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  Preface: Advances in  Seafood By-products     

 A huge amount of underutilized by-products are produced by the seafood process-
ing industry every day. These by-products usually consist of several bioactive mate-
rials, such as proteins, enzymes, fatty acids, and biopolymers. Seafood by-products 
are a food and directly consumable for human health. Fish, shellfi sh, crustaceans, 
algae, and some marine-related animals are important sources of seafood by- 
products. Bioactive substances derived from seafood by-products have been used in 
various biotechnological, nutritional, pharmaceutical, and biomedical applications. 
For example, gelatin and collagen are presently used in diverse applications, includ-
ing food, cosmetics, drug delivery, and tissue engineering. Several studies have 
reported that products derived from crustaceans and algae show prominent applica-
tions similar to collagen and gelatin. 

 This book contains a total of 27 chapters. 
 Part I – Chap.   1     provides the general introduction to the topics cover in the pres-

ent books and deals about seafood derived raw materials, marine products and mar-
ket sector in detail. 

 Part II – Status and methods (Chaps.   2    ,   3    ,   4     and   5    ), described the trends the usage 
of seafood by-products in Europe and Asian countries. In addition, processing 
methods and characterization of seafood by-products are explained. 

 Part III – Seafood by-products derived from fi sh, crustaceans, algae and marine 
animals (Chaps.   6    ,   7    ,   8    ,   9    ,   10    ,   11    ,   12    ,   13    ,   14    ,   15    ,   16    ,   17    ,   18    ,   19    ,   20     and   21    ) – 
explained about isolation and characterization techniques of fi sh protein, peptides, 
enzymes, collagen, gelatin, fi sh oil, biopolymers (Chitin and Chitosan) and bioac-
tive metabolites. 

 Part IV – Application (Chaps.   22    ,   23    ,   24    ,   25    ,   26     and   27    ) the fi nal part of the 
book deals about nutritional and pharmaceutical value of seafood derived by-
products. Application of seafood by-products, which is include fi sh collagen 
toward dental and hard tissue regeneration, antidiabetic, and food industry and 
human nutrition values. 
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 This book provides details about seafood by-products development, isolation, 
characterization and applications. Hence, seafood by-products are important that 
show range of functionalities for pharmaceutical, nutraceutical and biomedical 
industries.  

    Busan, Republic of Korea Se-Kwon     Kim    
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1            Introduction 

 Since ancient times, seafood has been considered a healthy food for humans. 
Seafood by-products also play a major role in the daily lives of humans. Focus has 
been increased to develop new seafood by-products of marine origin. There could 
be environmental and economic advantages in utilizing the by-products of marine 
animals or plants for human consumption, rather than disposing of such materials at 
sea. Figure  1.1  Gives an overview of the utilization of marine by-products.
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2        Fish By-products 

 Historically, fi sh by-products were considered to be of low value and were disposed 
of in the most convenient way. In many countries, importance is placed on the pos-
sibilities for further utilization of by-products, from aquaculture as well as tradi-
tional fi sheries, rather than the problem of their disposal. 

 In the past, fi sh deaths, which can occur for a variety of reasons, have been dis-
posed of in various ways, including by burning, discarding in the land, biogas pro-
duction, production of fi sh meal, and incorporation into pet food or food for animals. 
Finfi sh and shellfi sh waste processing is confi ned to the manufacture of meal and 
oil. The meal is used mainly for animal feeds, while the oil is used in edible oils and 
oils for industrial applications. Recent studies have identifi ed a number of biologi-
cally active compounds from fi sh muscle proteins, bones, fi ns, internal organs, col-
lagen, gelatin, and oyster and crustaceans shells (Je et al.  2005 ; Jung et al.  2006 ; 
Kim and Mendis  2006 ; Kristinsson and Rasco  2000 ; Morimura et al.  2002 ; Nagai 
and Suzuki  2000 ; Ozawa and Suzuki  2002 ; Toppe et al.  2006 ). 

2.1     Protein 

 A huge amount of protein-rich by-products from the fi sh processing industries is 
discarded every day (e.g., skin, bones, and fi ns). Recovery and alteration of the fi sh 
muscle proteins existing in the by-product materials and using them as functional 
ingredients in food systems is a very exciting and promising alternative. By devel-
oping enzyme technologies for protein recovery and modifi cation, the production 
of a broad spectrum of food ingredients and industrial products will be possible. 
There are few hydrolyzed fi sh protein foods, with the exception of East Asian 
 condiments and sauces. Fish protein hydrolysates using acid, base, endogenous 

Marine sector Raw materials Marine products Markets

White fish

-  Catch

-  By-catch

Shrimps

Pelagic fish

Slaughter/
Cutting
-Liver
-Roe
-Gut
-Milt
-Head
-Blood

Industrial
Cutting
-Skin
-Bones
-Muscle

Process water

Crust
-Entrails
-Process water

Muscle
Bones
Adhesive water

-Proteins

-Peptides

-Amino acids

-Enzymes

-Extracts

-Attractants

-Oil

-DHA

-EPA

-Phospholipids

-Gelatin

-Minerals

-Nucleic acids

-Chitosan

-Glucosamine

-Asthaxanthin

-Water-soluble vitamins

-Fat-soluble vitamins

-Biopolymers

-Feed additives
- Fish
- Agriculture
- Petfood

-Food industry
-Food additives
-Cosmetics
-Biotechnology
-Industrials applications

  Fig. 1.1    Overview of seafood by-product sources and its utilization       
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enzymes, and added bacterial or digestive proteases are manufacturing techniques. 
The functional properties of fi sh protein hydrolysates are described in this book, 
including solubility, water-holding capacity, emulsifi cation, and foam-forming abil-
ity (Fig.  1.2 ) (Kristinsson and Rasco  2000 ).

   Discarded wastes from fi sh usually consist of a considerable amount of protein. 
These fi sh wastes are nutritionally important to isolate value-added products, 
Enzymatic and chemical methods are widely used to isolate the protein (Dyer et al. 
 1950 ; Shahidi et al.  1995 ). Fish hydrolysate is the main form of seafood by- products, 
which can be used as a fi sh-based fertilizer, animal food, and human food applica-
tions. Fish protein hydrolysates possess a number of biological activities, such as 
antiproliferative, antioxidant, and inhibitory activity of angiotensin-I-converting 
enzyme (ACE), as reported in the literature (Amarowicz and Shahidi  1997 ; Jun 
et al.  2004 ; Samaranayaka and Li-Chan  2008 ; Wu et al.  2003 ). Fish protein hydro-
lysates with multiple bioactivities could be useful in formulating functional food 
products that target the reduction of the symptoms of oxidative stress, hypertension, 
and possibly dyslipidemia, all of which are common to coronary heart disease 
(Samaranayaka et al.  2010 ).  

WHOLE EVICERATED FISH

GRINDING OF FISH

FIRST EXTRACTION
(20~30�C for 50 min)

SECOND EXTRACTION
(75�C for 50 min)

THIRD EXTRACTION
(75�C for 70 min with Azeotropic

Isopropanol)

DRYING
(Vapors released)

MILLING

SCREENING
(To remove bone particles)

Regenerate
Supernatant

  Fig. 1.2    A production 
scheme for fi sh protein 
concentrate       
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2.2     Peptides 

 Peptides from marine sources have been proved to have signifi cant antioxidant 
activity with no cytotoxicity (Kim et al.  2007 ; Liu et al.  2010 ; Qian et al.  2008 ; 
Rajapakse et al.  2005 ; Sampath Kumar et al.  2011 ). The in vitro antioxidant activity 
of bioactive peptides purifi ed from different body parts of marine fi shes have been 
explored in recent years (Naqash and Nazeer  2010 ,  2011 ). Several reviews have 
been completed related to fi sh peptides for antioxidant, antihypertensive, antiprolif-
erative, and anticoagulant properties (Kim and Wijesekara  2010 ; Kim et al.  2007 ; 
Najafi an and Babji  2012 ; Rajanbabu and Chen  2011 ). Fish peptides can be isolated 
using the following techniques: liquid extraction (Urakova et al.  2012 ) and micro-
bial fermentation of proteins (Kim and Wijesekara  2010 ).  

2.3     Collagen and Gelatin 

 Food and pharmaceutical industries all over the world are witnessing an increasing 
demand for collagen and gelatin. Mammalian gelatins (porcine and bovine) are the 
most popular and widely used. However, fi sh gelatin reportedly possesses similar 
characteristics to porcine gelatin, and may, thus, be considered as an alternative to 
mammalian gelatin for use in food products. The production and utilization of fi sh 
gelatin not only satisfi es the needs of consumers, but also serves as a means to uti-
lize some of the by-products of the fi shing industry (Karim and Bhat  2009 ). The 
major protein constituent of the skin, bone, swim bladder, and scales of fi shes 
resembles, in many ways, the more widely studied collagen of mammals (Eastoe 
 1957 ; Giraud-Guille et al.  2000 ). Type I collagen has also been extracted from the 
skin, bones, fi ns, and scales of freshwater and marine fi shes. 

 Marine organisms such as fi sh and shellfi sh are rich sources of structurally 
diverse bioactive nitrogenous components. Based on the emerging evidence of 
potential health benefi ts, fi sh-derived peptides show signifi cant promise as func-
tional food ingredients. Bioactivities including antihypertensive, antioxidant, anti-
microbial, anticoagulant, antidiabetic, anticancer, immunostimulatory, calcium 
binding, hypocholesteremic, and appetite suppression have been reported. Fish and 
shellfi sh waste components contain signifi cant levels of high quality protein [10–
23 % (w/w)], which represents a source for biofunctional peptide mining (Harnedy 
and FitzGerald  2012 ).  

