
31.9to0 41.3%.

Aquaculture

The marine food chain consists of plankton, algae and other fish
which offers some unique ways to increase ®3’s in the diet by
the feeding of fish. Therefore, lipids from wild fish particularly
marine fish contain comparatively high levels of @3 fatty acids
(Shahidi 2007; Yongmanitchai and Ward 1989) compared to many
farm-raised fish. This deficiency can be eliminated by adding fish
oil containing high levels of ®3 to their diet. The composition of
shrimp, crayfish, catfish, eel, trout and carp have been reviewed
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Figure 7. Chemical structure of squalene.

and it is apparent that ®3’s are going to have an effect on the future
of all commercial aquaculture (Bimbo 2009). However, to meet
the increased demand for seafood products due to population in-
crease and to control cost, a greater proportion of fish consumed
would be farmed and with using terrestrial fats. From the report
of Sprague et al. (2016), by constantly comparing the fatty acid
composition of over 3,000 farmed Atlantic salmon for 10 years,
in 2015, the n-3 fatty acid in flesh decreased to only ~50% of that
in 2006 due to the tendency of replacement of marine oil by ter-
restrial fat in their feedstock.“Consequently, the nutritional value
of the final product is compromised requiring double portion sizes,
as compared to 2006, in order to satisfy recommended EPA+DHA
intake levels endorsed by health advisory organisations” (Sprague
etal., 2016).

3.4. Squalene

Squalene (C,,Hs,), a shark by product, is a highly unsaturated
thermally unstable and light-sensitive triterpenoid aliphatic hy-
drocarbon with six unconjugated double bonds (Figure 7). It oc-
curs in high levels in livers of certain deep-sea sharks, although
plant sources are now used as well, such as rice bran, wheat germ,
amaranth, pumpkin seeds, lotus pollen and olives (Blumer, 1967;
Deprez et al., 1990; Hilditch and Williams, 1964; Nergiz and Ce-
likkale, 2011; Naziri et al., 2016; Pokkanta et al., 2019; Summers,
1987; Tsujimoto, 1932; Xu et al., 2011).

In the case of shark liver oil, squalene is a major component
comprising up to 89% of the oil (Peyronel et al., 1984). In ad-
dition, shark liver oil serves as an excellent source of vitamin A
and other bioactive compounds (Shahidi, 2007). Squalene was
first discovered in shark liver oil in 1906 by a Japanese marine oil
chemist, Mitsumaru Tsujimoto. Squalene is a metabolic precursor
of cholesterol and other sterols. In humans, over 60% of ingested
squalene is absorbed from the small intestine; from there it is car-
ried in the lymph in the form of chylomicrons into the systemic

circulation. In the blood, squalene is carried mainly in very-low-
density lipoproteins and distributed to various tissues of the body
with a large percentage being distributed to the skin. Therefore, the
increase in cholesterol synthesis is not associated with consistent
increase in serum cholesterol level (Boskou, 2008).

In a model study using methyl oleate and methyl linoleate as
the substrates, Govind Rao and Achaya (1968) demonstrated that
squalene has antioxidant activity. Boskou (1998) reported that
squalene retarded the degradation of unsaturated fatty acids at high
temperatures. The application of squalene for skin care has been
studied for atopic dermatitis patients (Tanii et al., 1991). In body
care products, squalene is used as an ingredient, which acts as an
effective moisturizer, wrinkle remover and wound healer. This
hydrocarbon appears to function on the surface of the skin as an
antioxidant, capable of quenching singlet oxygen and protecting
the skin from damage due to exposure to UV and other sources of
ionizing radiation. Thus, squalene from shark liver is now sold as a
high-grade cosmetic (Kaiya, 1990; Shinposya, 1989). Chemopre-
ventive effect of squalene against certain cancers has been reported
in animal models (Rao et al., 1998; Smith et al., 1998; Newmark,
1999), but a later investigation by Scolastici et al. (2004) ques-
tioned the chemopreventive effect of squalene. However, squalene
supplements are considered a promising anti-cancer, anti-radiatory,
and anti-oxidative agent, although human trials have yet to be per-
formed that could verify its usefulness in cancer therapy (Boskou,
2008; Reddy and Couvreur, 2009). Squalene has also been used
as an emulsifier in certain adjuvant formulations of seasonal influ-
enza virus vaccine given to patients since 1997 though there was
suspicion of incidence of anti-squalene antibodies in soldiers using
anthrax vaccine during Gulf War, nonetheless, it was later verified
to be unrelated with squalene injection (Del Giudice et al., 2006;
Lippi et al., 2010). Nowadays, squalene is still used as an immu-
nologic adjuvant, which is substance, administered in conjunction
with a vaccine that stimulates the immune system and increases
response to the vaccine (WHO 2008).

Squalane (C; H,), an oily fully saturated material, is obtained
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Figure 8. Chemical structure of squalane.

by catalytic hydrogenation of squalene (Figure 8) (Takamatsu,
1994). It is used as a skin lubricant and emollient in foundation
creams, lipsticks, and hair lotions (Kaiya 1990).

4. Chitin, chitosan and their oligomers and monomers
4.1. Chitin and chitosan

Chitin is a major component of the exoskeleton of invertebrates,
crustaceans, insects and the cell wall of fungi and yeast and acts
as a supportive and protective component (Cohen, 2001; Hayes
et al., 2008a; Knorr, 1991; Shahidi et al., 1999). Chitin is the sec-
ond most abundant high molecular weight natural biopolymer on
earth after cellulose, with an annual production of approximately
10'°-10'" tons by living organisms (Revathi et al., 2012; Hamed
et al., 2016). Moreover, chitin is an odorless/tasteless nitrogenous
polysaccharide which in its pure state is white or off-white in
color (Cheba, 2011). It is composed of N-acetyl-S-D-glucosamine
units and its monomers are attached via § (1—4) linkages, which
is similar to cellulose except that secondary hydroxyl groups on
the alpha carbon atom of the cellulose molecule are substituted
with acetamide groups (Figure 9) (Shahidi, 2007; Shahidi et al.,
1999; White et al., 1968). Chitosan is derived from varying de-
grees of deacetylation of chitin. Therefore, chitosan is a copoly-
mer consisting of f-(1—4)-2-acetamido-D-glucose and S-(1—4)-
2-amino-D-glucose units with the latter exceeding 80% (Shahidi
et al., 1999). These reactive amino groups may participate in the
formation of a large variety of useful derivatives that are com-
mercially available or can be made available via graft reactions
and ionic interactions (Dutta et al., 2004). The degree of acety-
lation and degree of polymerization are the two most important
structural parameters which dictate the use of chitosan for various
applications (Agboh and Qin, 1996; Mourya and Inamdar, 2008;
Shahidi 2007). According to Shahidi et al. (1999), most physi-
ological activities and functional properties of chitin and chitosan
oligomers clearly depend upon their molecular weights; a chain
length of at least five residues is required. Chitin is insoluble in
water and most organic solvents, but may be dissolved in a few
solvents including hexafluoroisopropanol, hexafluoroacetone, and
chloroalcohols in conjunction with aqueous solutions of mineral
acids, and dimethylacetamide (DMAc) containing 5% lithium
chloride (LiCl) (Dutta et al., 2004). However, chitosan dissolves
in nearly all aqueous acids, of which the most commonly used
are formic acid and acetic acid. Its solubility, in methyl morpho-
line-N-oxide (NMMO)/H,O has also been reported (Dutta et al.,
2004; Shahidi, 2007; Mourya and Inamdar, 2008).

Shellfish waste consisting of crustacean exoskeletons is cur-
rently the main source of biomass for chitin production (Shahidi
et al., 1999; Agullo et al., 2003). As already mentioned, 50-80%
of whole shellfish ends up as by-product and this creates a practi-
cal challenge and environmental hazard concern exist due to ir-
regular dumping of this waste in-land and in the oceans (Hamed

et al., 2016). Therefore, the extraction of chitin from crustaceans
and its value-added processing maybe a way to minimize the con-
cern while leading to the production of valuable compounds with
remarkable biological properties. Crustacean shell consists pri-
marily of protein (20-40%), mineral salts (mainly carbonate and
phosphate, 30-60%) and chitin (13—42%) along with others com-
pounds such as carotenoid pigments (e.g., astaxanthin) and lipids
(Tharanathan, 2002; Agullo et al., 2003; Vani and Stanley, 2013).
These proportions vary with species and season (No and Mey-
ers, 1997). Out of the different species of crustaceans, crab and
shrimp shell wastes are the most exploited sources of chitin (Muz-
zarelli, 1977; Johnson and Peniston, 1982; Tweedie et al., 2004;
Stepnowski, et al., 2004; Armenta-Lopez et al., 2002; Charoenvut-
titham et al., 2006). According to Shahidi and Synowiecki (1991),
on a dry weight basis 17.0 to 32.2% chitin is present in shrimp and
crab section by-products.

Chitin and chitosan are also known to exhibit polymorphism
and the polymorphic forms of chitin differ in the packing and po-
larities of adjacent chains in successive sheets. The chains can
be arranged in microcrystalline structures of antiparallel sheets
(a-chitin), parallel sheets (f-chitin) and a combination of both
(y-chitin) (Figure 10) (Ramakrishnan and Prasad, 1972; Tharana-
than, 2002; Kurita, 2001). However, the most common and stable
allomorph of chitin exists in a-conformation which is a resistant
structure and is present in insect cuticles, sponges, shells of crabs,
lobsters and shrimp, as well as fungal and yeast cell walls (Hamed
et al., 2016; Mourya and Inamdar, 2008). Squid pen and extracel-
lular fibers of diatoms are important sources of the polymorph /-
chitin (Kurita et al., 1993).

Both chitin and chitosan find extensive applications in medi-
cine and pharmacology, agriculture, food, biotechnology, nutra-
ceuticals, bioremediation, gene therapy and cosmetics due to their
unique chemical characteristics such as biodegradability, non-
toxic, biocompatibility, physiological inertness and hydrophilicity
(Shahidi, 2007; Hayes et al., 2008b; Agullo et al., 2003; Jeon et
al., 2000; Shahidi et al., 1999). However, chitin has a limited ap-
plication compared to chitosan because of its poor solubility and
reactivity (Park et al., 2004). Schematic representations of chitin
and chitosan manufacture by industrial methods are shown in Fig-
ure 11. Chitin biodegradability is due to chitinases that are widely
distributed in nature and also found in bacteria, fungi and plants
and in the digestive tract of numerous animals (Rinaudo, 2007).
Furthermore, chitosan is metabolized by certain human enzymes,
especially lysozyme (Prabaharan et al., 2007). It was shown that
the rate of in vivo degradation is high for chitin but decreases when
the degree of deacetylation increases (Tomihata and Ikada, 1997).

4.2. Chitin and chitosan oligomers

Although chitin and chitosan are known to have very interesting
functional properties in many areas, there is doubt about their level
of absorption in the human intestine; their high molecular weights
and highly viscous nature may restrict their use in in-vivo systems
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Figure 9. Structure of chitin, chitosan and cellulose.

