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ABSTRACT

The agro-food industries, including the fishing industry, annually produce large quantities of by-products,
whose valuation is still minimal or practical null. Currently, it is known that only a small part is reused for
direct animals feeding or for composting. Considering that these by-products contain important levels of
nutrients and bioactive compounds, some alternative ways of using by-products from the fishing industry
are mentioned, namely for pharmaceutical and cosmetic industries. Nevertheless, the importance of
sustainability must be taken in consideration, once it is an overly complex concept that involves economic
and social development, without causing major damage to the environment. Biotechnology advances for
marine by-products conversion into products of interest are numerous. Despite this, the fish sector is
facing several issues such as wild fish stocks reduction while, at the same time, aquaculture rises,
augmentation of the importations on a global market, and consumers behaviors. All those influent
parameters affect and complicate the definition of an upgrading strategy for the by-products as they
directly depend to the raw material processed. In view of the importance that the fishing industry has at
international level, this work has attempted to characterize and enhance the by-products generated by this
activity, through a detailed description of the nutritional, chemical and biological properties presented in
fisheries waste, which can benefit, in the near future, the food, pharmaceutical and cosmetic industries.
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1. INTRODUCTION can represent a renewable source for food,
pharmaceutical and cosmetic constituents already in use,
or even originate new added value ingredients with
functional properties.”

Scientific developments of the last 50 years have led to a
much-improved understanding of the functioning of
aquatic ecosystems, and to global awareness of the need
to manage them in a sustainable manner. Thus, the

importance of utilizing fisheries and aquaculture
resources responsibly is now widely recognized and
prioritized. With global demand slowing and trade
tensions contributing to a more challenging market,
multiple major seafood exporters are seeing trade
contractions in 2019 following positive performances in
2018, particularly in Asia. China’s total seafood exports
are likely to be down significantly for the year, while the
export revenues of Indonesia, India and the Philippines
are also set to take a hit.! With the increase of the
fishing industry also increases a high amount of by-
products with significant economic and environmental
impact. In fact, the reuse of agro-industrial by-products

In view of the above, the dynamic in the scope of
scientific research has increased, focusing on the
valorization of by-products and food waste, reporting
nutritional and chemical composition and their possible
integration in foods, pharmaceutical and cosmetics
products.™

1.1. Fishing Industry

By 2050, world food production is expected to double
due to the increasing population rate and due to changes
in eating habits. The fishing industry is a major export
sector of fish and other marine products.” All over the
world, fish can be obtained through capture and/or
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aquaculture. With approximately 1200 ports, the
European Union (EU) possesses the largest maritime
surface in the world and, consequently, the largest
merchant fleet.®! The sea route represents 90% of its
foreign trade. In 2018, for instance, ~84.4 million tons of
fish were caught in the sea and the total value of
production derived from capture and aquaculture was
~178.5 million tons.”! In fact, last year, approximately
131 (85%) million tons were directly utilized as food and
the rest (15%) was underutilized as live bait for fishing,
ornamental products (pearls and shells), feed for
carnivorous farmed species and marine worm. There has
been a sustained growth in the fish supply during the last
50 years with an average growth rate of 3.2% each year
which is higher than the growth rate of world's
population (1.7%)."

Therefore, the per capita fish supply increased by 17.5%
over the past 10 years. Moreover, the production of fish
in China, Indonesia, India, and Russia has increased
while fish production decreased in other countries over
the ten years period.

In Portugal, the fishery sector is a relevant economic
activity that promotes a significant importance in the
gross domestic product (GDP) and in the national gross
added value (GVA). As a matter of fact, Portugal stands
out, among the EU countries, for its peripheral location
and for its vast exclusive economic zone, resulting from
an extensive continental coastline and, also, from the
archipelagos of Madeira and Azores. Moreover, fishing
is an important source of livelihood for riverine
populations.”® According to the National Portuguese
Statistics Institute, the national production of aquaculture
in 2019, the most recent information available, was
11.259 tones and generated revenue of 75.2 million
euros, which reflected increases of 17.8% in quantity and
38.9% in value, compared to 2018.”) Portugal is the
largest consumer of fishery at EU level (~55.6 Kg/per
capita/year) and the 3™ largest consumer worldwide,
after Iceland (~90.9 Kg) and Japan (~61.2 Kg). This high
consumption is explained by the fact that the Portuguese
consumed high amounts of dry salted cod. National and
international fishing is also responsible for the creation,
valorization, and internationalization of processing
industries. This trend must, however, take hold and
deepen do more processing of fishery products, to create
more value and reduce dependence on imported raw
materials. Thus, and as priority objective, the
verticalization of production can be identified by national
and international industries, driving the increase in
exportation, and opening new markets for healthy
competition.