2.4     Fish Oil 

 On the basis of increasing global fi sh meal and fi sh oil costs, it is predicted that 
dietary fi sh meal and fi sh oil inclusion levels within compound aquafeeds will 
decrease in the long term, with fi sh meal and fi sh oil usage increasingly being 
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targeted for use as a high value specialty feed ingredient for use within higher 
value starter, fi nisher, and broodstock feeds, and by so doing, extending the supply 
of these much sought after and limited feed ingredient commodities (Fig.  1.3 ) 
(Tacon and Metian  2008 ).

   Fish oils are used in a variety of markets, including industrial uses, food, feed, 
and aquaculture and nutraceutical applications. The aquaculture market requires 

Raw Material
Caught fish, by-prodocts of fish processing

industry

Storage of raw materials

Cooking

Sieving

Pressing

Pre-drying

Drying

Cooling

Grinding

Storing

Decanting

Separation

Evaporation

Oil

Oil storing tanks

  Fig. 1.3    Steps involved in fi sh oil production       
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oils with low levels of oxidation, low levels of contaminants, and consistent quality. 
The nutraceutical market wants oils low in oxidation and contaminants, but also 
with high levels of omega-3 fatty acids. This market pays premiums for high levels 
of omega-3 and wild salmon oil might be able to command a premium in that mar-
ket if only because of the name. However, the omega-3 content of salmon oil might 
present problems. Recently, the nutritional oil companies have revised their defi ni-
tion of omega-3 to include the sum of C18:3, C18:4, C20:4, C20:5, C21:5, C22:5, 
and C22:6 all n-3 fatty acids.   

3     Crustaceans By-products 

3.1     Chitin and Chitosan 

 Chitin is the second most important natural polymer in the world. The main sources 
exploited are two marine crustaceans, shrimp and crabs. Chitin, poly 
(β-(1 → 4)- N -acetyl- d -glucosamine), is a natural polysaccharide of major impor-
tance, fi rst identifi ed in 1884. This biopolymer is synthesized by an enormous num-
ber of living organisms, and considering the amount of chitin produced annually over 
the world, it is the most abundant polymer after cellulose. Chitin occurs in nature as 
ordered crystalline microfi brils forming structural components in the exoskeleton of 
arthropods or in the cell walls of fungi and yeast (Alishahi and Aïder  2012 ; Andres 
et al.  2007 ; Cheng et al.  2005 ; Gérente et al.  2010 ,  2007 ; Goosey and Kellner  2012 ; 
Kim et al.  2008 ; Krajewska  2005 ; Kwok and McKay  2010 ; No et al.  2007 ; Rinaudo 
 2006 ; Rong et al.  2010 ; Senevirathne and Kim  2012 ; Shahidi and Abuzaytoun  2005 ; 
Wang et al.  2011 ). Chitin and chitosan produced have also been characterized with 
Fourier transform infrared spectroscopy (FTIR) (Limam et al.  2011 ).  

3.2     Application of Chitin and Chitosan 

 Chitin and its deacetylated derivative, chitosan, are non-toxic, antibacterial, biode-
gradable, and biocompatible biopolymers. Due to these properties, they are widely 
used for biomedical applications, such as tissue engineering scaffolds, drug deliv-
ery, wound dressings, separation membranes and antibacterial coatings, stent coat-
ings, and sensors. Wound dressing is one of the most promising medical applications 
for chitin and chitosan. The adhesive nature of chitin and chitosan, together with 
their antifungal and bactericidal character, and their permeability to oxygen, is a 
very important property associated with the treatment of wounds and burns. 
Different derivatives of chitin and chitosan have been prepared for this purpose in 
the form of hydrogels, fi bers, membranes, scaffolds, and sponges (Jayakumar et al. 
 2011 ). Electrospinning has been found to be a novel technique to produce chitin and 
chitosan nanofi bers (Jayakumar et al.  2010a ,  b .   
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4     Seaweed By-products and Their Applications 

 Seaweeds are consumed by coastal populations, particularly Asians (Japan, China, 
Korea, Taiwan, Singapore, Thailand, Cambodia, Vietnam, Indonesia, and Malaysia). 
Seaweeds are also harvested or cultivated for the extraction of alginate, agar, and 
carrageenan, which are gelatinous substances (hydrocolloids). Alginates are com-
monly used in wound dressings, tissue engineering, and drug delivery (Li et al. 
 2005 ; Paul and Sharma  2004 ; Tønnesen and Karlsen  2002 ).  

5     Organization of This Book’s Chapters 

 This book exposes knowledge on the view of processing, methods, and application 
of seafood by-products. The fi rst part of the book includes an introduction to seafood 
by-products. The second part introduces statistics and methods involved in seafood 
by-products and illustrates trends in the use of seafood processing by- products in 
Europe and South Asia. The third part of the book explains in detail fi sheries by-
products, starting from protein, gelatin, soy sauce, enzymes, and lipids. The fourth 
part of the book deals with by-products of marine animals, bacteria, crustaceans, and 
algae. In this part, uses of seafood by-product in the animal seed industry, uses of 
lactic acid bacteria, chitosan products, chitosan from crustaceans, microalgae for 
biofuel production, and bioactive compounds from marine algae are explained. The 
fi fth part of the book deals with the biological and biomedical applications, including 
the application of fi sh collagen in dental and hard tissue regeneration, food industry 
and human nutrition, antidiabetic and obesity effects of seafood by-products, 
 bioluminescence, and bioactive marine algal and their therapeutics, and, fi nally, the 
functional properties of ascidians by-products for medicinal and nutritional value.     
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1            Background 

1.1     Aquaculture 

 Aquaculture is the farming of marine organisms, including fi sh, shellfi sh, crustaceans, 
and plants. It is accepted as one of the fastest growing food industries and is a source 
of a notable amount of seafood consumed by people. 

 Aquaculture is also progressively improving industry in Europe, which directly 
has 65,000 employees and provides almost one-fi fth of fi sh production. With the 
help of the latest technology and research, the European Union (EU) is known for 
its high quality production methods and high standards of processing units for aqua-
culture. However, the yield of EU aquaculture industries has been steady for a 
decade, while worldwide aquaculture production is reported to have grown by 30 % 
(Eurostat  2009 ). Hence, for the development of more competitive aquaculture 
industry, the EU is focusing on new funding and programs through the European 
Fisheries Fund. All these improvements and other alternatives are supposed to 
potentially generate a signifi cant amount of waste; however, its utilization is under 
pressure from commercial and practical diffi culties enforced by several European 
Committee regulations. Except the regulations for obtaining a waste utilization 
license, the treatment of aquaculture and capture fi shery wastes is carried out with 
methods no different than those used worldwide. 

 Seafood waste is produced by several different methods in aquaculture, which 
can be grouped as follows;

    Common deaths : Animal deaths can be observed regularly in aquatic farms in rela-
tively low amounts mostly due to chronic diseases, equipment problems, and han-
dling errors. Commonly, these wastes are blended, stored, and later removed 
according to waste management regulations with a predefi ned cost, which is around 
100 Euros per ton (2007). Removal of these wastes mainly includes incineration, 
landfi ll, and export to countries that need it for value addition.  

   Destructive deaths : These wastes include the animals which are killed en masse 
from an external effect, such as algal invasion and other animal attacks. These 
wastes are usually treated directly in waste utilization plants.  

   Infected animals : Aquaculture disease control is tightly regulated in the EU as it 
is free of several diseases, such as infectious salmon anemia, viral hemorrhagic 
septicemia, and infectious hemorrhagic necrosis. In case of any signs of infectious 
diseases, all suspicious animal ponds are cleaned of organisms by slaughtering, 
storing, and exporting to countries with capable utilization plants, such as Norway. 
In addition to infectious diseases, animals which are contaminated with environ-
mental pollution and not suitable for human consumption are also treated the same 
as infected animals (Anon  2000 ).  

   Processing by-products : After successful harvest, fi shery animals are processed 
via several industrial equipments. In addition to main plants that process 
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harvested seafood from numerous aquatic farms, some small farms have their own 
processing units, which makes waste production variable and something that needs 
to be controlled.     

1.2     Wild Fisheries 

 Unlike aquaculture, the amount of waste from wild fi sheries varies depending on the 
species and type of product that is to be obtained. Waste from catch animals mainly 
comes from on-shore processing, while a small amount of waste is also produced 
from processing at sea. 

  Processing on-board : The deep-sea catch is commonly processed at sea. The waste 
produced, which is mainly viscera and heads, rarely reaches land and is discarded 
into the sea. 

  On-shore processing : The remaining catch fi sheries are processed mostly in on- 
shore plants, which results in the main waste production being on-shore as well. 
Depending on the type of desired product, some parts can either be defi ned as waste 
or removed for consumption, such as fi llets, fl aps, or lugs.

    1.    Waste Utilization and Disposal Regulation    
  The decision of how and whether the waste will be disposed or utilized for value 
addition is strictly driven by offi cial regulations. In the EU, both the European 
Committee and national regulations exist to control and regulate waste disposal 
and utilization in European countries. 