(Jeon et al., 2000). Therefore, increasing attention has recently
been paid to prepare its oligosaccharides. Chitin and chitosan oli-
gomers are composed of f-(1—4) linked N-acetylglucosamine and
glucosamine units, respectively, with approximately ten residues
or less (Jeon et al., 2000). The low-molecular-weight chitin and
chitosan oligomers/oligosaccharides (COS) and hetero-chitosan
oligosaccharides exhibit antitumor, immuno-enhancing, antibac-
terial, antifungal, free radical scavenging, ACE inhibitory and
anticoagulant activities (Jeon and Kim, 2002; Jeon et al., 2001;
Park et al., 2004; Tsukada et al., 1990). Oligomers from chitin
and chitosan are prepared by two hydrolytic methods, chemical
hydrolysis (acidic hydrolysis) and enzymatic hydrolysis (Jeon, et
al., 2000). Acidic depolymerization is carried out by HCI, hydro-
fluoric acid, nitrous acids, acetic acid, or sulfuric acid. However,
most of the acidic hydrolyses procedures have reported production
of oligomers with a low degree of polymerization (DP), mainly
from monomer to tetramer with quantitative yields (Sakai et al.,
1990; Kurita et al., 1993; Takahashi et al., 1995; Horowitz et al.,
1957). However, removing these strong acids leads to environmen-
tal pollution and the yields of the oligomers with relatively higher
DP, such as pentamer to heptamer, were low because physiologi-
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cal effects have been expressed mainly by high DP oligomers. In
contrast to chemical hydrolysis, enzymatic hydrolysis of chitin
and chitosan by chitinase, chitosanase, lysozyme, and cellulase
has several benefits to produce more readily available oligomers
with a high DP with milder reaction conditions (Aiba, 1994; Usui
etal., 1987, 1990). Besides, some other non-specific enzymes such
as lipases, papain, hemicellulases, pectinases, pepsin, and pronase
were also used to produce chitosan oligosaccharides (COS) (Ab-
del-Aziz et al., 2014). These enzymes all catalyze the cleavage of
f-1,4-glycosidic linkages in chitosan in a random manner to form
oligomers. Compared with the specific enzymes (chitinase, chi-
tosanase), the non-specific enzymes including cellulase and hemi-
cellulase are cheaper, commercially available, and with the same
efficiency (Hamed et al., 2016). Uchida et al. (1989) explained that
the enzymatic hydrolysis was a useful method for preparation of
oligomers from chitin and chitosan because the yield of high DP
oligomers was greater in enzymatic hydrolysis than in acid hydrol-
ysis. Furthermore, depending on the type of enzyme employed,
chitosan oligomers with specific chain lengths may be produced
for certain applications (Jeon et al., 2000). Due to their solubility
in water, chitosan oligomers serve best in rendering their benefits
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Figure 10. a (a) and 8 (b) polymorphic forms of Chitin. Source: Adapted from Mourya and Inamdar (2008).

under normal physiological conditions and in foods with neutral
pH (Shahidi, 2007).

4.3. Glucosamine and N-acetyl glucosamine

Glucosamine (GlcN) and its acetylated form, N-acetyl glucosamine
(GIcNAc), are the monomers of chitosan and chitin, respectively.
GlcN is the dominating monomer in chitosan, while chitin contains
more GlcNAc than GleN (Zamani et al., 2008). Glucosamine rep-
resents one of the most commonly used drugs to treat osteoarthritis
(Shikhman et al., 2001). GlcN and, to a higher degree, GIcNAc,
possess a unique range of anti-inflammatory activities (Shikhman
et al., 2001). Meanwhile, glucosamine in the human body par-
ticipates in the structure of cartilage and works to stimulate joint
function and repair. It has proven to be effective in numerous sci-
entific trials for easing osteoarthritis pain, aiding in the rehabili-
tation of cartilage, renewing synovial fluid, and repairing joints
that have been damaged from osteoarthritis (Mankin et al., 1986;
Hauselman, 2001). Hochberg et al. (2016) conducted double-blind
Multicentre Osteoarthritis intervention trial with 606 patients with
Kellgren and Lawrence grades 2—3 knee osteoarthritis and moder-
ate-to-severe pain from France, Germany, Poland, and Spain. The
patients were randomized to receive 400 mg chondroitin sulfate
(CS) plus 500 mg glucosamine hydrochloride (GH) three times
a day or 200 mg celecoxib every day for 6 months. It was finally
found that CS+GH had comparable efficacy to celecoxib in reduc-
ing pain, stiffness, functional limitation and joint swelling/effusion
after 6 months in patients with painful knee osteoarthritis, with a
good safety profile. More recently, serum GIcNAc concentrations
were used as a biomarker in diagnosing multiple sclerosis (MS)

subtype in a patent; this could also be used in patients with various
levels of neurodegenerative severity, including clinical severity of
MS in MS subjects, as an indicator of MS progression (Demetriou
et al., 2018). In another patent, glucosamine was also added as
functional ingredient in the sweetener (Prakash and Dubois, 2015).

Glucosamine products for arthritis are usually formulated as the
hydrochloride salt or glucosamine sulfate (Figure 12) and are often
combined with chondroitin sulfate (Abdel-Fattah and Hammad,
2001). The preparation of glucosamine hydrochloride from chitin
is a simple hydrolysis reaction. During this reaction, chitin is dea-
cetylated and depolymerized to glucosamine hydrochloride in the
presence of hydrochloric acid solution (Shahidi, 2007). However,
it was later reported that glucosamine hydrochloride was ineffec-
tive in the treatment of osteoarthritis mainly because of its pharma-
cokinetics limitations (Reginster et al., 2018). Glucosamine sulfate
which is made from glucosamine hydrochloride by adding either
potassium or sodium sulfate and co-crystallizing the resulting mix-
ture was approved as a prescription drug in Europe and elsewhere
(Mojarrad et al., 2007).

4.4. Application of chitin, chitosan and their oligomers and
monomers

4.4.1. Application in the Food Industry
Edible film

Current trends in consumer preferences toward mildly preserved,
fresh, and healthy foodstuffs have triggered innovation in food,
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Figure 11. Schematic representation of industrial manufacture of chitin, chitosan and their oligomers and monomers from shellfish processing by-
products. Source: Adapted from Shahidi (2007).

food coating, and food packaging applications. As a result, in re- food safety and extend shelf life. Antimicrobial packaging is one
cent years much attention has been paid to the development of bi- of the most promising active packaging systems (Fernandez-Saiz
ocide edible films with antimicrobial properties, which improve et al., 2009). Chitin/chitosan represents interesting properties such
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Figure 12. Chemical structures of (a) D-glucosamine hydrochloride, and (b) D-glucosamine sulphate. Source: Adapted from Abdel-Fattah and Hammad
(2001).
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as excellent film-forming capacity and gas and aroma barrier prop-
erties under dry conditions, which makes it a suitable material for
designing food coatings and packaging (Cancer, 2005; Shankar et
al., 2015; Qin et al., 2016). In addition to this, chitosan is read-
ily soluble in various acidic solvents and has high antimicrobial
activity against many pathogenic and spoilage microorganism, in-
cluding fungi, gram-positive and gram-negative bacteria (Coma,
2008). Due to its ability to form semi-permeable film, chitosan
coating can be expected to modify the internal atmosphere as well
as decreasing the transpiration loss and delay the ripening of fruits
(Shahidi et al., 1999). Moreover, the FDA has approved the use of
chitosan as an edible film to protect foods.

Films from aqueous chitosan are clear, tough, flexible, and
provide good oxygen barrier properties (Sanford, 1989; Kaplan
et al., 1993). Carbon dioxide permeability could be improved by
methylation of polymers (Bourtoom, 2008). Butler et al. (1996)
observed that films from chitosan were rather stable and their
mechanical and barrier properties changing only slightly during
storage. Chitosan coatings could be used on fruit and vegetable
products such as strawberries, cucumbers, bell peppers as antimi-
crobial coating (El Ghaouth et al., 1991a, 1991b), and on apples,
pears, peaches and plums as gas barrier (Elson and Hayes, 1985;
Davies et al., 1989). Abugoch et al. (2016) used chitosan as an
ingredient of edible film coating for fresh blueberries which was
able to control the growth of molds and yeasts during 32 days
of storage. Meanwhile, the tomatoes coated with quinoa protein/
chitosan edible film showed a significant decrease in B. cinerea
growth after 7 days at 5 °C (Robledo et al., 2018). Besides chi-
tosan, increasing the concentration of chitin nanoparticles from
0 to 5% also significantly enhanced the anti-fungal properties of
the gelatin-based nanocomposite films against Aspergillus niger
(Sahraee et al., 2017). Meanwhile the nanocomposite films with
added chitin nano-whiskers/chitin nanofibrils exhibited strong an-
timicrobial activity against gram-positive Listeria monocytogenes
and but not against gram-negative Escherichia coli (Qin et al.,
2016; Shankar et al., 2015).

Color Stabilization Agent

Chitin and chitosan have the potential to act as color stabilizers
in foods due to their unique molecular structures (Knorr, 1991).
Chitosan has an extremely high affinity for many classes of dyes,
including disperse, direct, reactive, acid, vat, sulfur, and naphthol
dyes (Agullo et al., 2003). Georgantelis et al. (2007) reported that
inclusion of chitosan combined with rosemary extract in fresh
ground beef patties provided a synergistic effect in preventing lipid
oxidation and stabilizing the deep red color of the product. The rate
of diffusion of dyes on chitosan was similar to those on cellulose,
which is already being used by the food processing industry to
improve food functionality and quality in Korea and Japan for the
past three decades (Kumar, 2000).

Antimicrobial Agent

Chitin, chitosan and their oligomers, have a broad antimicrobial
spectrum for gram-negative, gram-positive bacteria, mold, and
yeasts (Roller and Covill, 1999; Shahidi, 2007; Sudarshan et al.,
1992; Wang, 1992; Yalpani, et al., 1992). However, their exact
mechanism of antibacterial action remains illusive. Many of the
physical and chemical properties of these compounds are related
to the environmental conditions such as pH, type of microorgan-
ism, and neighboring components; and its structural characteristics

such as molecular weight (MW), degree of deacetylation, deriva-
tive form, its concentration, and original source (Hosseinnejad and
Jafari, 2016). Herein, pH, MW, and degree of deacetylation to-
gether provide an excellent estimation of the charge density (Avila
Rodriguez et al., 2018). Possible and accepted antimicrobial mech-
anisms for chitosan have been reported in the existing literature
(Agullo et al., 2003; Goy et al., 2009).

The most acceptable mechanism of action is reported to be the
interaction between positively charged chitin/chitosan molecules
and negatively charged microbial cell membranes (Shahidi 2007;
Goy et al., 2009). In this model, the interaction is mediated by the
electrostatic forces between the protonated amino groups, the NH,*
groups, and the negatively charged residues (Tsai and Su, 1999),
presumably by competing with Ca?" for electronegative sites on
the membrane surface (Young and Kauss, 1983). This electrostatic
interaction promotes changes in the properties of membrane wall
permeability, thus provoking internal osmotic imbalance and con-
sequently inhibits the growth of microorganisms (Hadwiger et al.,
1981; Shahidi et al., 1999). In addition to this the hydrolysis of the
peptidoglycans in the microorganism wall, leading to the leakage
of intracellular electrolytes such as potassium ions and other low
molecular weight proteinaceous constituents (e.g. proteins, nucleic
acids, glucose, and lactate dehydrogenase) (Chen et al., 1998; Pap-
ineau et al., 1991; Sudarshan et al., 1992; Devlieghere et al., 2004;
Fang et al., 1994). Therefore, the greater the number of cationized
amines, the higher will be the antimicrobial activity (Masson et al.,
2008; Yalpani et al., 1992). This suggests that chitosan has a higher
activity than that found for chitin and this has been confirmed ex-
perimentally (Tsai and Su, 1999).

Effectiveness of chitosan on gram-positive or gram-negative
bacteria is somewhat controversial. Some authors have stated that
chitosan generally shows stronger effects for gram-positive than
for gram-negative bacteria (Coma et al., 2003; Dutta et al., 2009;
Jeon et al., 2001; No et al., 2002). Conversely, it has been demon-
strated that hydrophilicity in gram-negative bacteria is significant-
ly higher than that in gram-positive bacteria, making them more
sensitive to chitosan (Chung et al., 2004). More recently, it was
reported that antibacterial activity was further enhanced for gram-
negative bacteria with decreasing MW, whereas the opposite effect
was observed with gram-positive bacteria (Younes et al., 2014).
The charge density on the cell surface is a determinant factor that
establishes the amount of adsorbed chitosan. More adsorbed chi-
tosan would evidently result in greater changes in the structure and
in the permeability of the cell membrane (Goy et al., 2009).