1.2. Industry versus Environmental Impact

The global population is predicted to reach 9.3 billion by
2050, with a projected increased food demand between
50-70%. In this context of growing demand, ~868
million people are chronically under-nourished, equating
to one in eight people worldwide. At the same time, it is

foreseen that over one third of all food produced globally
for human consumption goes to waste.™® Therefore,
reducing the scale of losses and waste throughout the
entire food system is a determinative step towards
improving global food security. Europe, like other parts
of the world, is currently facing major climate changes
that include habitat loss and degradation, extreme
weather events, environmental contamination due to
urbanization, agricultural intensification and increased
consumption of natural resources. These environmental
changes are a consequence of human activity and are
leading to loss of biodiversity, increase in natural
disasters, threat to access to food, water and energy,
impact on human health and degradation of
environmental quality.***? Biodiversity is essential to
human well-being and offers several benefits. Since
ecosystems are adapted to meet human needs (such as
water supply, food production, sourcing raw materials,
etc.), there must be a balance between protecting the
integrity of the environment, ecosystem, and the
guarantee of human health. The social and political
challenge is to decide which ecosystems are desired in
certain habitats in a certain period.*? Thus, sustainable
development involves an integrated approach of social,
economic, and environmental dimensions, and depends
on considerable efforts in terms of innovation.**
Moreover, food waste is an extremely important issue for
today's society, since it causes a high negative impact on
social, economic, and environmental levels. Therefore,
the reduction of food loss and waste is one of the greatest
objectives to be achieved worldwide. According to Bond
et al."¥ food waste refers to edible food products, which
are intended for human consumption, but usually are
rejected, lost, degraded, or consumed by pests, not
including inedible or undesirable parts of food products.
Food loss occurs in production, storage, transportation,
and processing, which are the chain's phases with the
lowest return. On the other hand, food waste occurs at
the end of the food supply chain, which includes sales
and final consumption, synonymous with greater
potential in the value chain, which represents higher
costs. Thus, the reduction in these losses over the food
system will improve the availability of food in the future
and is thus an important step towards achieving global
food security. Therefore, the food processing sector, like
other natural resource-based processing industries,
produces high amounts of food waste and by-products.
Due to the presence of different values compounds in by-
products and food residues, the main objective is to
isolate and use these high biological components (e.g.,
proteins, peptides, polysaccharides, fibers, flavorings,
phytochemicals, and pharmacological ingredients).!****!

The world marine capture fisheries contribute more than
50% of the total world fish production. About 70% of
fish is processed before final sale, resulting in 20-80% of
fish waste depending on the level of processing and type
of fish. The majority of fish wastes are disposed of in the
ocean. At the industrial level, fish residues and by-
products promote high costs for industries, including
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storage in cold stores and their transport, before being
sent to landfills."™® This significant amount of organic
waste, produced during the various stages of the fishing
production chain, consists of cheap and high quality raw
material, which can be used in the future.!*”

2. Enhancement of Fish By-Products

In general, fish by-products are not usually easily
marketed due to their low acceptance by consumers or
due to strict health regulations imposed and relative to
the obtaining, transportation, storage, handling,
processing and use of by-products. In the past, fish by-
products were considered low commercial value;
however, in recent years they have gained more attention
due to the possible use for several purposes.