 The European Communities Disposal, Processing and Placing on the Market of 
Animal By-products Regulations (SI 257, 1994) have been laid down in order to 
control the use, sale, and disposal of high- and low-risk animal by-products and 
tightly limit the use of by-products compared to disposal. Moreover, EC Regulation 
No. 1774/2002 of the European Parliament (amended by EC No. 808/2003) exists 
for health concerns regarding the animal by-products which will be used for pur-
poses other than human consumption. All these frameworks provide a regulation 
over the classifi cation, hence the disposal and utilization mechanism of animal 
wastes which affect the wild fi sheries and aquaculture wastes for the foreseeable 
future. Waste categorization can be seen in Table  2.1 . These regulations put fi sh 
wastes mainly in category 2 rather than categories 1 or 3, while processing by- 
products are considered to be category 3. As the main focus is considered to be on 
category 2 wastes, it is further regulated by additional regulations to EC No. 
1774/2002. The aforementioned regulation, Commission Regulation No. 811/2003, 
provides further concerns that ban intra-species recycling for fi sheries, incineration 
of by-products, and additional details. Due to these and similarly tight regulations, 
the processing plants will inevitably be encouraged to develop alternative disposal 
techniques, such as composting and utilization by further processing.
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2         By-product Production by Waste Utilization 

2.1     Fish Meal and Fish Oil 

 Fish meal and fi sh oil production is the most common way of adding value to fi sher-
ies processing waste and turn it into a useful by-product. The most tradition way to 
produce fi sh meal starts with breaking down the raw waste by mincing, including 
whole fi sh as well as waste parts, such as viscera, heads, and internal organs. Heating 
of the minced waste in order to overcome any pathogenic or microbial organisms is 
followed by pressing. The pressing stage separates the solid part of the mixture from 
the liquid phase, while the liquid phase is subjected to centrifuge and freeze-drying 
in order to obtain fi sh oil for further processes. In addition, the remaining pressed 
solid is processed for the production of fi sh meal. Air-drying at 60–65 °C is fol-
lowed by grinding fi nishes the fi sh meal manufacturing process. Several countries 
buy the meal at this stage for further commercial processes; however, commonly, 
fi sh meal is bagged and sold after this stage to farms, including aquatic farms, for 
animal feed purposes after passing the regulations concerning the chemical contents 
of animal by-products (Tacon and Metian  2008 ). 

   Table 2.1    Animal-originated by-product categories   

 Category  Material  Risk and availability 

 Category 1  Infected suspected infected animal 
carcasses, toxic compounds, catering 
waste from international transport, 
animal material collected from 
wastewater treatment, contaminated 
animals, wild animals suspected 
for human communicable diseases 

 Very high risk 
 Processing only approved – category 

1 plants 
 Incineration 

 Category 2  Aquaculture mortalities, digestive tract 
and manure components, animal 
parts that have been slaughtered 
for human consumption in case 
of diseases, animals with veterinary 
drug residues 

 High risk 
 Incineration 
 Processing only in approved categories 

2 or 1 plants. 
 Biogas production 
 Landfi ll 
 Feed for zoo and fur animals with prior 

authorization 
 Category 3  Parts of animals slaughtered for human 

consumption, sea animals caught 
in open sea, fresh fi sh by- products 
from processing plants for human 
consumption 

 Low risk 
 Processing available in approved plants 
 Raw material for pet food 
 Biogas or biodiesel production 
 Ensilage or composting 
 Animal feed for farming and aquaculture 
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 The fi nal product of this process results in a fi sh meal that contains 65–70 % 
protein, 8–10 % moisture, and 10–12 % oil, as well as varying small amounts of ash, 
salt, and sand. Although the content and quality of fi sh meal depend on several 
points such as plant technology, chemicals, and sterilization techniques used, con-
tamination is unlikely to be preventable. One of the main and suggested preferences 
is 12 % fat, which prevents combustion. 

 Throughout the EU, fi sh meal is mainly used for fi sh feeds, pig feeds, and poultry 
feeds, 40 %, 7–12 %, and 2–4 % of the total utilization, respectively. For instance, 
in the United Kingdom, more than half of 235,000 tons of animal feed were pro-
vided by aquaculture by-products annually (Seafi sh  2001 ). Recently, the price of 
fi sh meal was around 500 Euros per ton in stores; however, the prices changes 
monthly according to environmental and climate conditions because governmental 
and EU regulations keep fi sheries by-product utilization in a static state and tightly 
controlled. During the past several decades, fi sh meal production and use dropped 
according to the International Fishmeal and Fish Oil Organization (IFFO) annual 
statistics ( IFFO 2003 ). The ban on fi sh meal in cattle and sheep feeds by the EU 
during 2003 is widely accounted for this drop. However, prices tend to remain the 
same due to high demand worldwide, especially from China and similar countries 
with improving aquaculture industries (Barlow  2002 ). 

 On the other hand, fi sh oil is also at high demand and is a quite valuable by- 
product compared to fi sh meal, which comes from the same source. There can be 
20–80 kg of fi sh oil to be harvested from per ton of fi sh waste. In Europe, due to 
economic stability against the dollar and production amounts, fi sh oil prices stay the 
same, even after environmental crises, including storms and typhoons. Recently, 
due to the rising prices of soybean and other vegetable oils used in animal feed, fi sh 
oil been becoming more and more demand. However, because of its high free fatty 
acid content and the 25 % limit of fat in animal feeds due to EU regulations, fi sh oil 
is preferred in terrestrial animal feeds rather than aquaculture (Tacon  2004 ). EU 
regulations strictly limit the use of these by-products in aquaculture, human health 
and nutrition, and pet food. The market supply is utilized by other industries, such 
as leather tanning, lubricants, and supportive materials for the food industry, except 
for food additives. In this fi eld, Norway leads the production, with 30,000 tons per 
year, while Chile follows, with a relatively small amount at 8,000 tons.  

2.2     Enzymatic Hydrolysate 

 Enzymatic protein hydrolysate (EPH) is a protein concentrate obtained by the 
enzymatic breakdown of seafood waste proteins into smaller peptides or amino 
acids. This method is mostly applied to fresh wastes and, therefore, it is mainly 
used directly after fresh fi sh processing in an aquatic environment following oil 
removal. EPH process protocols differ in every country, and even among plants in 
the same country. It varies in time, temperature, and pressure used, as well as the 
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types and amount of enzymes. During the process, any unbreakable parts such as 
skin and bones are used for other purposes, mainly fi sh meal production, as men-
tioned earlier in the chapter. Hydrolysates are obtained in liquid phase, further pas-
teurized, and dried before fi nal utilization (Kristinsson and Rasco  2000 ). The 
drying process can be carried out by either a tunnel drier or a spray drier, which is 
a method used for obtaining krill hydrolysates without a need for pasteurizing. The 
hydrolysate method costs more and allocates more time and resources compared to 
other waste treatment methods; however, the price and benefi ts of hydrolysates in 
comparison to storage, incineration, and fi sh meal production are very favorable. 
Recently, the production of EPH has been increasing, with new plants and more 
funding throughout Europe. The hydrolysate plant in Boulogne, France produces 
8,000 tons per year as one of the biggest plants in Europe, while Norway’s new 
plants are expected to increase this output in the coming years. EPH is still very 
expensive at almost triple the price of fi sh meal, around 1,300 Euros per ton. 

 EPH can contain different amounts of protein and fat, while 80 % protein is sug-
gested to be the optimum and is the most common. EPH is commonly used in 
Europe in animal feeds as milk substitute, pig weaning additive, salmon feeds, etc. 
The main drawback of seafood EPHs is the fi shy odor, which makes it attractive for 
animal feeds, but also means that it is quite unusable for human consumption unless 
the smell is removed from it with further processes. Recent studies suggest new 
ways to deodorize the fi shy smell from enzymatic hydrolysates and hydrolysate 
plants are planning to use these scientifi c developments to pave the way for seafood 
EPH utilization in human food applications (FAO  2010 ).  

2.3     Alternative By-product Production 

 In addition to fi sh meal and protein hydrolysate production, there are several smaller 
fi elds that use seafood waste or discards and turn them into by-products, which are 
mostly on market. On the other hand, limitless options exist and numerous options 
are promoted by several studies; nevertheless, a couple of them have been consid-
ered by several processors. 

  Surimi : Surimi is a Japanese tradition food where fi sh fi llets are ground, rinsed, 
fl avored, and formed into little cakes and sold steam-cooked. Recent popular waves 
of East Asian culture increased the Asian-based food consumption in Europe. 
Surimi is one of them and surimi-based products now cover a signifi cant proportion 
of European markets (Park  2005 ). 

  Fish sauces and fl avorings : The production of fi sh sauce and similar derivatives is 
an important waste treatment method in Asian countries. As mentioned earlier, the 
popularity of Asian cuisine using fi sh sauce and fl avoring in the European market 
has increased rapidly as well. However, these processes are quite new for European 

F. Karadeniz and S.-K. Kim



17

companies and very small numbers of plants are producing fi sh sauces and fl avoring 
compared to Asian manufacturers. Companies in Norway and Ireland such as Icon 
Foods, Co Sligo produce these types of foods. 

  Biodiesel and biogas : Increasing interest in alternative energy sources other than 
fossil fuels has raised the utilization of biodiesel and biogas from natural wastes. 
Seafood wastes are also suggested to be available for biodiesel and biogas; however, 
there was not a suitable plant in Europe for a long time, except for those in Denmark. 
Recent plants and funding has promoted biodiesel and biogas production in Europe 
from seafood oil in the coming years. 

  Chitin and chitosan : One of the most recent research focuses is chitin and its deriva-
tive, chitosan, the second most abundant compound on earth after cellulose. Chitin 
can be extracted from crustacean shells in the seafood industry and is utilized in 
numerous industries, such as wastewater treatment, surgical equipment production, 
dietary supplement, and nutraceuticals. Today’s markets for chitin and chitosan in 
Europe is shifting to dietary supplements as glucosamine and cosmetics for skin pro-
tection due to the compound’s biosafety, high binding capacity, and dense viscosity.   