Another possible mechanism is the binding of chitosan with
microbial DNA, which leads to the inhibition of the mRNA and
protein synthesis via the penetration of chitosan into the nuclei
of the microorganisms (Sudarshan et al., 1992; Sebti et al., 2005;
Hadwiger, et al., 1981). According to Raafat et al. (2008), chi-
tosan acts essentially as an outer membrane disruptor rather than
a penetrating material. A third mechanism that might be involved
is by its action as a chelating agent. In this, chitosan has the abil-
ity to bind with essential nutrients required for microbial growth,
hence making them unavailable (Cuero et al., 1991; Roller and
Covill, 1999).

The correlation between the degree of acetylation and the anti-
microbial activity of chitosan has been studied (Kendra and Had-
wiger, 1984). Tsai et al. (2002) examined the effects of the degree
of deacetylation and preparation methods on the antimicrobial
properties of chitin and chitosans. It was found that chemically-
(CH-chitin) and microbiologically-prepared (MO-chitin) chitin
could undergo further chemical deacetylation to produce chitosan
with different degrees of deacetylation. The investigation of Tsai et
al. (2002) showed that microbiologically-prepared chitin that was
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deacetylated by various proteases had no antimicrobial activity.
However, for chitosan, the degree of deacetylation determines the
content of free amino groups and hences the higher the degree of
deacetylation, the higher is the solubility in acidic conditions; this
makes the polymer having a higher positive charge, which would
be expected to have stronger antibacterial activity, even to a greater
extent than that on fungi (Shahidi 2007; Tolaimate et al., 2003). In
the study of Byun et al. (2013), the chitosan prepared from ground
shells of crab legs (degree of deacetylation~81.56%) showed a
superior antibacterial activity than that of chitosan from the en-
tire shell (degree of deacetylation~62.71%). However, Park et al.
(2004) found that 25% acetylated chitosan had a higher inhibitory
activity than that of 10% acetylated chitosans. Later on, studies of
Hongpattarakere and Riyaphan (2008) and Takahashi et al. (2008)
demonstrated that chitosan with a higher degree of deacetylation
had a better inhibitory activity on both E.coli, S.aureus and Can-
dida albicans. Martorana et al. (2002) have compared the antimi-
crobial effect of chitosan and water-soluble N-acetylated chitosan
on Salmonella typhimurium. The antimicrobial activity of acetic
acid used as a diluent of the polymer was also investigated. Their
results demonstrated that chitosan improves the performance of
acetic acid as an antimicrobial agent. Chitosan and water-soluble
N-acetylated chitosan had similar antimicrobial activity on Salmo-
nella typhimurium growth at pH 5.5, although the degree of dea-
cetylation of both products was very different.

Generally, chitosan has been reported as being very effective
in inhibiting spore germination, germ tube elongation, and radial
growth (EI ghaouth et al., 1992; Sashai and Manocha, 1993). The
chelating properties of chitosan makes it a potential antifungal
agent (Hirano and Nagao, 1989). Mild hydrolysis of chitosan re-
sulted in improved microbial inactivation in saline medium and
greater inhibition of several spoilage yeast growth in laboratory
media, but highly degraded products of chitosan exhibited no an-
timicrobial activity (Agullo et al., 2003). In pasteurized apple-el-
derflower juice stored at 7 °C, addition of 0.3 g of chitosan per liter
eliminated yeast entirely for the duration of the experiment while
the total counts and the lactic acid bacterial increased at a slower
rate than that in the control treatment (Agullo et al., 2003). Wang
(1992) observed that a much higher concentration of chitosan (1-
1.5%) was required for a complete inactivation of Staphylococcus
aureus after two days of incubation at pH 5.5 or 6.5 in the medium.
Bacillus cereus required a chitosan concentration of 0.02% for a
bactericidal effect, while Escherichia coli and Proteus vulgaris
showed minimal growth at 0.005%, and complete inhibition at
>0.0075% (Simpson et al., 1997). Wang (1992) observed complete
E. coli inactivation after a two-day incubation period with concen-
trations of 0.5 or 1%, at pH 5.5. Meanwhile, other authors have
reported different results. These variations were suggested to be
due to the existing differences in the degree of acetylation of chi-
tosan; a greater degree of acetylation was less effective (Darmadji
and [zumimoto, 1994).

The antibacterial effect of three kinds of chitooligosaccharides
such as relatively high molecular weights (HMWCOS-10 kDa),
medium molecular weight (MMWCOS-5 kDa), and low mo-
lecular weight (LMWCOS-1 kDa) have been evaluated by Jeon
et al. (2000) against various microorganisms. They reported that
the growth of most bacteria tested was inhibited by chitooligosac-
charide treatments, in particular by HMWCOS, although chitosan
treatment showed a better inhibitory effect. Furthermore, they
observed that the molecular weight of chitooligosaccharides was
critical for microorganism inhibition and required to be higher than
10 kDa. Similarly, Li et al. (2010) evaluated the inhibitory activity
of chitosan solution (3, 50, 1,000 kDa) against E. coli and found
all of them inhibited the growth of E. coli, but chitosan of 50 kDa

was most effective. The main reason is that HMW chitosan can-
not pass through the microbial membrane and hence stacks on the
cell surface, which blocks nutrient transport into the microbial cell
membrane, resulting in cell lysis. Generally, the chitooligosaccha-
rides have more effective activity against pathogens than non-path-
ogens, except in the case of lactic acid bacteria (Jeon et al., 2000).

4.4.2. Application in functional foods/nutraceutical

Chitosan is well positioned as a functional food ingredient to
lower cholesterol and to decrease fat absorption, and therefore
decrease obesity (Preuss and Kaats, 2006; Shahidi 2007; Hayes
et al., 2008b). Several studies have established that the ability of
appropriately prepared chitosan decreases both cholesterol and
fat absorption levels in both animals and humans when deliv-
ered at low dosages in supplements or in food (Yuji et al., 1993;
Bokura and Kobayashi, 2003; Schiller et al., 2001; Kanauchi et
al., 1995). Some studies have shown that chitosan can decrease
blood cholesterol levels more than 50% and demonstrating it as
an effective hypocholesterolemic agent (Jameela et al., 1994).
Additionally, a preliminary human trial in which 3—6 g chitosan
was consumed every day for 2 weeks resulted in a decrease in
LDL-cholesterol by 6% and concurrently, a boost in high-density
lipoprotein (HDL) cholesterol by 10% (Maezake et al., 1993). Al-
though the exact mechanism of action of chitosan and chitosan
oligosaccharides (COS) in LDL cholesterol reduction is not clear,
it has been claimed that these molecules act as fat scavengers in
digestive tract and remove cholesterol via ionic binding of COS
or chitosan with bile salts and acids, thus preventing the forma-
tion of lipid micelles during digestion, which results in excretion
of fat and cholesterol (Muzzarelli et al., 2000; Ylitalo et al., 2002;
Remunan-Lopez, et al., 1998). Another hypothesis suggests that
chitosan and its oligomers can directly trap lipids and fatty acids
(Tanaka et al., 1997). It has also been suggested that the lowering
of cholesterol levels is a result of the ability of COS to increase
neutral sterol excretion (Kim and Rajapakse, 2005). Despite ani-
mal studies demonstrating the involvement of COS in fat excre-
tion, some studies have shown that certain low molecular weight
COS, usually < 2,000 Da, fail to absorb dietary fats (Ikeda et al.,
1993). Sugano et al. (1998) have investigated the relationship be-
tween intakes of different molecular weight COS and hypocholes-
terolemic effect in mice and have reported that almost all chitosan
preparations could prevent increase in blood cholesterol levels
at a 5% dietary level. In addition, earlier work of Sugano et al.,
(1992) showed that highly depolymerized chitosans are not effec-
tive in lowering cholesterol levels. Azuma et al. (2014) evaluated
the anti-obesity effects of chitin nanofibers (CNFs) and surface-
deacetylated chitin nanofibrils (sda-CNFs) in a mouse model of
high-fat-diet-induced obesity. The results showed that sda-CNFs
suppressed the body weight gain produced by the high-fat diet as
well as the serum levels of leptin and TNF-a; however, CNFs did
not suppress such weight gain.

Apart from anti-obesity, various monomers and oligomers of
chitin and chitosan also possess superior anti-inflammatory effects.
Earlier reports indicated that GlcN and GlcNAc produce different
effects in vitro. For example, GIcN, but not GIcNAc, suppressed
interleukin (IL)-8, prostaglandin E2, and nitric oxide synthesis
in IL-1 p-treated synoviocytes (Hua et al., 2007). A recent report
showed similar suppressive effects on the levels of serum tumor
necrosis factor-o. (TNF-a), IL-6 concentrations, serum IL-10,
transforming growth factor-f, and IL-2 thorough oral administra-
tion of GlcNAc and GlcN in an experimental of theumatoid arthri-
tis model (Azuma et al., 2012). Moreover, oral administration of

30 Journal of Food Bioactives | www.isnff-jfb.com



Shahidi et al.

Utilization of marine by-products for the recovery of value-added products

COS inhibited colon shortening and tissue injury by suppressing
myeloperoxidase activation in inflammatory cells, reducing serum
levels of pro-inflammatory cytokines tumor necrosis factor-a and
IL-6, and prolonged survival time, as well as inhibiting the activa-
tion of nuclear factor-kappa B, cyclooxygenase-2, and inducible
nitric oxide synthase, in mice IBD (inflammatory bowel disease)
model (Azuma et al., 2015c).

Due to the inconsistent clinical data, difficulties in producing a
structurally consistent product, the requirement of relatively high
dosages for efficacy, and competition from fiber products with
FDA health claims such as oats, bran, psyllium fiber, soy protein
and phytosterol esters, chitosan is not widely used as a functional
ingredient in North America (Hayes et al., 2008a). However, chi-
tosan produced by Primex of Norway has GRAS approval and in
Japan several foods including soybean paste, potato chips, and
noodles are available with added chitosan, as cholesterol-lowering
functional foods (Alasalvar et al., 2002).

4.4.3. Enzyme immobilization on chitin- and chitosan-based
materials

The properties of immobilized enzymes are governed by the prop-
erties of both the enzyme and the support material (Kennedy and
Cabral, 1983; Tischer and Wedekind, 1999). However, it is recog-
nized that there is no universal support for all enzymes and their
applications. The main goal of immobilization is the re-use of en-
zymes for an extended period (Shahidi et al., 1999). As functional
materials, chitin and chitosan offer a unique set of characteristics,
which are indispensable for for immobilizing enzymes. Mainly,
these include high affinity to proteins, availability of reactive func-
tional groups for direct reactions/interactions with enzymes and
for chemical modifications, hydrophilicity, mechanical stability
and rigidity, regenerability and ease of preparation in different
geometrical configurations that provide the system with perme-
ability and surface area suitable for a chosen biotransformation
(Krajewska, 2004). Understandably, nontoxic and biocompatible
materials are also required for food, pharmaceutical, medical and
agricultural applications. Furthermore, to respond to the growing
public health and environmental awareness, the materials should
be biodegradable, and to be economical and inexpensive. Owing
to these characteristics, chitin- and chitosan-based materials are
widely exploited as enzyme immobilization support.