The viscera, head, spines, fillets (pieces resulting from
the "sawdust"), skin, fins, and scales constitute a biomass
with several uses, including: fish meal production (only
from wild fish); fish oil; fish paste; fish strips; fertilizers;
animal feed; ensiled; bioensylates; protein hydrolysates;
gelatine; chondroitin sulfate; skins; pharmacological
molecules, cosmetic and nutraceutical interest (omega 3
fatty acids such as EPA and DHA), important minerals
(calcium), collagen, peptones, hyaluronic acid, among
others).!***I Considering the mentioned products, some
allow a complete waste conversion, namely fish meal
and protein hydrolysates. However, all the fish by-
products are likely to be used for other purposes and
other industrial areas (Figure 1).
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Figure 1: Possible application of fish by-products.

According to Figure 1, all disposable parts by the fish
industry can be valued. For example, heads and strips /
fillets can be wused directly as food for human
consumption (sausages, cakes, gelatine and fish
sauces),® while other by-products may incorporate
feed, fertilizers, biogas, products dietary (chitosan),™
pharmaceuticals (molecules and oils),™ natural and
cosmetic pigments (collagen).™ 21 On the other hand,
other by-products, such as viscera and other internal
organs, need to be processed quickly due to their high
perishability, providing protein hydrolysates or specific
enzymes (pepsin, trypsin, chymotrypsin, collagenases,
and lipases).”” Cartilage and bones may integrate
pharmaceutical products (powders, creams and capsules)
due to their high content of collagen, calcium and
phosphorus.®

According to Khawli et al.” activities linked to fisheries
sectors produce substantial amounts of by-products

which, although they are often rejected or used as low-
value ingredients in animal feed, are considered as a
potential prominent source of bioactive compounds, with
important functional properties. Therefore, they can be
isolated or concentrated, giving them added value in
high-end markets, such as nutraceuticals or cosmetics.

There are two main aspects for fish by-products
production: i) mass exploration, the main sectors which
derived from this approach are fertilizers, energy and
animal feed; ii) small volume exploitation for higher
added-value for sectors as nutrition, health food,
nutraceutical, cosmetic or pharmacy. The main
difference between these two aspects is the absorption
capacity of the market and the income added by the
market (Figure 2).
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Figure 2: Scale of marine by-products upgrading modes.

The sorting is a key factor of success to upgrade by-
products in high value products because the sectors
which treat them work on specific compounds contained
in specific type of by-products (e.g., collagen in skins),
sometimes in specific species (e.g., siki liver oil for
aeronautics).

The consumer market has become accustomed to the
introduction of new innovative products, which forces
production companies to design new product lines and to
use updated processing technologies. Thus, in view of
the aforementioned, and in accordance with the objective
of this work, the following subchapters will focus on
compounds and ingredients resulting from the waste /
by-products of the fishing industry, in a perspective of
valuing and making known the importance of using these
in different applications in the food, pharmaceutical and
cosmetic areas.

2.1. Fishmeal

Fishmeal is a traditionally used livestock feed
supplement. Nutritive value of fish feed depends largely
on the quality of protein of the ingredients used in the
formulation of feed. Fishmeal has been established as the
most reliable source of protein used in fish feed
formulation thorough out the globe, due to their high
protein content (usually 60-75%), excellent amino acid
profile (high levels of lysine, methionine and cysteine,
three of the essential amino acids which the animal
bodies cannot synthesize), high nutrient digestibility and
lack of antinutrients. It is also a good source of B-group
vitamins like cyanocobalamine (B12), chlorine, niacin,
pantothenic acid and riboflavin, and several minerals,
like calcium, phosphorus, copper and iron. In fact,
aquaculture production is dominated by Asian countries
being China the biggest producer (58795.3 thousand
tones (Tt)) followed by Indonesia (14330.3 Tt), India
(4884 Tt), Vietnam (3411.Tt), Philippines (2337.6 Tt),
Bangladesh (1956.9 Tt), Republic of Korea (1567.4 Tt),
Norway (1332.5 Tt), Chile (1227.4 Tt) and Egypt
(1137.1 Tt)." As aquaculture increases in production
numbers, it is natural that the demand for fishmeal will
become even higher. This flour can also serve as an