3     Seafood Waste Treatment and By-product Utilization 
in Some European Countries 

3.1     Norway 

 Norway is the leading country in Europe for its state-of-art seafood processing and 
waste treatment plants, supported by both national government and the EU. Norway 
has suffi cient resources and technologies for renowned seafood waste treatment, as 
expected from the leading country in aquaculture and aquaculture-related research. 
Several EU countries are exporting their wastes to Norway, where wastes are turned 
into value-added by-products as an income for the country. In this context, the 
RUBIN foundation needs to be mentioned for an improved and more profi table use 
of seafood by-products. It works and tries to increase the utilization of seafood by- 
products from both wild fi sheries and aquaculture supported by scientifi c develop-
ments and new technologies. The RUBIN foundation was founded in 1992 by the 
Norwegian Research Council, Norwegian fi sheries and industry, and some minis-
tries. The Norwegian Fishermen’s Association and the Norwegian Seafood 
Association have owned the foundation since 1998. Up to now, no similar extensive 
operation has been seen in any other country that works with the aquaculture indus-
try from the start to waste utilization. 

 Norway produces a notable amount of fi sh meal from wild fi sheries waste, unlike 
other countries that need aquaculture waste for large amounts of fi sh mean 
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manufacturing. In 2011, Norway produced 130,000 tons of fi sh meal from around 
one million tons of wild fi sh (USDA, Foreign Agriculture GAIN report 2012). After 
2004, followed by Marine Bio Products’ involvement in fi sh protein hydrolysates, 
Norway started to shift some of its fi sh meal production into this more profi table 
and extensive aquaculture waste treatment area dependent on the work of the 
RUBIN foundation. On the other hand, Silfas, which is the second largest fi sh meal 
producer, also developed ways to utilize seafood waste to produce by-products that 
can be used for human consumption, including protein hydrolysates.  

3.2     Spain 

 Spain is one of the countries that lack a well-established waste treatment plant or 
industry thereof. Most of the harvested fi sh are sold to retail shops in unprocessed 
forms. Therefore, the waste is an individual problem for retailer rather than a large- 
scale issue for aquafarmers or wild fi shers. In Spain, retailers mostly use the waste 
for direct dumping or bait and feed for further farming or catch. Surprisingly, Spain 
does not have a planned or funded (national government or EU) seafood waste treat-
ment and by-product solution in spite of the large population and prominent seafood 
production.  

3.3     Ireland 

 Ireland has a foundation for working at a solution to the disposal of seafood wastes 
of aquaculture, wild fi shers, and fi nal processors named the “National Fish 
By-products Working Group”. In 2003, Ireland’s fi sh waste was declared to be 
around    65,000 metric tons according to Nautilus Consultants Ltd., including mor-
talities in aquaculture as well as processing wastes (Anon  2003 ). Similar to the rest 
of Europe, Ireland mostly produces fi sh meal as a by-product of waste. In the light 
of mass kills and some disciplinary programs in 2003, Ireland’s by-product manu-
facturing tended to be in a recovery state until late 2010, while starting to develop 
and improve in a steady manner recently.  

3.4     Denmark 

 Denmark hosts two of the largest fi sh meal companies in all of Europe. Denmark has 
a role as an intermediate stop for the fi nal processing of Norwegian aquaculture 
harvest on the way to other parts of Europe. However, Denmark is not usually known 
to manufacture by-products from aquaculture products. There are other processors 
in Denmark, such as Lumino for ensilage and composting manufacture and 
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supplying a broad range of fi elds, mainly poultry and pig farms, with produced by- 
products from fi sheries wastes. As Denmark focuses on producing fi sh meal, hence, 
the use of fi sh oil, it has recently become leading the biogas and biodiesel producer 
from fi sh oil and is paving the way for its wide distribution throughout Europe. In 
addition, Denmark is in competition with Norway for protein-enriched fi sh meal and 
protein hydrolysate production with its newly funded foundations for waste 
treatment.      
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1            Introduction 

 Indonesia is one of the main fi sh-producing countries in the world, in which the total 
production volumes of capture and aquaculture fi sheries in 2009 were 5,109,980 tons 
and 4,708,957 tons, respectively. Around 67 % of the total production of capture 
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fi sheries was marketed as fresh and the remainder was processed into traditional 
products (19.38 %), frozen products (10   .56 %), canned fi sh (1.53 %), and fi sh meal 
(0.76 %) (Ministry of Marine Affairs and Fisheries  2011 ). Important fi sheries com-
modities coming from aquaculture, such as shrimp, crab, and seaweeds, are mostly 
exported. Shrimps are exported as frozen products, i.e., head on (HO), headless 
(HL), peeled tail on (PTO), peeled tail stretch (PTOS), peeled deveined tail on 
(PDTO), peeled and deveined (PD), peeled undeveined (PUD), and breaded prod-
ucts (Carita  2004 ). 

 Fisheries industries including capture, aquaculture, and processing activities pro-
duce both by-products and fi sh wastes. Fishery by-products, produced by modern 
and traditional industries in Indonesia, have not been utilized optimally, thus lead-
ing to the production of waste. Most of them contain organic substances that may 
cause environmental problems when not treated properly. Fishery by-products 
should be distinguished from fi shery industrial waste due to their economic poten-
tial. If by-products are not utilized to produce a product having economical value, 
they can be classifi ed as waste. Fish waste can be disposed to the environment and 
landfi ll, as well as used for direct animal feeds; therefore, sometimes, they can cause 
environmental problems. 

 Furthermore, fi shery industries are required to optimize their products and per-
formance effi ciency, in order to compete in the global market. The government of 
Indonesia encourages the fi shery industries to implement a “zero waste concept” in 
order to create green industries that are friendlier to the environment. Therefore, 
by-products should be processed into value-added goods. In the process of the utili-
zation of by-products, consideration needs to be given to the availability of required 
technology, human resources, and fi nancial support.  

2     Fishery By-products 

 According to the facts in the fi eld, there are fi ve types of fi shery by-products, as 
follows:

    1.     By-products from the utilization of fi sheries resources . In marine and fresh-
water resources, there are various kinds of fi sh that can be categorized as by- 
products, mainly from the activities of capture fi sheries. The type, size, and the 
quantity of by-products depend on the types of fi shing gear and mesh size. 
By-products usually consist of different types of fi sh and whole fi sh. In aquacul-
ture fi sheries, by-products are rarely encountered and there may even be none. 
So far, there are no by-products produced from the activities of monoculture of 
shrimp, carp, and Nile tilapia.   

   2.     By-products from processing industries . The remaining processing industries 
of shrimp, frog, and fi sh fi llet for frozen products purposes may reach up to 
35 % of the initial weight. Freezing industries in Indonesia have been develop-
ing rapidly, especially for tuna, skipjack, red snapper, and shrimp industries. 
Tuna loin industries usually produce skin and red meat as by-products, whereas 
red snapper industries produce heads, bones, skin, and tails as by-products. 
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Additionally, by-products from shrimp industries are heads and skin. The export 
volume of shrimp and tuna, including skipjack and Eastern little tuna, in 2009 
was 150,989 tons and 131,550 tons, respectively (Ministry of Marine Affairs 
and Fisheries  2011 ).     

 Furthermore, canning industries are also developing in Indonesia, although 
some of them are currently facing raw material supply problems. By-products 
from canning industries consist of heads, tails, guts, and bones. These by-products 
are further utilized as fi sh meal, while liquid by-products consisting of water, oil, 
and protein from pre-cooking processes are collected for fi sh oil production. 

 The processing activities of traditional products, such as dried or smoked 
rays’ meat, also produce skin and bones as by-products. These by-products 
depend on the raw material and the types of processed products.

    3.     By-products as secondary products in addition to the main products . Some 
fi sh processing industries have secondary products in addition to the main prod-
ucts. For instance, fi sh meal factories produce pressed liquor that can be further 
processed through centrifugation or other separation methods to obtain fi sh oil.   

   4.     By-products from surplus during fi shing season . In the peak fi shing season, 
the number of fi sh landed is greater than usual, so there is a surplus that can be 
categorized as a by-product due to limitations of the industry’s capacity to absorb 
as raw material. This usually occurs from the fi shing activities of small pelagic 
fi sh, such as mackerel, scads, and sardines.   

   5.     By-products as the remainder of distribution or marketing . This occurs 
when handling practices used during the distribution and marketing of fi sh or 
processed products are inadequate. So, fi nally, there are some products that do 
not deserve to be marketed. For example, dried salted fi sh in a long period of 
storage at ambient temperature waiting to be sold bring about quality deteriora-
tion, so it is not suitable for human consumption.      

3     The Utilization of By-products 

 The utilization of by-products depends on the types of targeted processed products, 
such as food, feed, pharmaceutical, cosmetic, and non-food. Moreover, the types of 
products are determined by the types of by-products and their quality, target market, 
consumer, and available technology. 

3.1     The Utilization of By-products from Shrimp Trawl 

 Generally, these by-products, which are commonly known as by-catch of shrimp 
trawl, consist of fi sh from several species with various sizes and chemical com-
positions. Previous reports stated that fi sh by-catch have a length of 6.9–48.7 cm 
and weight of 8–2,600 g. Meanwhile, their proximate compositions are 15.80–
21.62 % protein, 0.22–5.53 % fat, 1.63–5.63 % ash, and 70.68–79.54 % moisture. 
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With their low fat content, fi sh by-catch does not cause any processing problems. 
Furthermore, the proportions of edible and non-edible parts are 51.1 % and 
48.9 %, respectively (Nasran and Irianto  1988 ). 