Chitin and chitosan-based materials, which are obtained at a
relatively low cost from shells of shellfish (mainly crabs, shrimps,
lobsters and krills) processing discards could be used in the form
of powders, flakes and gels of different geometrical configurations
as enzyme immobilization support (Krajewska, 2004; Shahidi et
al., 1999). The immobilization of enzymes such as a-amylase, /-
amylase, glucose isomerase, and amyloglucosidase on krill chitin
activated by formaldehyde was shown to be initiated by the gen-
eration of the hydrated form of formaldehyde that condenses with
free amino groups of chitin, forming Schiff’s bases and dihydrox-
ymethyl derivatives of aldehyde (Synowiecki and Al-Khateeb,
2003). These Schiff’s bases might be responsible for immobiliza-
tion of enzymes by reacting with various functional groups of the
enzymes, thus forming methylene bridges (Shahidi et al., 1999). A
similar study by Han and Shahidi (1995) reported 20-29% activ-
ity retention of crude seal gastric proteases after immobilization
on glutaraldehyde-treated chitin. The characteristics of the immo-
bilized crude native seal gastric proteases were similar to those
of chymosin. Several other enzymes such as lipase, lysozyme, L-
asparaginase, nitrite hydratase or amylase among others have been
immobilized in these polymers (Cappannella et al., 2016; Gilani et

al., 2016; Kudryashova et al., 2015; Pawar and Yadav, 2014). The
immobilization of penicillin G acylase on different physical forms
of chitosan, namely beads, particles and powder by Braun et al.
(1989) demonstrated that magnetic beads are suitable supports for
enzymes as they can be easily removed from the reaction medium.
Another study by Siso et al. (1997) demonstrated that microen-
capsulation in chitosan beads was an effective enzyme immobi-
lization method for invertase and a-amylase. Use of immobilized
enzymes in cheese production provides a promising approach for
the rational use of rennin and the inherent advantages of continu-
ous reactor systems (Agullo et al., 2003). Doga¢ and Teke (2016)
recently reported the effective removal of urea thorough natural
polymer-conjugated magnetic featured urease systems. Bilal et
al. (2017) immobilized horseradish peroxidase in chitosan beads
by an entrapment method and used it for efficient degradation of
textile dyes. In addition, enzyme stabilization against microbial
degradation in real bioremediation processes was developed by en-
capsulation of laccase in chitosan nanoparticles (Bilal et al., 2017).
Furthermore, Zhao et al. (2016) immobilized glucose isomerase
using silica/chitosan hybrid microspheres via an easy approach
through in situ encapsulation of glucose isomerase. The results
demonstrated that the immobilized glucose isomerase had much
wider stability range of pH, temperature, ions, storage, and opera-
tion in comparison with the free glucose isomerase.

4.4.4. Application in bioremediation technology

Chitin and its derivatives from shellfish wastes could be utilized
in bioremediation process as an electron donor (Hayes et al.,
2008b). Bioremediation can be defined as any process that uses
microorganisms or their enzymes to return the environment altered
by contaminants to its original condition. In order for microbes to
clean up harmful chemicals, the right temperature, nutrients, and
amount of oxygen must be present (Hayes et al., 2008b). These
conditions allow the microbes to grow and multiply—and eat
more chemicals. When conditions are not right, microbes grow too
slowly or may die or create more harmful chemicals. Furthermore,
the microorganism injection process is both expensive and labor
intensive and the injection process can often result in excessive
microbial growth (Brennan et al., 2006b; Hayes et al., 2008b). The
dry-cleaning chemical, perchloroethylene (PERC), and its daugh-
ter products trichloroethene (TCE), cis-1,2-dichloroethene (DCE),
and vinyl chloride (VC) are common groundwater contaminants
in industrialized nations (Neumann et al., 1994). The use of chitin
from crab shell waste and mixture of chitin and corncobs as an
electron donor source was investigated by Brennan et al. (2006a)
to stimulate reductive dechlorination of the dry-cleaning contami-
nant by in situ bioremediation technology. /n situ bioremediation
of chlorinated ethenes using chitin from crab shell waste as an
electron donor source and the anaerobic culture Desulfuromonas
michiganensis strain BB1 demonstrated several advantages over
the use of conventional liquid electron donor systems. Thus, a di-
verse number of chitin derivatives provided a wide range of elec-
tron donor and nutrients which could be used in general treatment
of contaminants other than chlorinated ethenes and the buffering
effect provided by residual calcium carbonate contained in the
shell material had a positive effect on dechlorination (Brennan et
al., 2006a and 2006b).

Other significant development in the new range of applica-
tions of chitosan is the removal of metal ions from wastewater.
The contamination of heavy metals such as As, Cu, Cd, Pb, Cr,
Ni, Hg and Zn in the environment is of great concern due to its
potential impact on human and animal health. Non-biodegradable
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Figure 13. The possible structure of Chitosan-Zn complexes. Source: Adapted from Gerente et al. (2007).

heavy metals can accumulate in living tissues and subsequently
become concentrated in the food chain with potentially detrimental
effects on a variety of living species. They cannot be destroyed
biologically but are only transformed from one oxidation state or
organic complex to another (Garbisu and Alkorta, 2001; Gisbert et
al., 2003). Therefore, heavy metal pollution poses a great potential
threat to the environment and human health. Cheaper and effective
technologies are needed to protect the natural environment and
biological lives. Chitosan adsorbs significant amounts of metal
ions and is valued for being readily available, cost effective, en-
vironmentally friendly, and biodegradability characteristics. Thus,
it has generated considerable interest in assessing its feasibility to
remove metal ions over a wide range of effluent systems and types
(Gerente et al., 2007; Singh and Nagendran, 2016; Irawan et al.,
2018). Chitin and chitosan derivatives have different functional
groups (-NH,, -OH) which interact with heavy metal ions, dis-
solved organic solids, colored dyes, and other contaminants. They
particularly help remove targetted metal ions from aqueous solu-
tions when the pH is close to neutral (Sarode et al., 2019). The flex-
ibility of the polymer chain is also one of the reasons why chitin-/
chitosan-based biopolymer is an excellent biosorbent (Benavente
et al., 2011). Furthermore, chitosan shows a cationic behavior in

acidic media; the protonation of amine groups leads to adsorption
by ion exchange (Guibal, 2004). Besides, the order of efficacy of
chitosan for the removal of metal ions was Cu>Ni>Co>Mn (Ishii
et al., 1995). The metal sorption, however, might have different
mechanisms including ion exchange, ion-pairing, chelation, and
electrostatic attraction depending on the pH and solution composi-
tion, since such parameters influence the protonation of biopoly-
mers like chitosan and the speciation of metal ions (Sarode et al.,
2019). Figure 13 shows the possible structures of chitosan-metal
complexes. It has been demonstrated that crab shell waste adsorbs
heavy metals more effectively compared to other biological ma-
terials (Hayes et al., 2008b; Barriada et al., 2007). Furthermore,
chitosan has been examined to treat wastewater from the milk pro-
cessing plant, and the textile industry (Hayes et al., 2008b).

4.4.5. Application in biomedical and pharmaceutical Industries

Chitin and chitosan are the main polysaccharides currently used in
the biomedical and pharmaceutical industries due to their interest-
ing biopharmaceutical characteristics (Shahidi 2007; Prabaharan,
2008; Rinaudo, 2007). The main current development is in medical
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and pharmaceutical applications as orthopedic/periodontal materi-
al, wound-dressing material, tissue engineering or controlled drug/
gene delivery (Agboh and qin, 1996; Deepthi et al., 2016; Felse
and Panda, 1999; Hirano and Midorikawa, 1998; Hu et al., 2013;
Huang et al., 2012; Kumar, 2000; Liu et al., 2016; Manivasagan et
al., 2016; Ohkawa et al., 1999; Senda et al., 2001).

Wound healing and wound dressing

Both chitin and chitosan possess biological properties such as
biocompatibility, biodegradability, hemostatic activity, healing
acceleration, non-toxicity, non-allergenicity, adsorption proper-
ties and anti-infection, among other advantages for wound healing
(Shahidi 2007; Shelma et al., 2008; Rinaudo, 2007). Chitin and
chitosan have both stimulatory and inhibitory effects on prolifera-
tion of human dermal fibroblasts and keratinocytes (Howling et
al., 2001). The polymeric unit N-acetyl-D-glucosamine initiates
fibroblast proliferation and helps in ordered collagen deposition
and stimulates increased level of natural hyaluronic acid synthe-
sis at the wound site that helps in faster wound healing and scar
prevention (Shelma et al., 2008). Chatelet et al. (2001) showed
that the degree of deacetylation of chitosan plays a key role in cell
adhesion and proliferation. They observed that the higher the de-
gree of deacetylation of chitosan, the lower its cell adhesion on
films; fibroblasts appear to adhere twice as much as keratinocytes
on these materials. Further, they found that keratinocyte prolif-
eration increases when the degree of deacetylation of chitosan
films decreases. Both chitin and chitosan have a great influence
on different stages of wound healing in experimental animal mod-
els (Howling et al., 2001). The novel non-woven microfiber mats
fabricated with chitin/chitosan-glucan complex of Schizophyllum
commune exhibited not only excellent surgical wound healing
ability in rat models but also antibacterial activity against various
bacteria including Escherichia coli (E. coli; —G); Klebsiella pneu-
moniae (K. pneumoniae; —G), Basillus subtilis (B. Subtilis; +G)
and Staphylococcus aureus (S. aureus; +G) (Abdel-Mohsen et al.,
2016). In addition to wound healing, chitosan has been demon-
strated as an excellent wound dressing film which provides opti-
mum microenvironment for healing by removing excess wound
exudates and allowing continuous tissue reconstruction (Shelma
et al., 2008). It has been demonstrated that the use of chitosan-
contained bandages called ‘shrimp’ bandage can stop capillary
bleeding and stanch severe arterial hemorrhaging (Taylor, 2009).
In order to create a moist environment for rapid wound healing, a
hydrogel sheet composed of a blended powder of alginate, chitin,
chitosan, and fucoidan (60:20:2:4, w/w/w/w) has been developed
as a functional wound dressing which was expected to effectively
interact with and protect the wound in rats, providing a good moist
healing environment with exudates (Azuma et al., 2015a).

Controlled drug delivery systems

Drug release is also an important application for chitin and chi-
tosan, which exhibit the required physiological characteristics
such as biocompatibility blood biocompatibility, bioadhesivity,
biodegradability, and low toxicity, among others (Rinaudo 2007
Hirano and Noishiki, 1985). Polymers used as drug carriers are
required to be biodegradable to prevent polymer accumulation in
the body. However, since the rate of biodegradation affects drug
action, it must be carefully controlled. Chitin and chitosans have
recently been examined in drug delivery systems in pharmaceuti-
cal industry due to their ability to promote long-term release of in-

corporated drugs compared to other polysaccharides (Masotti and
Ortaggi, 2009; Je and Kim 2006; Hon, 1996). Chitin can be used
alone or mixed with other polymers (Mi et al., 2002). It has been
demonstrated that carboxymethylchitin microspheres were prefer-
entially located and retained for long in liver and spleen after i.v.
injection. It indicates that these microspheres can be used to target
drug delivery to the liver (Hata et al., 2000).

Chitosan has also been tested for the development of conven-
tional and novel drug delivery systems (Rinaudo, 2007; Prabaha-
ran, 2008). It has the special feature of adhering to mucosal surfac-
es, a fact that makes it a useful polymer for mucosal drug delivery.
However, practical use of chitosan has mainly been confined to the
unmodified forms due to its low solubility at the physiological pH
of 7.4, limiting its use as absorption enhancer in, for example, na-
sal or peroral delivery systems. Another limitation arises from its
rapidly adsorbing water and a higher swelling degree in aqueous
environments leading to fast drug release (Prabaharan and Mano,
2007). Therefore, chemically modified chitosan has great utility
in controlled release and targeting studies of almost all classes of
bioactive molecules. Among the possible modifications, graft co-
polymerization on chitosan introduces desired properties and ex-
pands the field of the potential applications of chitosan by choos-
ing various types of side chains (Prabaharan, 2008). Besides, the
stearic acid-g-chitosan oligosaccharide micelles (CSO-SA) have
been presented as potential candidates as intracellular antitumor
agent delivery carrier of podophyllotoxin (PPT) (Huang et al.,
2012). The cytotoxicity of CSO-SA/PPT micelles against human
breast carcinoma (MCF-7) cells, human lung cancer cells (A549)
and human hepatoma cell line (Bel-7402) were higher than that of
free PPT formulation due to the faster PPT transport into tumor
cells mediated by CSO-SA micelles. Compared with chitin and
chitosan, COS has outstanding advantages because of its acces-
sibility for coupling with the primary amino groups and hydroxyl
groups of each polymer subunit and the cationic nature that allows
ionic crosslinking, thus it is mainly suitable for polymer-drug con-
jugates. COS has been improved via modification with hydropho-
bic residues, including cholesterol, deoxycholic acid, tocopherol,
and alkyl groups. This hydrophobically improved COS can form
self-assembled nanoparticles, which can be used as carriers for
gene and tumor-targeted drug delivery (Manivasagan et al., 2016).