ingredient for other food products. There are some
published works describing future applications of fish
and their by-products as flour in baked foods for human
nutrition. For instance, Fasasi et al.’® studied the
functional characteristics of a corn flour with Nile tilapia
flour (Oreochromis niloticus) proving that this new
ingredient provides greater nutritional support and could
be effectively incorporated into the food systems in
countries with high fish production. Bastos et al.’*!
investigated the enhanced mineral content of zinc, iron,
potassium and calcium in wheat breads processed by fish
fillet meal flours, showing the significant increase of
these minerals in bread (4.2%, 8.4%, 12.6% and 16.8%,
respectively). Hence, the addition of fish processing
residue to breads is a way to provide essential nutrients
to the population through a well-accepted, accessible,
and low-cost product. Talib and Zailani,'”” proved that
tuna (Thunnus albacares) fishbone flour contains high
levels of macro and micro minerals and can be used as an
alternative ingredient to supply minerals for people who
are allergic to dairy products. Due to high levels of
calcium, tuna fishbone flour could be used for
therapeutic purposes, as an ingredient in osteoporosis
therapy drugs.

2.2. Fish Oils

Approximately 45% of the fish tissue remains after
processing, including offals, fins, skin, internal
organs, head, bones, which are not used as foods.
Some of these fish processing by-products are
utilized, but huge amounts are still discarded as
wastes. In particular, fish processing by-products
contain valuable protein and lipid fractions, as well
as vitamins and minerals. Fish oils have well
documented beneficial health effects.® They are
readily available sources of polyunsaturated fatty
acid (PUFA), especially the n-3 series consisting
mainly  of eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), and the n-6 series
including arachidonic acid (AA) and y-linolenic acid
(GLA). These PUFAs have many physiological
functions, including preventing many diseases such as
atherosclerosis, coronary heart disease, lower blood
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cholesterol levels, cancer, platelet mellitus, diseases of
the bone joints, asthma, and preventing the aging
process.®™ For example, EPA has been used for the
treatment of arteriosclerosis and hyperlipemia since
1990 in Japan. However, the fish oil contents and
fatty acid compositions of these fishes are not
constant, and great variations are reported, in terms
of fat content and fatty acid composition, for
various marine.”®® Despite, ~50% of the fish body
weight comprises fish processing by-products, usually
such by-products are used to produce fishmeal (with fish
oil as a by-product), or as fertilizers. Fish oil content
depends on the fish species and tissue, and also due to
feeding habits, environmental temperature, fish age and
sexual maturity, and location of the catch. For instance,
fish from tropical climate were found to have lower
amounts of total lipids compared to fish from the Arctic
region. Moreover, the levels of essential fatty acids in
marine fish oil are significantly higher than those found
in freshwater fish and aquaculture oils.>”

Selmi and Sadok,® found extensive lipid deposits in the
head and belly cavity of mackerel and capelin. Pink
salmon by-products have been reported to contain 10.9%
oil in the heads and 2% oil in the viscera.””® Tuna heads
are known to be rich in omega-3 PUFA, mainly
docosahexaenoic acid (DHA).[33,34] At pharmaceutical
and cosmetic level, fish oil has been broadly reported as
a potential supplement to ameliorate the severity of some
skin disorders such as photoaging, skin cancer, allergy,
dermatitis, cutaneous wounds, and melanogenesis.**%
Thus, there has been increasing interest in the
relationship of fish oil with skin protection and
homeostasis, especially with respect to the omega-3
polyunsaturated fatty acids (PUFASs). The topical and
oral use of PUFAs present in fish oil is believed to be
advantageous in the prevention and treatment of skin
aging.?**! The use of these fatty acids in pharmaceutical
and cosmetic products is already known, however, the
use of fish oil (in a perspective of valuing the by-
products of the fishing industry), could also be integrated
in pharmaceutical and cosmetic formulation products,
because in addition to PUFA, also contains minerals,
vitamins A and D.