3.1.1     Minced Fish and Surimi 

 The processing technology and equipment required for processing both products are 
very simple. However, both products have a wide application, especially for dishes 
such as meatballs, fi shcakes, fi sh burgers, fi sh sticks, fi sh chips,  kamaboko ,  chikuwa , 
and  hanpen , as well as Indonesian traditional products “ otak-otak ” and “ pempek ”. 
Usually, 20–30 % minced fi sh and surimi are added to processed products. However, 
there is an exception for fi sh snacks and chips, in which the proportion of minced 
fi sh and surimi should not exceed 20 %, in order to avoid hard-textured products 
(Fawzya and Irianto  1997 ).  

3.1.2     Food-Grade Fish Flour 

 Surimi can be processed further by means of steaming, pressing, and drying to pro-
duce food-grade fi sh fl our. For example, food-grade fi sh fl our from muraenesox has 
9.31 % moisture, 85.68 % protein, 0.93 % fat, and 1.78 % ash (Fawzya et al.  1997 ). 
This product has been explored to use as a fortifi cant in the processing of several 
products, i.e., 10 % fi sh fl our added to extrusion products and breads; 20 % added 
to biscuits and crackers, as well as 13 % added to jam.  

3.1.3     Fish Meal for Feed 

 Fish meal is mainly used for the production of fi sh, shrimp, and livestock feeds. 
Indonesia’s demand of fi sh meal is about 100,000–120,000 tons per year and 
75,000–80,000 tons of that is imported. The processing capacity of Indonesian fi sh-
meal factories is around 175,000 tons per year, but due to raw material supply con-
straints, they only operate at 25,000–50,000 tons capacity per year (Anonym  2012 ). 
The supply problem of raw material can be overcome if by-catch of shrimp trawl 
can be collected or landed and then used for fi sh meal processing. Fish meal facto-
ries should optimize the surplus of fi sh during the peak fi shing season by properly 
managing the processing into fi sh meal. The basic principle of fi sh meal processing 
includes boiling, pressing, drying, and grinding (Arifuddin and Murtini  1993 ).  

3.1.4     Fish Silage 

 Silage is a liquid product that is made from the addition of acids to fi sh, such as formic 
acid and propionic acid. Also, it could be produced biologically by using acid-producing 
bacteria (Kompiang  1977 ). Silage can be further processed into silage fl our by drying 
(Yunizal  1985 ) or by adding fi ller, such as corn meal, prior to drying.  
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3.1.5    Traditional Products 

 Several traditional products, such as dried salted fi sh, moist fermented fi sh (“peda”), 
fermented rice-added fi sh (“bekasam”), fi sh sauce, and dried spiced fi sh (“den-
deng”), can be produced from the by-catch of shrimp trawl. Those products have a 
unique fl avor, which is able to increase the appetite of the consumer.   

3.2     The Utilization of By-products from Fisheries 
Processing Industries 

3.2.1    By-product of Shrimp Processing Industries 

 The amount of by-product from shrimp processing varies from 40 % to 80 % of raw 
material, depending on the shrimp species and the types of processed products. 
Traditionally, this by-product is processed into sticky shrimp extract (“petis”), fer-
mented shrimp paste (“terasi”), and shrimp crackers. Previous research by Suparno 
and Nurcahya ( 1982    ) showed that the potential utilization of shrimp comb is for 
shrimp paste production. With the addition of 20 % tapioca fl our and 30 % fat, 
consumer-preferred shrimp pastes are yielded. 

 Protein hydrolysates can be obtained from the hydrolysis of shrimp comb by 
using strong acid (6N hydrochloric acid) (   Suparno and Susana  1984 ). Ariyani et al. 
( 1986 ) suggested the use of shrimp comb for shrimp meal processing, while    Ariyani 
and Buckle ( 1991 ) introduced the use of shrimp meal in the formula of both fi sh and 
shrimp feeds. The proximate compositions of shrimp meal processed using shrimp 
heads or skin are 35.90 % protein, 4.96 % fat, 9.40 % moisture, 29.7 % ash, and 
20.04 % other substances (Basmal  1993 ). 

 Other than shrimp meal, Ariyani and Buckle ( 1991 ) also proposed the processing 
of silage from shrimp heads. Furthermore, a stable silage can be produced by using 
an 8 % mixture of formic and propionic acids at the ratio of 1:1. 

 Basmal ( 1993 ) reported the use of shrimp skin for chitin and chitosan production. 
Bastaman ( 1989 ) outlined the processing procedure of chitosan. Firstly, dried shrimp 
skin is deproteinated by using 3 % of sodium hydroxide at 80–85 °C for 30 min. 
After cooling, it is then drained and washed until neutral, followed by demineraliza-
tion with 1.25N hydrochloric acid at 70–75 °C. Chitin is obtained after drying. 
Further deacetylation of chitin was carried out by using 50 % sodium hydroxide at 
120 °C for 60 min and then drying, leading to the production of chitosan. 

 Chasanah ( 2010 ) offers an idea to produce chitooligosaccharide from chitin 
using chitonase. Indonesia has an abundance of shrimp waste, which can be 
used not only for raw material in the production of chitin and its derivates, but 
also for a source of chitin-degrading enzymes including chitonase. The Research 
and Development Center for Marine and Fisheries Product Processing and 
Biotechnology (RDCMFPPB) has a collection of potential chitin-degrading 
microbes for producing functional chitooligosaccharides for food, pharmaceutical, 
and biocontrol applications. 
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 Astuti ( 1996 ) produced artifi cial fl avoring from shrimp heads by extracting them 
with water (1:2, w/v) at 121 °C for 2 h to obtain shrimp fi ltrate. It is then added with 
sodium proteinate and 40 % maltodextrin as fi ller, followed by spray drying. 
Pyrazine compounds are assumed to contribute to the formation of the fl avor.  

3.2.2    By-product from Fish Canning 

 Sardine canning yields heads, tails, fi ns, bones, guts, and rejected sardine as by- 
product. Meanwhile, by-product produced by tuna and mackerel canning consist of 
heads, tails, fi ns, and red meat. They are usually further processed for fi sh meal, 
whereas red meat is used for pet food. 

 Blue crab canning produces used water from the pasteurization process contain-
ing 0.67 % protein, 0.12 % fat, 0.33 % ash, 98.76 % moisture, and 52 mg/l total 
suspended solid. Uju et al. ( 2009 ) studied the recovery and concentration of fl avor-
ings from the used water by a reverse osmosis membrane. An approximate compo-
sition of concentrated fl avorings is obtained as 1.2 % protein, 0.21 % fat, 0.33 % 
ash, and 97.21 % moisture.  

3.2.3    By-product from Tuna Loin Processing 

 Heads, tails, bones, red meat, and skin are produced as by-products in tuna loin 
industries. Heads, tails, bones, and red meat can be processed into fi sh meal, while 
skin can be further processed into tanned skin by using 5 % chrome solution 
(Herawati  1996 ). Moreover, this tanned tuna skin can be used to produce bags, 
shoes, and wallets. Red meat has been developed to be used for making fi sh spread. 

 Tazwir et al. ( 2009 ) studied the use of tuna bones as raw material in gelatin pro-
duction. Principally, the processing steps of gelatin are degreasing, washing, soak-
ing in NaOH solution, soaking in HCl solution, extraction, fi ltration, evaporation, 
and drying. Gelatin which is processed using 0.4 % NaOH as the soaking solution 
results in a product with the best properties, i.e., 8.37 % yield, 3.27–3.37 cPs viscos-
ity, 5.03 pH, and 1.57.8 g Bloom gel strength. 

 Ikasari et al. ( 2011 ) utilized trimmed tuna meat from loin processing to produce 
fermented fi sh sausage. A mixture of  Lactobacillus plantarum  and  L. fermentum  are 
added to the dough as a starter culture to accelerate the fermentation process and to 
improve sausage properties. The approximate composition of the sausage was 
54–58 % moisture, 3.54–3.85 % ash, 7.97–12.92 % fat, and 13.65–18.39 % protein.  

3.2.4    By-product from Red Snapper Processing 

 Fresh heads by-product from red snapper processing are usually sold directly to the 
market, whereas meat still attached to the bones can be processed into fi sh balls and 
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fi sh sausages. Fish meal, on the other hand, is obtained from the processing of 
heads, tails, bones, fi ns, guts, and skin. Similar to that of tuna loin, according to 
Tambunan ( 1993a ), skin from red snapper can also be used to produce a qualifi ed 
tanned skin by using 10 % chrome tanning solution.  

3.2.5    By-product from Frog Leg Processing 

 By-product from frog leg industries can reach up to 70 % of the whole frog (Ariyani 
et al .   1984 ). Research on the use of this by-product has focused on the processing of 
frog meal and silage. Ariyani ( 1993 ) produced frog meal from frog leg by-product 
through the following processing steps: boiling, pressing, drying I, pelleting, drying 
II, and grinding. The approximate composition of frog meal was 8.25 % moisture, 
61.26 % protein, 11.29 % fat, and 16.37 % ash. 

 Murtini et al .  ( 1984 ) produced silage from the by-product of frog leg processing 
by using lactic acid bacteria from several sources and added molasses as the carbo-
hydrate source. Furthermore, Rabegnatar et al. ( 1988 ) used frog silage for shrimp 
feed. It was shown that no negative effects were found in the use of the silage on the 
growth of giant freshwater prawn ( Macrobrachium rosenbergii ). 

 Frog skin has the potential to be processed into tanned skin, especially due to its 
unique characteristics. It can also be used to make skin crackers, although produc-
tion is hampered by limitations of the market.  