Gene therapy as a non-viral DNA carrier

Gene therapy is now seen as a promising approach for the treat-
ment of a broad spectrum of health problems. Chitin and chitosan
have been extensively studied as non-viral DNA carriers for gene
delivery and therapy (Masotti and Ortaggi, 2009). Due to their cati-
onic nature, chitin and chitosan can interact electrostatically with the
negatively charged plasmids to form self-assembling polyelectrolyte
polymers (Lee et al., 2002; Garnett, 1999). Although chitosan car-
ries a strong positive surface charge at acidic pH due to its primary
amino groups which could bind to negatively charged DNA, water-
insolubility and low transfection efficiency are the major disadvan-
tages (Je, Cho and Kim, 2006). Je et al. (2006) modified chitin at
C6 position to produce a water-soluble aminoethylchitin (AEC),
which was able to complex with DNA and to form AEC/DNA nano-
particles. In addition to good DNA binding ability, modified chitin
showed high protection of DNA from nuclease and serum, and also
exhibited low cytotoxicity. /n vivo antitumor activity study of Hu
et al. (2013) showed that low-molecular-weight polyethylenimine-
conjugated stearic acid-g-chitosan oligosaccharide (CSOSA-g-PEI)/
plasmid pigment epithelium-derived factor formulation could ef-
fectively suppress the tumor growth (above 60% tumor inhibition)
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without systematic toxicity against animal body after intravenous
injection. In this study, the synthesized CSOSA-g-PEI was found to
have a good ion-buffer capability and DNA-binding capacity, which
could form positively charged nano-sized particles (100—-150nm)
with plasmid DNACSOSA-g-PEI In addition, it also had a much
lower cytotoxicity and corresponding transfection efficiency in com-
parison with Lipofectamine 2,000 in in vitro gene transfection tests
of human cancer cells (Hela and MCF-7). Moreover, the presence
of serum or addition of arginine during incubation of CSOSA-g-PEI
micelles with plasmid DNA could further enhance gene transfection
of CSOSA-g-PEI/pDNA. Besides, CSOSA-g-PEI conjugate highly
localized in the tumor tissue and indicated a persistently increased
accumulation (Hu et al., 2013).

Tissue engineering

Tissue engineering needs good biomaterials to serve as a tempo-
rary matrix and they must be able to afford porous forms providing
channels for the migration of host cells into the matrix allowing
complete tissue formation (Khor and Lim, 2003). Attempts have
been made to use chitin as scaffolds in tissue engineering due to
its wound healing, antibacterial, and anti-inflammatory properties
(Maeda et al., 2008). However, due to its poor mechanical proper-
ties, biomaterials like hydroxyapatite (HAp) (Wang et al., 1997),
bioactive glass ceramic (BGC) (Peter et al., 2009), silicon diox-
ide (Si0,), titanium dioxide (TiO,) and zirconium oxide (ZrO,)
(Deepthi et al., 2016) are used as hard tissue substitutes. Another
interesting application is the hydroxyapatite-chitin-chitosan com-
posite as bone-filling material for guided tissue regeneration for
the treatment of periodontal bony defects, forming a self-harden-
ing paste (Ito et al., 1998). Scaffolding strategies dealing with the
osteochondral repair is a challenge for present-day research since
it necessitates the combining of both bone and cartilage tissue en-
gineering principles (Mano and Reis, 2007). A more recent study
by Malafaya and Reis (2009) demonstrated that chitosan-based bi-
layer scaffolds could serve as alternative, biocompatible and safe
biodegradable scaffolds for osteochondral (bone-cartilage) tissue
engineering applications. In addition, more detailed applications of
chitosan-chitin, chitin or chitosan/nHAp, chitin or chitosan/nBGC,
chitin or chitosan/nSiO,, chitin or chitosan/nTiO, and chitin or
chitosan/nZrO, in bone regeneration could be found in articles by
Deepthi et al. (2016), Liu et al. (2016) and Pangon et al. (2016).

Anti-tumor activity

Chitin and chitosan oligomers (COS) are known to have antitumor
activities (Suzuki et al., 1986; Zhang et al., 2006; Azuma et al.,
2015b). COS (3 kDa<MW<5 kDa) was suggested to have chemo-
preventive activity in colon cancer by increasing the activities of
quinone reductase (QR), and glutathione-S-transferase (GST), en-
hancing glutathione (GSH) levels, and inhibiting ornithine decar-
boxylase (ODC) activity and cyclooxygenase (COX)-2 expression
in HT-29 cells (Nam et al., 2007). Shen et al. (2009) discovered
that in vitro COS significantly inhibited cell proliferation, reduced
the percentage of cells in S-phase, and decreased the rate of DNA
synthesis in the HepG2 cells. Chitin and 6-O-carboxymethylchi-
tin activate peritoneal macrophages in vivo, suppress the growth
of tumor cells in mice and stimulate non-specific host resistance
against Escherichia coli infection (Nishimura et al., 1984). Wang
et al. (2003a, 2003b) reported that N-acetyl glucosamine (NAG),
D-glucosamine hydrochloride (GIcNH,-HCI) and D-glucosamine
(GIcNH,) could induce proliferation of leukemia K562 cells and

make them differentiate toward macrophage. GIcNH, at a certain
range concentration could kill tumor cells without influencing
normal cells (Friedman and Skehan, 1980). It is therefore postu-
lated that a combination of GlcNH,, with membrane-active drugs
may have the potential to kill tumor cells, especially for neuro-
oncology (Zhang et al., 2006). However, much controversy on the
mechanism of antitumor activity of D-glucosamine and its deriva-
tives still exists. Park et al. (2011) separated COS into different
fractions and found that high molecular weight chitosan was ap-
proximately 50% less effective against cancer cell lines—PC3 (hu-
man prostate), A549 (human lung), and HepG2 (human hepatoma)
compared to both COS.

5. Fish bone minerals (calcium and phosphorus)

Among fish processing by-products, fish bone serves as a potential
source of calcium which is an essential element for human health
(Kim and Mendis, 2006; Shahidi 2007). Bone, a composite tissue
basically made up of two phases, an organic part, which comprises
of collagen and non-collagenous protein, namely osteocalcin, oste-
opontin, osteonectin, fibronectin, thrombospondin, proteoglycan I,
IT and growth factors (IGF-1, PDGF and TGF-f) and an inorganic
component (Garner et al., 1996; Jung et al., 2005). Despite the fact
that fish bone contains bioactive and nutraceutical molecules, few
efforts have been made to utilize fish bones in functional materials
(Larsen et al., 2000; Kim et al., 2003; Jung et al., 2005; Jung and
Kim, 2007). Figure 14 shows the calcium and phosphorus content
of various fish bones. They were calculated according to the ratio
of a mineral/total ash.

It is well documented that consumption of whole small fish is
nutritionally beneficial by providing a rich source of readily ab-
sorbable calcium (Larsen et al., 2000). In Chinese and Korean
markets, fish frame and fish bone have been developed as leisure
snacks through various processing and formulation for more than
10 years (Kang et al., 2007, Li et al., 2008). However, very few
information is available on the beneficial effects of larger fish bone
and few attempts have been made to test their usage for benefiting
human health. In order to incorporate fish bone into calcium-forti-
fied foods, it is necessary to first convert it into an edible form by
softening its structure. This could be achieved by hot water treat-
ment and heat treatment in an acetic acid solution (Shahidi, 2007;
Kim and Mendis, 2006), or by using enzymes (Liaset et al., 2003).
Pepsin-assisted degradation of Alaska pollock bone in acetic acid
solution led to highest degree of hydrolysis and dissolution of both
mineral and organic parts of fish bone (Jung et al., 2005). Most
recently, Tang et al. (2018) used grass fish bones as the substrate
for treatment with Flavourzyme which was then fermented with
Leuconostoc mesenteroides. The fermented solution so obtained
had a high content of soluble calcium which was used to feed cal-
cium-deficient rats. This calcium solution exhibited a high calcium
bioavailability so that serum calcium, alkaline phosphatase levels,
femur weight and other indicators in calcium-deficient rats could
be returned to the normal levels.

5.1. Application of fish bone minerals

5.1.1. Application of fish bone minerals in functional food/nutra-
ceutical industry

Calcium is required for numerous functions including strengthening
of teeth and bones, nerve function and many enzymatic reactions
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Figure 14. Ca and P composition in various fish bones. Source: Adapted from Hamada et al. (1995).

that require calcium as a co-factor (Kim and Jung, 2007). Gener-
ally, the most common and trusted source of calcium is milk (Icup
serves 300450 mg) and other dairy products (Garner and Anderson,
1996). However, alternative sources of Ca are needed, especially for
population groups with a low intake of milk and dairy products and
for those who do not drink milk due to lactose indigestion and in-
tolerance. In milk and dairy products, casein phosphopeptides have
the capacity to chelate Ca and to prevent the precipitation of Ca
phosphate salts (Berrocal et al., 1989), thereby increasing the bio-
availability (Yuan and Kitts, 1991, 1994). Similar to casein phospho-
peptides, fishbone phosphopeptides could inhibit the formation of
insoluble calcium phosphate and increase the bioavailability. In fish
bone, calcium-binding phosphoproteins derived from non-collagen-
ous material have a high affinity for Ca* on the surface hydroxyapa-
tite (Hoang et al., 2003). Furthermore, a study by Jung et al. (2006)
in rat models showed that fishmeal prevented Ca deficiency due to
increased Ca bioavailability by the intake of fishbone phosphopep-
tides. Malde et al. (2010) later conducted a double-blind randomized
crossover trial and found that calcium from enzyme-treated salmon
and cod bones was well absorbed by healthy young men. Besides, it
was also reported that fortified tuna bone powder supplementation
increased bone mineral density and improved the maternal bone mi-
crostructure of lactating rats and their offsprings (Suntornsaratoon et
al., 2018). Therefore, it is possible to provide a novel nutraceutical
with high bioavailability for Ca and Ca-fortified food supplements,
such as fruit juice or Ca-rich foods, and as alternatives to dairy prod-
ucts (Jung et al., 2006; Nemati et al., 2016).

5.1.2. Application of fish bone minerals in biomedical industry

Fish bone contains hydroxyapatite which unlike other calcium
phosphates does not break under physiological conditions and

takes part in bone bonding (Ozawa and Suguru, 2002). Hydroxya-
patite [Ca,(PO,),(OH),] has been introduced as a bone graft ma-
terial in a range of medical and dental products due to similar
chemical composition, biocompatibility and the ability to act as
an osteoconductive/osteoinductive material (Gatti et al., 1990;
Kitsugi et al., 1993; Zambonin and Grano, 1995; van Haaren et
al., 2005; Best et al., 2008). Attempts have been made to isolate
fish bone derived hydroxyapatite and use it as an alternate for
synthetic hydroxyapatite (Kim et al., 1997; Ozawa and Suguru,
2002). For example, Shi et al. (2018) reported that among natu-
ral hydroxyapatite derived from rainbow trout, cod, and salmon
bones, the ones from rainbow trout and salmon bones led to a
faster growth, adhesion, differentiation, and proliferation of os-
teoblast and formation of mineralized tissue which is most likely
attributed to the presence of CO;>~ and Mg?". Generally, heat
treatment (800~1,300 °C) is used for the isolation of hydroxya-
patite from fish bone and high temperature gives high strength
and higher degree of crystallinity and larger crystallite size to hy-
droxyapatite structure (Choi et al., 1999; Pal et al., 2017; Sunil
and Jagannatham, 2016) and provides an excellent biocompatible
inorganic substance (Kim et al., 1998, 2001; Kim and Park, 2000;
Venkatesan et al., 2015).