2.3. Proteins and Aminoacids

Fish is an important source of dietary amino acids for
human to sustain an adequate protein nutrition and
health. In fact, fish contains high amounts of protein and
balanced proportions of all amino acids relative to
human requirements. As previously mentioned, the
nutritional composition of the fish depends on the
species, age, gender, health, nutritional status and time of
year.”” Nevertheless, in general, different studies report
that nutritional composition is characterized by
considerable levels of proteins (15%-30%), lipids (0%-
25%) and high water contents (50%-80%).%*3"1 The
healthy compounds present in fish composition are also
part of its by-products. Therefore, it is necessary to

analyze these by-products, especially regarding their
nutritional properties.

According to Ghaly et al.® About 70-80% of fish muscle
is made up of structural proteins and the remaining 20-
30% is constituted of sarcoplasmic proteins with 2-3% of
insoluble connective tissue proteins. Myofibrillar
proteins are the primary dietary proteins that fish
produce, representing 66-77% of the total protein content
in muscle. These proteins contain about 50-60% of
myosin and 15-30% of actin.”! Regarding aminoacid
profile, the proline contents found in by-products is
higher than those described in the muscle (edible
portion), with percentages above 5% vs. 3.5%. The skin,
fishbone, and head display the highest contents of
proline, values around 948.6, 932.4, and 883.5 mg/100 g
of tissue, respectively.®®! Also, fish proteins contain
many bioactive peptides that are easily absorbed and can
be used for several metabolic activities.®® Many
peptides have been referred to as angiotensin converting
enzyme (ACE) inhibitors, showing an important role in
the treatment of arterial hypertension.” Several studies
have been developed with the objective of reused non-
edible fish and by-products of edible fish for the
production of commercially enriched products. Several
studies have been developed with the objective of
reusing non-edible fish and by-products of edible fish for
the production of commercially enriched products.**3!
Thus, hydrolyzed proteins and extracted from industrial
waste show to be a good alternative as bioactive
compounds and / or natural ingredients, as they become a
concentrated and purified product. According to
Wangkheirakoam et al.,” hydrolyzed proteins from fish
not used for direct consumption or edible fish by-
products can provide stability to food products, noble
drugs and nutraceuticals. Peptides isolated from
hydrolyzed proteins from several fish also showed other
biological activities, such as antioxidant, anti-thrombotic
and immunomodulatory.™” In vitro tests have shown that
the peptides have anticoagulant, anti-platelet properties
and the ability to exert potent antioxidant activities in
different oxidative systems.®¥ So, enzymatic hydrolysis
of protein can yield a by-product which is found to be
rich in nutrients and bioactive compounds with
pharmaceutical and industrial application as food.

Regarding the enzyme fraction of marine by-products,
there has been research over the last 25 years on
isolation, purification and characterization of enzymes
from fish intestines made it possible its applications in
different industries such as food, natural skin care
products, cosmetics and pharmaceuticals.*Y) Hydrolytic
enzymes, such as cod serine proteases, trypsin,
chymotrypsins, elastase and serine collagenases. Because
these cold-active or psychrophilic enzymes are more
active at low temperatures than the correspondent
mammalian or bacterial enzymes and plus have higher
catalytic efficiency, higher sensitivity to heat and low pH
and higher activity towards native proteins, they can be
beneficial in different industrial processes, including
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medical, pharmaceutical, hygienic and cosmetic
processes, because of the smaller concentrations needed
due their higher catalytic efficiency.