3.2.6    By-product from Freshwater Fish Processing 

 Freshwater fi sh is usually marketed as live and fresh fi sh. However, if the processing 
industry of freshwater fi sh is developed, by-products such as heads, scales, guts, 
bones, and tails are expected to be generated from fi sh canning, smoking, drying, 
and other value-added product processing activities. To anticipate this, the process-
ing of by-products from common carp, Nile tilapia, and tilapia can be used to pro-
duce fi sh meal and silage (Ariyani et al.  1986a ,  b ). Both products can be further 
processed into fi sh and shrimp feeds. Feeding trials on common carp and giant 
freshwater prawn showed that the use of feed produced from Nile tilapia meal leads 
to higher growth rates compared to controls.  

3.2.7    By-product from Traditional Products Processing 

 Traditional industries produce a small quantity of by-products. It is normally buried 
or disposed into the sea or rivers as waste that contains heads, guts, bones, scales, 
tails, and gills. 

 In the North Sulawesi, there is a traditional processing practice, i.e., smoked 
skipjack called  cakalang fufu , in which no waste is generated. Prior to smoking, 
skipjack is eviscerated to remove the guts. Skipjack fl esh is then smoked to produce 
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 cakalang fufu , whereas the guts are fermented with salt addition to prepare   bekasang   
and also steamed with spices to make  woku  (Wudianto et al.  1996 ). 

 According to Nurhayati and Peranginangin ( 2009 ), fi sh heads, fi ns, bones, scales, 
and skins from fi sh canning and fi lleting industries can be processed into collagen 
having high economic value. Collagen can be found in connective tissues in skin, 
tendon, skeleton, and cartilage. Dissolving non-collagen protein, mineral, and fat is 
necessary to simplify the process of collagen extraction. Generally, the extraction of 
collagen is conducted in acidic conditions. However, the use of pepsin in the extrac-
tion process may increase the yield.   

3.3     The Utilization of By-products from Secondary Products 

 A secondary product that attracts various interests is fi sh oil from the process of 
canned fi sh and fi sh meal. Fish oil contains omega-3 fatty acids that play signifi cant 
roles on the development of the human brain and have benefi ts to reduce the risk of 
degenerative diseases (Irianto  1992 ). The quality of fi sh oil depends on the type of 
processing practices generating the secondary products and the raw material used, 
as shown in Table  3.1 . Chemical and physical analyses showed that oil from fi sh 
meal processing required further quality improvement by reducing the free fatty 
acids content, as well as improving its color and odor performance.

   Degumming, neutralizing, washing, and bleaching by applying the alkali refi n-
ing method can be carried out to improve the performance of fi sh oil. Moreover, fi sh 
oil is widely applicable for pharmaceutical, feed, food, and non-food industries 
(Irianto  1995 ). 

3.3.1    Fish Oil in Pharmaceutical Industries 

 Pharmaceutical industries use fi sh oil in the form of omega-3 fatty acids concentrate 
that can be produced by means of the urea crystallization method. Yongmanitchai 

   Table 3.1    Chemical and physical analyses as well as visual observation of fi sh oil from canned 
sardine and fi sh meal processing at Muncar and Negara (Indonesia)   

 Analysis 
 Canned fi sh 
processing 

 Fish meal processing 

 Whole fi sh  Canning by-product 

 FFA (% oleic acid)  0.06–1.15  0.08–55.68  6.99–25.72 
 Absorbance  0.22–0.48  1.45–2.56  1.34–2.29 
 Visual color  Yellow  Orange-blackish brown  Reddish brown-dark brown 
 Fatty acids (relative %) 

 Omega-3  23.7–27.2  20.6–29.5  25.1–26.5 
 EPA  15.4–17.6  9.2–20.1  15.2–17.2 
 DHA  4.9–6.0  3.5–12.2  5.8–6.0 

  Source: Irianto ( 1992 )  
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and Ward ( 1989 ) informed the use of supercritical fl uid carbon dioxide to concen-
trate omega-3 fatty acids. However, this method is cost-ineffi cient when applied in 
the industries. 

 A research on the use of enzyme catalyst has been conducted to produce triglyc-
erides that are rich in omega-3 fatty acids. Basically, fi sh oil and omega-3 fatty acids 
are mixed and then lipase enzyme is added to catalyze the acidolysis process.  

3.3.2    Fish Oil in Food Industries 

 In food industries, fi sh oil can be used mainly for two purposes, i.e., to replace veg-
etable oil and animal fat, as well as to improve the nutritional value of food prod-
ucts. Research on the use of fi sh oil in food products has been carried out, especially 
for the production of sausage (Irianto et al.  1996 ), canned fi sh (Irianto  1992 ), and 
mayonnaise (Putri  1995 ). 

 The hydrogenation process at several degrees of homogenization inducing physi-
cal and chemical changes in fi sh oil may result in the various characteristics of fi sh 
oil, thus, a wider application of fi sh oil can be explored. Other food products which 
can be processed from fi sh oil are margarine, table spread, biscuit shortening, pastry 
fat, bread fat, emulsifi ed shortening, biscuit fi lling, icing shortening, and salad oil 
(Bimbo  1989a ). Barlow et al. ( 1990 ) developed fi sh spread, peanut butter, coleslaw, 
yoghurt, and salami using fi sh oil as one of the ingredients.  

3.3.3    Fish Oil in Feed Industries 

 Fish oil is a good calorie source and growth stimulant for livestock. A homologue 
of linoleic acid at high concentration is responsible for the growth stimulant charac-
teristic in fi sh oil. Fish oil added to feed should be fresh, because oxidized fi sh oil 
would be toxic. Fish oil has been added into animal and fi sh feeds, such as feeds for 
laying hens, broilers, shrimp, and fi sh. The addition of fi sh oil in hens feed could 
enhance the content of omega-3 in eggs and meat, as well as improve their immune 
system (Bimbo and Crowther  1992 ).  

3.3.4    Fish Oil in Non-food Industries 

 Fish oil is used in non-food industries to produce elastic and long polymers due 
to its uniqueness and high unsaturation degrees of fatty acids. This unique com-
position causes fi sh oil to have fl exible applications. Fish oil-based non-food 
products that have been developed are fatty acid products and their derivatives, 
with applications such as detergents, tanning oils, protective coatings in varnish 
and paint, lubricant oils, plastics, pesticides, fungicides, and polyurethane foam 
(Bimbo  1989b ).   
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3.4     Shark and Rays Utilization 

3.4.1    Shark 

 Sharks can be captured purposefully or otherwise. Those which are accidentally 
captured are by-products from other fi shing activities. Meanwhile, for those which 
are purposefully captured, their fi ns are the main target. The utilization efforts of 
sharks have been conducted as follows. 

  Shark meat.  Shark meat has been used in the processing of dried salted fi sh and boiled 
salted fi sh (“ pindang ”). The main obstacle of shark utilization is its ammoniac odor 
and fl avor originating from urea decomposition. Priono et al. ( 1986 ) has conducted an 
effort on the reduction of urea content in shark meat by boiling in 2.5 % potassium 
hydroxide solution for 35 min. This method was able to reduce the urea content by up 
to 70 %. Washing with cold running water (8–10 °C) may reduce the urea content 
by up to 58 %. Soaking in 5 % acetic acid solution for 36 h could decrease its urea 
content by up to 80 %; however, this method may affect the meat structure. 

 Furthermore, Yunizal et al. ( 1984 ) found out that heating shark meat by using 
high-temperature steam for 90 min could reduce the levels of urea by up to 90 %, 
whereas Nasran et al. ( 1986 ) suggested that washing minced meat with cold water 
for fi ve times may decrease the urea content of shark meat by up to 95 %. Shark 
meat has been investigated for use as dried spiced fi sh (Nasran  1993 ), shredded fi sh 
(Fawzya  1993a ), fi sh balls (Fawzya  1993b ), fi sh sausage (Irianto  1993a ), and dried 
salted fi sh (Irianto  1993b ). 

  Skin . Research on the tanning process of shark skin has been conducted intensively 
(Haq  1993 ). Chrome tanning method with 4 % syntan addition is respected as the 
best treatment that has been employed to obtain a qualifi ed tanned shark skin. 
Tanned skins from shark have been introduced to make bags, shoes, and wallets. 
Furthermore, these products have been disseminated to craftsmen in Jakarta, Bogor, 
as well as Bandung and received positive feedback. Meanwhile, shark skin crackers 
have been produced by a small-scale processor in Pelabuhan Ratu, West Java. 

  Liver.  Shark liver oil has been used as a source of squalene, vitamin A, as well as 
vitamin D and marketed worldwide. Shark liver oil could be extracted by means of 
boiling, steaming, acid or alkali cooking, rendering, and silage. The last method 
tends to produce a lower yield of oil but a higher content of vitamin A (Yunizal et al. 
 1983 ). Furthermore, alkali cooking produces oil with higher squalene content com-
pared to other methods, i.e., boiling, rendering as well as the chemical and biologi-
cal silage process (Yunizal and Nasran  1984 ).  

3.4.2    Rays 

 Rays meat has been used for salted and smoked fi sh products. The by-products 
 generated from processing activities are skin, bones, and guts. Fishermen at Muara 
Angke, Jakarta, have used ray’s skin for the manufacture of artifi cial shark fi n strings 
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called as “ hisits ”. Tambunan ( 1993b ) has developed the storage and tanning method 
of rays’ skin. The resulting tanned skin has an attractive surface appearance and is 
used in the production of bags and wallets. Meanwhile, its cartilage is used in wood 
glue (Embun  1995 ). 