6. Carotenoids

Color plays a major role in the overall acceptability of food prod-
ucts (Shahidi and Brown, 1998). Crustacean processing discards
provide a potential sources of carotenoids mainly astaxanthin
(Shahidi and Brown, 1998). Increasing interest is being shown in
astaxanthin and astaxanthin-containing raw materials for use in
dietary formulation where integument and flesh coloration is of
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Figure 15. The chemical structures of a-carotene (a), 8-carotene (b), e-carotene (c), and lycopene (d).

economic importance (Shahidi and Brown, 1998). Carotenoids are
among the main natural food colorants with widespread use. The
extracted carotenoids from shrimp waste would be a cheaper alter-
native than synthetic carotenoids in aquaculture feed formulations
and in surimi-based products (Sachindra et al., 2006).

Carotenoids are red, yellow, and orange pigments and are syn-
thesized only in plants. However, they are widely distributed in
nature, almost in all living matters (Buchecker, 1982). More than
seven hundred naturally occurring carotenoids have been identi-
fied, of which as many as fifty may be absorbed and metabolized
by the human body (Goodwin, 1994). Although it is generally ac-
cepted that animals are unable to synthesize carotenoids de novo,
they apparently are able to modify dietary plant carotenoids (Bu-
checker, 1982).

Chemically, carotenoids can be divided into two major classes.
The first class contains highly unsaturated hydrocarbon carotene
(C,oHs) such as lycopene, a-carotene, f-carotene, and e-carotene,
which have no oxygen and are usually orange and red in color and
are soluble in organic solvents such as petroleum ether (Figure 15)
(Krinsky, 1994). Because they are highly unsaturated, they are par-
ticularly susceptible to oxidation. The second class contain oxygen
and are known as xanthophylls; in these, the oxygenated group
substituents occur at particular sites on the terminal rings (Krinsky,
1994; Shi and Maguer, 2000; Young and Lowe, 2001). The most
frequently found groups are hydroxy- (monols, diols, and polyols),
epoxy- (5,6- and 5,8- epoxides), methoxy, aldehyde, oxo, carboxy,
and ester moieties (Figures 16 and 17) (Gross, 1991).

Carotenoids are among the most important natural marine pig-

ment groups (Matsuno and Hirao, 1989). The ovaries and eggs of
fish and shellfish are almost always pigmented. The colors range
from yellow, orange and red to green, blue and purple, mainly due
to the presence of carotenoids and/or carotenoproteins (Miki et al.,
1982). Carotenoproteins are the complex formed by the binding of
carotenoids with hydrophobic sites of proteins. They may cause
the pigment to become water-soluble, and it may change the color
of the pigment (Shahidi and Brown, 1998). Crustacean possesses
three main types of pigments namely, carotenes, xanthophylls, and
conjugated carotenoids, which are mainly carotenoproteins, ca-
rotenolipoproteins, and the chitinocarotenoids. Carotenolipopro-
teins such as lipovitellins, mainly found in the ovaries and eggs,
are responsible for the blue, green, or purple color, and chitinoca-
rotenoids occur mainly in the exoskeleton (Ghidalia, 1985). The
real carotenoproteins such as crustacyanin are usually present on
the external surfaces of crustacea and account for their vivid col-
oration. Crustacyanin is almost always astaxanthin, which is at-
tached at specific sites to a (glyco) protein (Shahidi and Brown,
1998). Cleavage of the complex results in a color change caused by
the liberation of the free carotenoids (Nelis et al., 1989). The prin-
cipal carotenoids in crustacea include beta-carotene, echinenone,
canthaxanthin, two stereoisomers of phoenicoxanthin, three stere-
oisomers of astaxanthin, 4-ketozeaxanthin, fritschiellaxanthin, and
papilioerythrinone (Figure 18) (Shahidi and Brown, 1998).
Carotenoids can be recovered from shellfish processing by-
products and used in a variety of applications (Shahidi and Brown,
1998). Shrimp processing industries generate large quantities
of shrimp waste in the form of head and body carapace, which
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Figure 16. The chemical structures of cryptoxanthin (a), lutein (b), zeaxanthin (c), rhodoxanthin (d) and (e) rhodovibrin.

comprise 45-60% of the whole shrimp (Barratt and Montano,
1986). The carapace as well as the ecdysial exoskeleton contain
mainly free astaxanthin and lutein (Castillo et al., 1982). The oil
solubilization characteristics of carotenoids have led to studies on
recovery of these pigments in oils from crustacean wastes (An-
derson, 1975, Spinelli and Mahnken, 1978, Chen and Meyers,
1982, Shahidi and Synowiecki, 1991 and Sachindra and Mahen-
drakar, 2005). Sachindra et al. (2005) extracted the carotenoids
from Indian shrimp waste with contents varying from 35 to 153
ng/g depending on the species; the major pigment being astax-
anthin and its esters. Similarly, Shahidi and Synowiecki (1991)
isolated astaxanthin and astaxanthin esters and zeaxanthin from
shrimp Pandalus borealis and astacene, canthaxanthin, and lu-
tein from processing discards of snow crab Chinoecetes opilio.
More recently, Takeungwongtrakul et al. (2015) extracted carot-
enoids accompanied with lipid from hepatopancreas of Pacific
white shrimp (Litopenaeusvannamei). Among single solvents
(acetone, isopropanol and hexane) and their mixtures, a mixture
of hexane and isopropanol (50:50, v/v) rendered lipids with the
highest carotenoid yield (336.40 mg/kg hepatopancreas) with the
extraction yield of 18.22% (w/w hepatopancreas). The addition of
astaxanthin (2mg/g lipid) into the lipid could lower lipid oxida-

tion, in comparison with the control during storage at 30 °C for
10 days as indicated by a lower p-anisidine value. Other organic
solvents such as acetone (Mandeville et al., 1991; Masatoshi and
Junji, 1999; Sachindra et al., 2005b) and alcohol (Kozo, 1997)
were also examined for the recovery of carotenoid pigments. Li
et al. (2005) extracted carotenoids from fish eggs using acetone,
and the carotenoids in acetone extract were phase separated by
using methyl tertiary-butyl ether. Charest et al. (2001) used alco-
hol as co-solvent in supercritical CO, extraction of astaxanthin
from crawfish shells. However, along with organic solvents, dif-
ferent auxiliary techniques including microwave-, ultrasonic- and
enzyme-assisted extractions were commonly used to increase the
extraction efficiency and carotenoids recovery (Martins and Fer-
reira, 2017). Selective extraction of astaxanthin from crustacean
waste has been attempted by supercritical carbon dioxide extrac-
tion technique (Lopez et al., 2004). Although the use of organic
solvents for recovery of carotenoids from shrimp waste has been
limited to analytical purposes only (Britton, 1985; Meyers and
Bligh, 1981), some of the organic solvents permitted for use in
food industries include acetone, benzyl alcohol, ethyl acetate,
hexane, isopropanol, methanol, methyl ethyl ketone, and ethanol,
However, levels of use depends on the type of foods in which they
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Figure 17. The chemical structures of violaxanthin (a), bixin (b), crocetin (c).

are used (Food and Drug Regulation, 2005).

It has been reported that the stability of carotenoids in shrimp
by-products is affected by the method of preservation (Sachindra et
al., 2007). Tanaka et al. (1981) observed that carotenoid content in
Antarctic krill meal was decreased during storage at room temper-
ature. Therefore, the addition of antioxidants has been suggested
to prevent pigment degradation during storage of crawfish meal
(Meyers and Bligh, 1981 and Chen and Meyers, 1982). In addition
to this, ensiling in organic/inorganic acids or by fermentation is
used as one of the methods to preserve the shrimp waste (Ariyani
and Buckle, 1991; Sachindra et al., 2007).

6.1. Application of carotenoid pigments

The most important factor affecting the consumer acceptance of
cultivated fish (salmonids) is the color of its flesh, and in the case
of crustaceans the color of the carapace is a determining factor
(Shahidi and Brown, 1998). Marine fish flesh and shellfish appear
rich in color due to carotenoids, which are obtained through the
diet by mainly consuming zooplankton and nekton. Therefore,
cultivated fish species require adequate pigmentation to respond
to consumer’s demands. Moreover, adequate pigmentation is also
important to meet the customer’s expectation (Shahidi and Brown,
1998). In salmon and crustacean culture systems, it is necessary
to use dietary astaxanthin in order to achieve flesh pigmentation
because natural pink color of the salmon fish and the red color of
boiled crustacean shells are due to the carotenoid astaxanthin (Sha-
hidi and Brown, 1998). Meanwhile, Wang et al. (2018) found that
dietary carotenoids could not only improve body color of farmed

crab, but also protect them from oxidative damage caused by high
pH environment. Therefore, the by-products from shrimp and crab
have been established as a good source of astaxanthin for salmon
and crustacean culture systems (Simpson, 1982; Torrissen et al.,
1982; Meyers, 1977). In addition to the application in aquacul-
ture, carotenoids have also been incorporated in poultry feed to
impart desirable coloration to egg yolks of various poultry animals
(Suresh et al., 2018). The global market for carotenoid pigments
has increased from 766 million US dollar (2007) to 1.5 billion US
dollar (2017) in 10 years (McWilliams, 2018; Kirti et al., 2014).
Therefore, increasing interest is being shown in astaxanthin and
astaxanthin-containing raw materials for use in dietary formula-
tion where integument and flesh coloration is of economic impor-
tance. Furthermore, astaxanthin can be used as a colorant in food
and in medicine due to its attractive orange color, its biological
functions as a vitamin A precursor and antioxidative activity (Cre-
mades et al., 2001; Stepnowski et al., 2004; Shahidi and Brown,
1998). Mention should also be made that canthaxanthin has also
been used for coloration of slamonif fish flesh.

7. Seafood flavor

The production of natural seafood flavor extracts from processing
by-products has been an industrial practice in France and Japan. As
a common industrial practice, the natural seafood flavors are refor-
mulated by adding other ingredients and artificial flavors for char-
acteristics desired (Lee, 2007). Seafood flavors are being used in
seafood sauces, chowders, soups, bisques, instant noodles, snacks,
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and surimi (Lee, 2007). Generally, three basic process routes exist
for making seafood flavors from finfish and shellfish processing
by-products. These include aqueous extraction, fermentation and
enzymatic hydrolysis (Lee, 2007). However, enzymatic hydrolysis
is mostly employed in commercial seafood flavor extract prepara-
tions because it has a significant impact on the volatile compound
profile (Lee, 2007). Free amino acids and peptides act as precur-
sors of the volatile compounds, which are formed through Mail-
lard reaction. According to Hayashi et al. (1981) and Izzo and Ho
(1992), each amino acid and peptide makes its specific contribu-
tion to the volatile compound profile. Konosu (1979) and Hayashi
et al. (1981) found that Glu, Gly, Arg, AMP and GMP are the pri-
mary taste-active components in snow crab. The taste-active com-
ponents in clam were Glu, Gly, Arg, Tau, AMP, and succinic acid
(Fuke et al., 1989). Kim et al. (2003) demonstrated that shrimp
by-products such as heads, shells, and tails may serve as a potential
source of flavorants such as shrimp sauce. Nowadays most suc-
cessful products in the market are clam, crab, shrimp, and lobster
extracts which could be produced from shellfish processing by-
products (Lee, 2007). In addition, whole or process by-products
of finfish can be utilized for production of fish flavor extracts (Lee
2007). Figure 19 shows the flow chart of clam flavor production
from sea clam processing by-products.