2.4. Collagen and Gelatin

Collagen is largely available, as it can be extracted from
many animal sources, it can be easily absorbed upon
topical administration, and hence it is largely used in the
cosmetic and pharmaceutical industry for the treatment
of premature aging. Bioactive peptides, such as collagen
hydrolyzed, are among the most used ingredients for the
development of nutraceuticals - food or food ingredients
that have defined physiological effects. During fish
processing operations, the removal of products with
collagen and gelatin can reach 30% of the total by-
products obtained after filleting.™ Fish skin waste is a
good source of collagen and gelatin, which are regularly
used in the food, pharmaceutical and cosmetic industries.
Collagen and gelatin are two different forms of the same
macromolecule.”) Collagen is a structural protein in
connective tissue (skin, cartilage, tendons and bones) and
is produced in connective tissue by fibroblasts in
numerous epithelial cells. As is well known, collagen
represents about 30% of the body's protein mass and is
essential in the structure of different types of tissues,
providing rigidity and integrity to bones and skin. There
are many types of collagen, the main ones being type I, |1
and I1l. Dermal fibroblasts produce elastin and collagen
types | and Ill, along with other extracellular matrix
proteins.*”  Gelatin formation results from the
irreversible denaturation of the collagen molecules. To
stop this denaturation process, a chemical or thermal
treatment can be applied. For instance, heat treatment of
collagen denaturation is used both in beauty techniques,
in medical techniques such as orthopedics, plastic
surgery, dental or ophthalmological treatments, but also
in the pharmaceutical or food industry. Gelatin is
commonly used in the food industry due to the different
bioactivities of collagen peptides, especially high
biocompatibility and bioavailability. Collagen can be
extracted from both animal and vegetable sources, algae
and marine organisms, including fish and their by-
products. In pharmaceutical, cosmetic and food
industries, the use of collagen of marine origin is
preferred.”® Collagen and other bioactive substances can
be extracted from marine organisms. Among the marine
organisms from which collagen is extracted are
invertebrates such as jellyfish, sponges, sea urchin,
octopus, but also vertebrates including cod, salmon and
marine mammals. Unlike collagen of animal origin,
collagen obtained from marine sources is more easily
absorbed, has low molecular weight and is preferable to
industry due to low inflammatory reactions and low
number of contaminants. In the cosmetic industry,
marine collagen is successfully used for the treatment of
wounds, burns and ulcers but also for antimicrobial
protection, preventing the loss of moisture and heat from
the injured tissue.®*? Moreover, physico-chemical and
functional properties of fish gelatin have been

rheological, emulsifying, foaming, film-forming and
sensory characteristics. Its compaosition is rich in non-
polar amino acids, such as glycine, alanine, valine and
proline. Gelatins are produced on a large scale from the
skin and bones of terrestrial mammals, mainly of bovine
and porcine origin, by alkaline or acid extraction.
However, recently, the use of fish skin and bones for
gelatin production has gained more interest due to
greater safety, since there is no risk of disease
transmission. Since it is made from by-products of the
fish processing industry, marine gelatin avoids waste and
pollution caused by this industry. In addition, gelatins
extracted from fish by-products are accepted in some
geographic areas due to religious objections related to
animal origin.™ "

2.5. Minerals

Fish bones are normally separated after muscle proteins
removal and contain ~60 to 70% of several minerals,
mostly calcium, phosphorus and zinc.? For this reason,
fish bones can be used as an important source of
inorganic calcium, in which can be applied in the food
industry. This mineral can be used to fortify powdered
milk and other foods.®*% Fish bones are also a good
source of hydroxyapatite, which consists in a phosphate
calcium mineral form and can be used as bone graft
material in medical and dental applications.!*?!
Hydroxyapatite was very attractive for using as
bone implant material for a long period due to the close
similarity with natural bone in composition and
osteoconductive properties. Hydroxyapatite is also quite
attractive as a bone substitute as it is non-toxic and non-
immunogenic, has the desired mechanical strength and
surface properties for bone regeneration. It is therefore
used in orthopedic and dental applications. Currently, it
is possible to produce hydroxyapatite in a synthetic way,
using chemical methods, however the advantages of
hydroxyapatite from fish bone are more similar to human
bone, greater biological activity, better physical-chemical
properties, namely support and strength and , even lower
production costs.

CONCLUSIONS

Fish waste management has been one of the problems
having the greatest impact on the environment all over
the world. Fish farming detrimental effects on the marine
environment in particular have become an issue of public
concern. For instance, in European Union, several
Directives, Decisions and Regulations were voted in an
attempt to minimize the environmental impact of
fisheries within the frame of Integrated Coastal
Management. This work showed that treated fish waste
has found many applications among which the most
important are animal feed, biodiesel/biogas, dietic
products (chitosan, gelatin), natural pigments (after
extraction), food-packaging applications (chitosan),
cosmetics (collagen), enzyme isolation, soil fertiliser and
moisture maintenance in foods (hydrolysates). In this

extensively studied, especially in relation to its context, scientific research can contribute to the
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