 Basmal et al. ( 1995 ) processed a mixture of viscera, head, and trimmed meat of 
rays into silage by the addition of 4.5 % (w/w) formic acid. The silage obtained has 
a solid and liquid ratio of 40:60 %, while the pH and non-protein nitrogen content 
of the silage was 3.75 and 2.32 mg% N, respectively.    

4     Challenges 

 According to Irianto and Giyatmi ( 2004 ) the use of by-catch of shrimp trawl is a dil-
emmatic issue because the design and construction of trawl vessels is generally com-
pact. Space inside the vessels is very effectively used for the operational purposes of 
capturing, handling, and freezing the shrimp. Facilities for catch handling and vessel 
crew movements are, in fact, specially designed to handle shrimp, not for by-catch. 

 The great distance between the fi shing ground and landing area, as well as unpre-
dictable weather and ocean waves are other challenges that hamper the collection of 
by-catch for further processing and utilization. Processing industries are usually not 
paying proper attention to by-products generated from their activities, thus, no pres-
ervation efforts, such as freezing, are made. Consequently, these by-products are 
facing deterioration of freshness or even decomposition. This fact further compli-
cates the challenge to obtain processed products with acceptable quality. 

 Similar problems also arise when it comes to the processing of fi sh oils that are 
categorized as secondary products. Despite the fact that the benefi ts of fi sh oil in 
pharmaceuticals have been widely known, the quality of produced and marketed 
fi sh oil is still lower than the expectation. This is mainly caused by the low quality 
of raw materials used for fi shmeal processing generating fi sh oil as a secondary 
product. Therefore, in the near future, fi sh oil needs to be shifted into main products 
and fi sh meal as a secondary product. However, a special incentive and market as 
well as a better fi sh oil price need to be created in order to implement this idea. 

 Generally, processing industries are located in remote areas; as a result, it is dif-
fi cult to collect by-products from those areas. Moreover, due to its characteristics 
and forms, by-products consisting of visceral, heads, fi ns, bones, and tails need to 
be adequately and cautiously transported in order to avoid decomposition as well as 
disturbance to the surroundings.     
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1            Introduction 

 Very few substances in nature are found in pure form. Most require some type of 
separation before the resulting form can be consumed directly or used as ingredients 
in various processed food and nutraceutical products. Separation processes are an 
integral part of today’s agricultural, food, and bioproduct industries. This is 
especially true for the functional food and nutraceuticals industry, where specifi c 
bioactive components are targeted for their health benefi ts. Many of the compounds 
produced have shown biological activities, including anticoagulation, antioxidant, 
calcium absorption, antihypertensive, and antimicrobial activities (Rajapakse et al. 
 2005a ,  b ; Byun et al.  2009 ; Lee et al.  2011 ). The overall objective in nutraceuticals 
processing is to develop a fully integrated system to minimize the degradation of 
bioactivity throughout raw material handling, processing, packaging, storage, and 
retail shelf life of the fi nal supplement and food products. Effective separation of 
bioactive components from biomaterials requires a good understanding of the 
mechanisms of bioactivity loss due to processing, storage, decomposition, or reac-
tions with other components. The bioactive components must be analyzed accu-
rately prior to the selection of appropriate separation/purifi cation processes, 
including precipitation, membrane separation, ion exchange chromatography, 
desalting and bipolar membrane electrodialysis, liquid/liquid separations, solid/liq-
uid separations, supercritical fl uid extraction, crystallization, or distillation. One of 
the key problems in the processing of biomaterials and foods, and indeed in all 
chemical processes, is the purifi cation of specifi c components by separating them 
from a complex, multicomponent matrix. This may be as simple as clarifying a 
functional beverage by removing small suspended solid impurities and/or precipi-
tated impurities, or as complex as the fractionation of protein fractions from liquid 
extracts of oilseeds. The cost of these separation and purifi cation steps often deter-
mines the economic viability of a product or process. 

 Industrial membrane technology is an approach that has been successfully 
applied as a low-cost separation technique for the concentration and purifi cation of 
bioactives from various feed streams. Membrane fi ltration processes have gained 
popularity in the food processing industry over the last 25 years. It is estimated that 
20–30 % of the current $350 million turnover of membrane used in the manufactur-
ing industry worldwide was from the food processing industry (Sutherland  2004 ). 
The market value of functional foods and nutraceuticals is estimated to be between 
$180 million and $80 billion, depending on the specifi c product categories included 
in the estimate (   Wildman and Kelley  2007 ). Regardless of the current actual real 
market value, the nutraceutical market is expected to continue its growth as ongoing 
research establishes solid links between various nutraceuticals and health, and as 
the public becomes aware of their health benefi ts. However, as the market grows 
with new nutraceutical offerings almost daily, there is a growing need to better 
understand the processing implications for these new products targeting different 
uses. Therefore, a review of the current state of knowledge is timely and the objec-
tives of this review are to review the basic concepts of membrane separation tech-
nology, to assess its applications to different classes of nutraceuticals, including 
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lipid-, carbohydrate-, and protein-based compounds, and to discuss the challenges 
and future potential of membrane separation technology for separating functional 
components from seafood by-products.  

2     Membrane Separation Technology 

 Over the years, many industries have come to accept cross-fl ow fi ltration, including 
microfi ltration (MF), ultrafi ltration (UF), nanofi ltration (NF), and reverse osmosis 
(RO), as standard technologies for clarifi cation or concentration. In some instances, 
more than one type of membrane process may be used in series to achieve the 
desired performance. These membrane fi ltration processes are carried out using the 
concept of cross-fl ow, in the sense that the solution to be fi ltered is fl owing across 
the membrane surface at a certain velocity, while the fi ltrate is passing through the 
membrane. The cross-fl ow technique is used to remove the retentate away from the 
membrane surface and, thus, ensure reasonable fi ltration conditions at the mem-
brane surface, contrary to conventional dead-end fi ltration. 

 Applications of membrane technology in some conventional processes and sepa-
ration of bioactives are summarized in Table  4.1  (Akin et al.  2012 ). For functional 
beverages, and bioactive extracts, membrane systems are primarily being used for 
clarifi cation to replace diatomaceous earth fi ltration. Diatomaceous earth has tradi-
tionally been employed for clarifying beverages. However, its use presents a number 

  Table 4.1    Applications 
in the nutraceutical 
and bioactive separation 
industries  

 Process  System 

 Ultrapure water  RO a /UF b  
 Water softening  RO/UF 
 Effl uents  RO/NF c /UF 
 Fine chemical processes  NF/UF 
 Milk/whey bioactives  RO/NF/UF 
 Extract concentration  RO/NF 
 Emulsion separation  UF/MF d  
 Fruit juice clarifi cation  MF 
 Oil/water separation  UF/RO 
 Alcohol purifi cation  PV e  
 Enzyme recovery  UF/NF 
 Protein concentration and purifi cation  NF/RO 
 Wastewater recovery  MF 
 Wine clarifi cation  MF 
 Color removal  NF 
 Phospholipid removal  NF/UF 
 Bioactivity recovery  NF/RO 

   a Reverse osmosis 
  b Ultrafi ltration 
  c Nanofi ltration 
  d Microfi ltration 
  e Pervaporation  
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of issues in terms of product quality, disposal, and operator exposure to a potential 
health hazard. For the processing of bioactives, the main advantage of membrane 
technology is the elimination of the energy-intensive evaporation process that can 
reduce their bioactivity. Other advantages of membrane technology include: (1) 
reduced freshwater requirements due to the re-utilization of wastewater; (2) potential 
increased profi t margins from the creation of new products; (3) reduced waste treat-
ment volume and costs; and (4) relatively low fl oor space and capital requirements by 
avoiding the need for steam generation facilities used in evaporation processes. On 
the other hand, some disadvantages include: (1) expense and time required to docu-
ment product safety and obtain approval from the regulatory bodies for the use of 
new membrane materials in food processing; (2) uncertainty about membrane dura-
bility, effective operating life, and replacement costs; (3) concerns about chemical 
inertness and pH sensitivities; (4) operating pressure limitations in certain designs; 
and (5) fouling problems with certain feed stocks (Jaouen et al.  1999 ).

2.1       Mechanisms of Membrane Filtration 

 Membrane processes are generally used to concentrate or fractionate a liquid to yield 
two liquids that differ in composition. Some other industrial uses of membrane sepa-
ration processes include the separation of mixtures of gases and vapors, miscible 
liquids (organic and aqueous/organic mixtures and solid/liquid and liquid/liquid dis-
persion), and dissolved solids and solutes from liquids (Rosenberg  1995 ). The fea-
ture that differentiates membrane separations from other separation techniques is the 
provision of another phase, the membrane. This phase, either solid, liquid, or gas-
eous, introduces an interface between the two bulk phases involved in the separation, 
and gives the advantages of effi ciency and selectivity. The transport of selected spe-
cies through the membrane is achieved by applying a driving force across the mem-
brane (Scott and Hughes  1996    ). In the membrane separation process (Fig.  4.1 ), the 
feed mixture is separated into a retentate (that part of the feed does not pass through 
the membrane) and a permeate (that part of the feed passes through the membrane).

2.2        Classifi cation of Membrane Technologies 

 A membrane is defi ned as a material that forms a thin wall capable of selectively 
resisting the transfer of different constituents of a fl uid and, thus, effecting a separa-
tion of the constituents. Thus, membranes should be produced with a material of rea-
sonable mechanical strength that can maintain a high throughput of a desired permeate 
with a high degree of selectivity. The optimal physical structure of the membrane 
material is based on a thin layer of material with a narrow range of pore size and a 
high surface porosity. This concept is extended to include the separation of dissolved 
solutes in liquid streams and the separation of gas mixtures by  membrane fi ltration. 