Imm and Lee (1999) showed that protein hydrolysate prepared
from red hake had a great potential as a fish flavorant that could be
used as a flavor supplement and sauce for various seafood prod-
ucts. Furthermore, they suggested that a good quality fish flavor
can be produced from unutilized frame waste. The production of
seafood flavors from underutilized fish species through protein
hydrolysis is somewhat challenging due to the difficulty of ensur-
ing high organoleptic quality (Imm and lee, 1999). The hydrolysis
of protein often accompanies flavor defects such as bitterness and
off-flavor along with the formation of desirable flavor (Lee, 2007;
Kilara, 1985). To be effective in hydrolyzing and debittering,
the enzyme should contain both endoprotease for hydrolysis of
protein and exopeptidase for breaking down bitter peptides (Lee,
2007). For example, in the seafood flavor formulations, Peinado
et al. (2016) used a combination of endo- and exo-peptidases to
increase the concentration of free amino acids, particularly leu-
cine, lysine, and glutamic acid in the final protein hydrolysates of
fish by-products. Meanwhile, an acidic serine carboxypeptidase
isolated from the hepatopancreas of squid was able to eliminate
the bitterness by removing specific amino acids in the carboxyl
terminal (Komai et al., 2007). In addition, flavor quality of hy-
drolysate depends on the quality of raw material, which plays a
critical role in determining flavor quality (Imm and Lee, 1999).
Fatty fish species are not desirable because of their high suscepti-
bility to lipid oxidation and the high cost of removing excess fat
(Ritchie and Mackie, 1982). The extent of hydrolysis determines
sensory quality and is dependent upon the specificity of protease,
level of the enzyme, water-to-substrate ratio, pH, and temperature
(Imm and Lee, 1999). In a recent article, Ambigaipalan and Sha-
hidi (2017) reported the preparation of hydrolysates from shrimp
processing by-products but did not comment on the flavor profile
of the product so prepared.

8. Enzymes

Enzyme technologies have become an important part of the pro-
cesses used by the modern food and feed industry to produce a
large and diversified range of products (Shahidi and Kamil, 2001).
In addition, enzyme-catalyzed processes have been successfully

introduced to other industries such as pharmaceuticals and agro-
chemicals, but now also increasingly used in organic chemical
synthesis because they exhibit a number of features that make their
use advantageous as compared to conventional chemical catalysts
(Krajewska, 2004). Foremost among them are a high level of cata-
lytic efficiency, often far superior to chemical catalysts, and a high
degree of specificity that allows them to discriminate not only be-
tween reactions but also between substrates (substrate specificity),
similar parts of molecules (regiospecificity) and between optical
isomers (stereospecificity) (Krajewska, 2004).

Marine enzymes have drawn the attention of numerous re-
searchers and there are several excellent reviews on the utilization
of enzymes from aquatic organisms (Morrissey and Okada, 2007;
Shahidi and Kamil, 2001; Gildberg et al., 2000; Haard, 1998).
Aquatic organisms include a wide and extensive taxonomic diver-
sity and many organisms occupy unusual environmental habitats,
thus conferring to enzymes some unique characteristics (Shahidi
and Kamil, 2001; Guérard et al., 2005). The glands and digestive
organs such as stomach, pyloric cecum, pancreas, and intestines
are the most important by-products of fish and shellfish processing
in terms of the quantity of enzymes present (Kurtovic et al., 2009;
Nayak et al., 2003).

The most extensively studied enzymes from the marine envi-
ronment include pepsin, trypsin, chymotrypsin, elastase, colla-
genase and alkaline phosphatase isolated from Atlantic cod (Gadus
morhua) viscera (Simpson and Haard, 1984a; Simpson and Haard,
1984b; Gildberg 1992), polar cod (Boreogadus saida) (Arun-
chalam and Haard, 1985), dogfish (Guérard and Gal 1987 and
1989; Hajjou et al., 1995), salmon (Haard et al., 1996; Kristinsson
and Rasco, 2000) and tropical tuna (Smine et al., 1993). Several
of these enzymes from poikilothermal organisms are cold active
and have a catalytic activity equal to or higher than mammalian
enzymes (Krajewska, 2004).

Among naturally available enzymes from fish and aquatic in-
vertebrates, proteases constitute a major group; these have been
referred to as proteinases (endo-) and peptidases (exo-). Exopepti-
dases cleave peptide bonds at the amino or carboxyl ends of the
polypeptide chain, whereas endopeptidases cleave internal peptide
bonds. These terms refer to all enzymes, which catalyze the hy-
drolysis of peptide bonds in polypeptides and proteins (Shahidi
and Kamil, 2001). Proteases from various sources differ greatly
in their catalytic and physical properties (Han and Shahidi, 1995).
Digestive proteolytic enzymes include pepsin, trypsin, chymot-
rypsin, elastase, gastricin and others (Morrissey and Okada, 2007).
Regardless of the source, proteases can be classified based on the
well-known characterized proteases, such as trypsin-like, chy-
motrypsin-like, chymosin-like, or cathepsin-like (Sriket, 2014).
Besides, they may also be classified depending on their substrate
specificity, including serine/cysteine/aspartic proteases, and metal-
loproteases or sensitivity of pH, including acid, neutral or alkaline
proteases (Sriket, 2014). Fish intestines are known to be the rich-
est source of various enzymes including chitinase, alkaline phos-
phatase, and hyaluronidase, followed by pyloric ceca, pancreatic
tissues, hepatopancreas, shell, and other waste components (Sha-
hidi and Kamil 2001; Venugopal, 2016). Some isolation processes
for enzymes include precipitation by salts and polyacrylic acids,
isoelectric solubilization/precipitation, ultrafiltration, pH shift,
flocculation and membrane filtration as well as overcooled acetone
extraction (Venugopal, 2016). Reece (1988) described a suitable
method for large-scale recovery of proteolytic enzymes from fish
viscera silage. Balti et al. (2009) reported a five-step method in-
cluding fractionation with ammonium sulfate, Sephadex G-100
gel filtration, DEAE-cellulose an ion-exchange chromatography,
Sephadex G-75 gel filtration, and Q-Sepharose anion-exchange
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Figure 18. The chemical structures of principal carotenoids in crustaceans.

chromatography to purify thermostable trypsin from the hepato-
pancreas of Sepia officinalis.

Fish pepsins belong to the aspartic endopeptidase family and
are digestive proteases, which are normally located within the fish
stomach and have peak activity under acidic conditions (Morrissey
and Okada, 2007). However, it has been found that many fish spe-
cies secrete at least two different pepsins with different pH optima

(Gildberg, 1988; Gildberg and Raa, 1983); these are generally rec-
ognized as pepsin I and pepsin II (Gildberg, 1988). Fish pepsins
have been isolated from the gastric mucosa of various marine and
freshwater fish species, including those from cold- and warm-wa-
ter species (Shahidi and Kamil 2001). Trypsin can be categorized
as serine proteinase and it has a dual role in that it cleaves ingested
proteins and activates the precursor forms of several other diges-
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Figure 19. Preparation of clam flavour from clam processing by-product.
Source: Adapted from Lee (2007).

tive proteinases including chymotrypsin (Morrissey and Okada,
2007). Trypsin is normally located in pyloric cecum and shows its
activity at neutral and alkaline conditions (Morrissey and Okada,
2007). Trypsin and chymotrypsin have been isolated and identified
in a wide array of cold water as well as warm water fish species
(Shahidi and Kamil 2001).

Chymosin (EC 3.4.23.4), commonly known as ‘rennin’, is an
acidic protease (Wong, 1995) which shows stability near pH 7.0
for proteolysis and has a narrow substrate specificity. Chymosin
and chymosin-like enzymatic activities have been reported in
carp (Cohen and Gertler, 1981), and harp seal stomach (Han and
Shahidi, 1995; Shamsuzzaman and Haard 1983; Shamsuzzaman
and Haard, 1984). Gastricsins are aspartyl proteases that possess
similar enzymatic and chemical properties to pepsin (De-Vecchi
and Coppes, 1996; Sanchez-Chiang and Ponce, 1981). Two zy-
mogens of gastricsin from the stomach of hake (Merluccius gayi)
have been extracted by Sanchez-Chiang and Ponce, (1981) who
reported that both zymogens were active up to pH 10 with optimal
activity at pH 3.0.

8.1. Collagenases and elastases

Collagenases are generally defined as enzymes that are capable
of degrading the polypeptide backbone of native collagen under
conditions that do not denature the protein (Kim et al., 2002). They
could be divided into serine collagenases and metallocollagenases
and they are thought to play different physiological functions (Kim
et al., 2002).

Collagenolytic serine proteases have been isolated and charac-
terized from digestive tracts of various fish and aquatic inverte-
brates, including fiddler crab (Elsen and Jeffrey, 1969; Grant et
al., 1983), fresh water prawn (Baranowski et al., 1984), crayfish
(Garcia-Carreno et al., 1994), king crab (Gerasimova and Kupina,
1996; Zefirova et al., 1996) and Atlantic cod (Kristjansson et al.,
1995). These enzymes are most active in the pH range of 6.5-8.0
and are inactivated at pH values lower than 6.0 (Haard and Simp-
son, 1994). On the other hand, the collagenase fraction from mack-
erel (Scomber japonicus) was shown to be optimally activated
at pH 7.5 and 55 °C, while the metalloproteases with molecular
masses of 64, 67 and 75 kDa were found in the dark muscle of
common carp with optimal pH at 7-9 and in the presence of calci-
um (Park et al., 2002; Sriket, 2014; Wu et al., 2008). Furthermore,
Zefirova et al. (1996) reported that practical use of these enzymes
is restricted due to their low heat stability; it has also been shown
that such collagenases lose their activity even at 40 °C.

Pancreatic elastase belongs to the serine protease family (As-
geirsson and Bjarnason, 1993 and De-Vecchi and Coppes, 1996)
and has the ability to digest the elastic, fibrous protein of the
connective tissue known as elastin (Asgeirsson and Bjarnason,
1993). However, Shotton (1970) reported that elastase can digest
a wide variety of other proteins in addition to native elastin. Gas-
tric elastase enzymes have been recovered from marine and fresh
water fish species such as carp (Cohen and Gertler, 1981), catfish
(Clark, et al., 1985), and Atlantic cod (Asgeirsson and Bjarnason,
1993; Asgeirsson, et al., 1998; Gildberg and Overbo, 1990; Raa
and Walther, 1989). Apart from the collagenases distributed in di-
gestive tract, they were also found in fish muscle tissues includ-
ing skeletal muscle of mackerel, Scomber japonicus, Japanese
flounder, Paralichthys olivaceus, rainbow trout and common carp
(Sriket, 2014). Additionally, gelatinolytic serine proteases possess
similar properties to collagenase which have been proposed to
participate in the metabolism of collagens and in the post mortem
degradation of fish muscle during cold storage in species like red
sea bream (Sriket, 2014, Wu et al., 2010). Felberg et al. (2010)
partially characterized the peptide sequencing of gelatinolytic
trypsin-like serine proteases, as well as other enzymes including
elastase, trypsin, metalloproteases and aspartyl aminopeptidase.
These endogenous proteases play a critical role in the degradation
of fish and shellfish proteins, resulting in their tissue softening and
compromising their shelf-life.

8.2. Chitinolytic enzymes

Chitinolytic enzymes, (true chitinases) are widely found in almost
all living forms including bacteria, fungi, plants, insects, mammals
and viruses, as well as being distributed in crustaceans (Islam and
Datta, 2015). They play an important role in the degradation of
chitin (Morrissey and Okada, 2007). Hydrolysis of chitin by chi-
tinolytic enzymes leads to the production of monomers which are
of tremendous industrial use such as in medicine (Islam and Datta,
2015). In addition, lysozymes exhibit chitinolytic activity (Clark et
al., 1988). Chitinases can be divided into endo-type (chitinase) and
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Table 3. Digestive Lipases extracted from different fish species

Fish sp

Digestive organs/glands

Reference

Atlantic cod (Gadus morhua)
Atlantic salmon (Salmo salar)

Red sea bream (Pagrus major)

pyloric ceca/pancreas
pancreas

hepatopancreas

Gjellesvik et al. (1994)
Gjellesvik et al. (1994)
lijima et al. (1998)

Rainbow Trout (Oncorhynchus mykiss)  Inter-cecal pancreatic tissue

Pyloric ceca
Qil sardine (Sardinella longiceps) hepatopancreas
Spiny dogfish (Squalus acanthius) Pancreas

Nile Tilapia (Oreochromis niloticus) Stomach, intestine

Grey Mullet (Mugil cephalus)

Leger et al. (1977)

Tocher and Sargent (1984)
Mukundan et al. (1985)
Rasco and Hultin (1988)
Taniguchi et al. (2001)

Viscera (pyloric ceca, intestines, and associated mesenteries) Aryee et al. (2007)

exo-type (f-N-acetylhexosaminidase) and are involved in molting
in several crustaceans (Kono et al., 1995). These enzymes have
been purified mainly from processing by-products such as squid
liver (Matsumiya, 2007), shrimp waste silage (Matsumoto et al.,
2004), and shrimp by-products (Olsen et al., 2014). Chitinolytic
enzymes are a prime tool for converting chitin into oligomeric
units without the use of the chemical depolymerization (Shahidi
and Kamil, 2001). Furthermore, these enzymes may be used as
bacteriolytic enzymes mainly due to their ability to degrade pepti-
doglycan components of cell walls of bacteria (Shahidi and Kamil,
2001; Stoykov et al., 2015).

8.3. Lipases

Lipases are a broad family of enzymes that catalyze the hydroly-
sis of ester bonds in substrates such as triacylglycerols, phospho-
lipids, cholesteryl esters, and vitamin esters (Wong and Schotz,
2002). Within the above classification, the so-called “true lipase”
or acylglycerol acyl hydrolase (E.C. 3.1.1.3) is defined as the en-
zyme which hydrolyzes esters of long-chain aliphatic acids from
glycerol at the oil/water interface (Jensen, 1983). Lipases share
the common characteristics of the optimum temperature of less
than 35 °C, optimum pH ranging from neutral to slightly alkaline
and low thermal stability (Kurtovic and Marshall, 2013). In the
study of Cao et al. (2018), positive correlations existed between
the lipolytic activity of endogenous lipase and lipid oxidation on
the preservation of both traditionally salted fish and low-salt lactic
acid-fermented fish. Therefore, lipases are receiving an increasing
interest due to their effects on the quality of food products and their
actual and potential applications in modified foods and industrial
processes (Kurtovic et al., 2009). Particularly it is important to
investigate the lipolytic enzymes originating from aquatic organ-
isms for use in catalyzing interesterification of fish oils to produce
triacylglycerols enriched with ®-3 PUFA (Simpson et al., 1991).
One of the earlier investigations of Chesley (1934) in different
marine species reported that active fishes, mackerel and scup, had
markedly higher lipase activities than more sluggish species, with
the upper intestine, pyloric ceca, and pancreas containing most of
the enzyme. For long time research in fish digestive lipolysis was
inconclusive as to which type (pancreatic lipase or carboxyl ester
lipase) of lipases were present in fish (Leger et al., 1977; Patton,
1975, Patton et al., 1975). However, purification of first non-mam-
malian carboxyl ester lipase (CEL) from the pyloric ceca/pancreas
of Atlantic cod by Gjellesvik et al. (1992) and cDNA sequence of
pancreatic CEL from Atlantic salmon reported by Gjellesvik et al.

(1994), some new insights into the nature of fish digestive lipases
were presented.

Commercially, Alaska pollock viscera is a potential source of
useful lipases (McGinnis and Wood, 2007), especially as the diet
of the fish contains a high percentage of phospholipids and wax
esters (Lee et al., 1970; Saito et al., 2002). A project about utilizing
valuable enzyme from Norwegian herring was mentioned by Kur-
tovic and Marshall (2013). Another possible large source of novel
marine lipases is Antarctic krill which contains more than half of
total storage lipids as wax esters (Ju and Harvey, 2004), suggesting
the presence of possibly unique wax-ester specific lipases (Kur-
tovic et al., 2009). For more information about the use of lipases
motivated by the valorisation of fish by-product, the reader may
consult a review by Kurtovic and Marshall (2013). In addition, di-
gestive lipases have been purified and characterized from various
other aquatic organisms (Table 3).

Digestive lipases are mentioned in a few studies conducted on
marine crustaceans, e.g., American lobster (Homarus americanus)
larvae (Biesiot and Capuzzo, 1990). A few bivalves and a cephalo-
pod have also been examined (Teo and Sabapathy, 1990; Itabashi
and Ota, 1994).

8.4. Applications of digestive enzymes from marine sources

Cold-active fish pepsins from species such as Atlantic cod (G.
morhua) and orange roughly (Hoplostetus atlanticus) have been
used for caviar production from the roe of various species (Gué-
rard et al., 2005). Furthermore, these proteolytic enzymes are used
to ease the riddling process, increasing the yield from 70 to 90%
for salmon (S. salar) (Guérard et al., 2005). The temperature op-
tima of trypsin and alkaline phosphatase from cold-water fish are
about 30 °C lower than the homologues from warm water fish or
mammals (Simpson and Haard, 1987; Gelman et al., 1989). This
property is advantageous in applications where it is desirable to
inactivate the enzyme with mild heat treatment (Haard, 1998).
Enzymes like lactate dehydrogenase (LDH) from deep-water fish
that live at high pressure have a tighter polypeptide structure than
homologues at normal atmospheric temperature, thus making them
more resistant to proteolytic degradation and more suitable for ap-
plications where proteases might interfere with their activity (Hen-
nessey and Siebenaller, 1987). The gastric proteases of fish that
take in saltwater during feeding are salt-activated, in contrast to
homologues from mammals that are inhibited by NaCl. This prop-
erty may be advantageous in applications such as fermentations,
silage, and fish sauce where significant amounts of salt are pre-
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sent (Squires et al. 1986). Lysozyme from Artic scallop (Myrnes
and Johansen, 1994) and other fish have a unique ability to at-
tack both gram-positive and gram-negative bacteria (Guérard et
al., 2005). Transglutaminase can be used in certain food products
such as surimi, seafood, and meat products that require improved
gel formation and gel strength resulting in better texture (Morris-
sey and Okada, 2007; Binsi and Shamasundar, 2012). Exogenous
proteolytic enzymes such as squid hepatopancreases could be
used in accelerating the production of capelin sauce (Venugopal,
2016). While endogenous proteolytic enzymes from fish may be
used for skin removal from fish. This would serve as an alternative
method to mechanical or chemical treatments, which often dam-
age or reduce the recovery of the product (Haard and Simpson,
1994). Furthermore, proteases from marine sources can be used
in the deskinning of squid (Shahidi and Kamil, 2001). Proteases
from plant sources such as papain and bromelain are principally
used for meat tenderization (Haard and Simpson, 1994). These
enzymes attack both connective and myofibrillar proteins which
often leads to over tenderization. Marine collagenase could only
hydrolyze connective tissue protein possibly resulting in optimum
tenderization of meat products (Morrissey and Okada, 2007). Fur-
thermore, various proteins such as myofibrillar and sarcoplasmic
proteins and collagen could be recovered from fishery processing
wastes including fins, scales, skins, bones, head, and swim blad-
ders through protease hydrolysis. The pepsin-solubilized collagen
and its hydrolysate co-products could serve as potential substitutes
to mammalian collagen used in food, pharmaceutical, and photo-
graphic industries (Venugopal, 2016). During various enzymatic
processing, fish protein hydrolysates could be mainly/co-produced
which exhibit diverse bioactivities including antioxidant, anti-
microbial, antihypertensive, antiamnesiac, mineral binding, im-
munomodulatory, and antithrombotic functions. Thus with their
diverse physicochemical properties, they can be used as food
binders, emulsifiers, gelling agents, nutritional supplements, and
biomedicals (Chalamaiah et al., 2012; Hernandez-Ledesma and
Herrero, 2013; Kim and Mendis, 2006; Venugopal, 2016).

It has been reported that lipolytic enzymes obtained from guts
of Atlantic cod (Gadus morhua) preferentially hydrolyze PUFA
over the shorter chain fatty acids which showed a completely op-
posite fatty acid selectivity to microbial and mammal lipase (Lie
and Lambertsen, 1985). Due to their high affinity for long-chain
fatty acids, specificity for particular fatty acids and regiospecificity
(Diaz-Lopez and Garcia-Carreno, 2000), fish digestive lipases may
find applications in the synthesis of structured lipids. Sae-leaw and
Benjakul (2018) applied the lipase purified from the liver of sea-
bass to defat fish skin. Defatting with the lipase at 0.30 units/g dry
material for 3 h at 30 °C resulted in the removal of 84.57% fat
from the skin. Using lipases, triacylglycerols could be enriched
with certain beneficial fatty acids, like eicosapentaenoic acid
(EPA), docosahexaenoic acid (DHA), or conjugated linoleic acid
(CLA), at a specific position along the glycerol backbone. He and
Shahidi (1997) and Wanasundara and Shahidi, (1997) have carried
out lipase-assisted hydrolysis of seal blubber oil and menhaden oil
in order to enrich their content of ®-3 PUFA in the acylglycerols
form. In addition, long-chain PUFAs are highly labile, and lipase-
catalyzed lipid modifications could prevent detrimental oxida-
tion and cis-trans isomerization processes (Kurtovic et al., 2009).
Marine lipases are likely to have advantages over their microbial
or mammalian counterparts because they may operate more effi-
ciently at lower temperatures. Termination of enzymatic reactions
could be achieved by smaller changes in temperature as marine
lipases often have lower temperature optima and stabilities than li-
pases from other sources (Rasco and Hultin, 1988). Fish digestive
lipases could also be used to carry out lipid interesterification reac-

tions (e.g., transesterification) with minimal or no by-products, a
problem often encountered in chemical transformations (Kurtovic
et al., 2009). Some fish digestive lipases are stereospecific as well
as enantiospecific and these features could allow them to be used
in the synthesis of specialty pharmaceuticals and agrochemicals,
where enantiomerically pure products are desired. Specialty esters
for personal care products and environmentally safe surfactants for
applications in detergents or as food emulsifiers may also benefit
from the use of fish digestive lipases (Kurtovic et al., 2009).

9. Future considerations

Living marine resources are limited and shrinking therefore their
full utilization is necessary. However, a considerable amount of
total catch is discarded as processing leftover. Therefore, better uti-
lization of the catch and processing of discards for the production
of'novel products is important. This requires addressing challenges
related to supplying constant quality by-products. In addition, in-
troduction of the resltant new products to the market also requires
special expert involvement. In this, a major difficulty will be the
development of economic processes to produce high value prod-
ucts. Sometimes options that might work in one location or area
will not be economical in another place. Moreover, what may be
appropriate in an industrialized fishery is often not suitable for a
small-scale artisanal fishery in developing countries. In order to
achieve these goals a concerted effort and overall plan should be in
place to sort and handle the by-products onboard and find safe and
cost-effective preservation methods and processing for producing
high value marketable products that may also improve the health
of consumers.

10. Conclusions

The seafood industry is originating a large amount of by-products
upon processing. These by-products contain valuable protein and
lipid fractions as well as a variety of bioactive compounds with
potential health benefits. Major ongoing research in recent years
have been devised to utilize the ingredients originating from by-
products of the seafood industry in diverse sectors such as food,
nutraceutical/functional food, pharmaceutical/biomedical and fine
chemicals. Therefore developing new technologies is expected to
bring more value to the seafood industry in the future.
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