 Membrane fi ltration is a pressure-driven technology with membrane pore sizes 
ranging from 10 -3  molecular size to 5 μm. The useful ranges of membrane 
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separation processes in relation to other separation processes are shown Fig.  4.2 . 
The technologies included in membrane fi ltration are RO, NF, UF, and MF. RO, 
sometimes called hyperfi ltration, describes the tightest of these molecular-level 
separations. In RO, hydraulic force is applied in excess of the natural osmotic pres-
sure of a solution to provide the driving energy for water molecules to diffuse into 

  Fig. 4.1    Schematic of a general membrane process       

  Fig. 4.2    Useful ranges of various separation processes       
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and through the membrane. The typical operating pressure can be in the hundreds to 
even a thousand pounds per square inch (25~68 bar). RO membranes are generally 
characterized by their ability to reject sodium chloride (NaCl) under specifi c condi-
tions of pressure, temperature, and concentration. Typical rejection values can be on 
the order of 98–99.5 %. NF is the next, more open membrane fi ltration type. In solu-
tions of mixed ionic species, monovalent ions will tend to permeate (pass through) 
the membrane, whereas divalent or multivalent species will tend to be highly rejected 
at the membrane interface. Since some ionic species (the monovalent ions) are 
transmitted through the membrane, the difference in chemical potential between the 
two solutions is less and, therefore, lower driving forces are required for NF than for 
RO. Hence, typical NF operating pressures may be only one to a few hundred 
pounds per square inch (7~40 bar). NF membranes are generally characterized by 
their ability to retain a divalent ionic species, such as Mg 2+  or Ca 2+  in magnesium 
sulfate (MgSO 4 ) or calcium chloride (CaCl 2 ). Since more variability in applications 
exists with NF, the retention of MgSO 4  might range from around 80 to 98 %.

   In UF, the membranes comprise a discrete porous network. As a mixed solute 
solution is pumped across the membrane, smaller molecules pass through the pores 
while larger molecules are retained. This process yields one solution depleted of 
larger molecules, the permeate stream, and another enriched in larger molecules, the 
retentate. The open membrane structure means that mass transfer is now more fl ow- 
dependent than pressure-dependent, so the operating pressure is further reduced. 
Typical operating pressures for UF are tens to a hundred or so pounds per square inch 
(1–10 bar). The convention for UF membrane classifi cation shifts to mass, with the 
molecular weight cut-off (MWCO) generally expressed in standard Da or kDa units. 
For example, a 10-kDa membrane would highly retain molecules of that molecular 
mass or greater, while highly permeating smaller molecules. While this system is 
inherently fl awed since the molecular mass does not describe the actual size or 
geometry of a molecule, it remains the standard convention for UF membrane clas-
sifi cation. Finally, MF is used for clarifi cation and sterile fi ltration in a wide range of 
industries, including the food and biochemical industries. Membranes for MF typi-
cally have a pore size of 0.1–2 μm and can selectively separate particles with molec-
ular weights greater than 200 kDa. Large and small molecules can, therefore, be 
separated from very large or complex molecular structures. Typical operating pres-
sures for MF are a few pounds to perhaps one hundred per square inch (0.5–6 bar). 
Generally, MF has the capability of performing separations equivalent to those 
obtained by high-speed centrifugation (5,000–10,000 g), while UF is equivalent to 
ultracentrifugation (10,000–100,000 g). Since centrifugal forces are not capable of 
separating ions from water, there is no equivalent for RO and NF (Porter  1972 ).  

2.3     Membrane Bioreactor Systems 

 Membrane bioreactors are reactors that convert or produce materials using functions 
naturally endowed to living systems. Membrane bioreactor systems essentially con-
sist of the combination of membrane and biological reactor systems (Belfort  1989 ; 
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Giorno and Drioli  2000 ; Giorno et al.  2003 ). Typical bioreactors include immobilized 
enzymes, microorganisms, animal or plant cells, and those applying new method-
ologies such as genetic manipulation or cell fusion. They are alternative approaches 
to classical methods of immobilizing biocatalysts such as enzymes, microorgan-
isms, and antibodies, which are suspended in solution and compartmentalized by a 
membrane in a reaction vessel or immobilized within the membrane matrix itself. 
In the fi rst method, the system might consist of a traditional stirred tank reactor 
combined with a membrane-separation unit; in the second method, the membrane 
acts as a support for the catalyst and as a separation unit. The biocatalyst can be 
fl ushed along a membrane module, segregated within a membrane module, or 
immobilized in or on the membrane by entrapment, physical adsorption, ionic binding, 
covalent binding, or cross-linking. The advantages of immobilizing enzymes are 
reported to include increased reactor stability and productivity, improved product 
purity and quality, and reduction in waste (Giorno and Drioli  2000 ). 

 Membrane bioreactors differ from conventional reactors as the biocatalysts pres-
ent in the reactors operate under milder conditions of temperature and pressure. The 
ranges of operating conditions within bioreactors are usually determined by the bio-
catalyst (organism) and are usually small. Many studies are oriented to the investiga-
tion of operating conditions and optimization of the various properties of these 
membrane bioreactors. The effi ciency of the overall system depends on the biochem-
ical parameters (e.g., catalytic activity, reaction kinetics, concentration, viscosity of 
substrate and product, immobilization stability), geometric parameters (e.g., mem-
brane confi guration, morphology, and pore size distribution), and hydrodynamics 
parameters (such as transmembrane pressure and fl ow velocity) (Giorno et al.  2003 ). 

 The membrane bioreactor integrates a reaction vessel with a membrane separa-
tion system as shown Fig.  4.3 . It is composed of two main systems: a bioreactor 
unit that is responsible for the biodegradation of raw materials and the membrane 
unit that is responsible for the separation of the desired bioactive molecules 

  Fig. 4.3    Schematic description of the membrane bioreactor system. ( 1 ) Supplement tank, ( 2 ) 
Pump, ( 3 ) Bioreactor, ( 4 ) Membrane       
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according to molecular size. Various biocatalysts can be used, depending on the 
desired fi nal products. Compounds with specifi c molecular weight distributions can 
be obtained by using membranes with the appropriate MWCO or pore size distribu-
tion. Membrane bioreactors equipped with UF membranes or multistep recycling 
membrane reactors combined with UF membranes system are technologies developed 
for bioprocessing and effi ciently recovering bioactive functional ingredients with the 
desired molecular size and functional properties. The development of membrane bio-
technology has been applied for the separation, fractionation, and recovery of marine 
ingredients in order to obtain purer compounds with effi cient yield ratios. Different 
approaches have been applied depending on the chemical structure of the target com-
pounds: the potential of membrane processes using MF and UF to obtain food-grade 
phycocyanin (82 % recovery with 1.0 purity) from  Spirulina  sp. to be applied in the 
food industry was reported by Chaiklahan et al. ( 2011 ). Marine peptides with antipro-
liferative activity have been fractionated and concentrated using UF and NF mem-
brane systems (Bourseau et al.  2009 ). A review of membrane applications in functional 
foods and nutraceuticals has recently been published by Akin et al. ( 2012 ).

3         Application of Membrane Separation in Marine Biotechnology 

 Sources of functional ingredients exist in many different reservoirs that may be 
found in both terrestrial and marine environments. The terrestrial environment (i.e., 
fruits, vegetables, cereals, and mushrooms) as a reservoir of bioactive compounds 
is, by far, more often explored than the marine environment (i.e., fi sh, sponges, and 
macro- and microalgae). Although many functional marine ingredients are pres-
ently known, it is believed that other marine ingredients remain to be evaluated and 
new sources yet to be discovered. The marine environment is a major reservoir of 
bioactive compounds that have potential to be applied in several phases of food 
processing, storage, and fortifi cation (Rasmussen and Morrissey  2007 ). The charac-
teristics of marine environments, such as various degrees of salinity, temperature, 
pressure, and illumination, impart particular interest on compounds derived from 
marine organisms. In order to increase the availability and chemical diversity of 
marine functional ingredients, more research is applying biotechnological tools to 
discover and produce compounds from marine resources (Baerga-Ortiz  2009 ). In 
this chapter, we will focus on advances in membrane separation technology to dis-
cover, produce, or transform compounds from marine sources to be incorporated as 
functional ingredients in potential functional materials. 

3.1     Devices for the Separation of Bioactive Peptides 
on Membrane Reactor Processes 

 One of the most important factors in producing bioactive peptides with the desired 
functional properties for use as functional materials is their molecular weight 
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(Deeslie and Cheryan  1982 ). Therefore, for effi cient recovery and in order to obtain 
bioactive peptides with a desired molecular size and functional property, a UF mem-
brane system can be used. This system’s main advantage is that the molecular weight 
distribution of the desired peptide can be controlled by the adoption of an appropri-
ate UF membrane (Cheryan and Mehaia  1990 ). In order to obtain functionally active 
peptides, it is normal to use enzymes in order to allow sequential enzymatic diges-
tion. By applying enzyme technology for effective protein recovery in fi sh process-
ing plants, it may be possible to produce a broad spectrum of food ingredients or 
industrial products for a wide range of applications (Kristinsson and Rasco  2000 ). 
The enzymatic modifi cation of fi sh proteins using selected proteolytic enzyme prep-
aration to cleave specifi c peptide bonds is widely used in the food industry (Mullally 
et al.  1994 ). Proteolytic modifi cation of food proteins to improve the palatability 
and storage stability of the available protein resources is an ancient technology 
(Adler-Nissen  1986 ). Hydrolysates can be defi ned as proteins that are chemically or 
enzymatically broken down into peptides of varying sizes (Skanderby  1994 ). The 
protein hydrolysates are produced for a wide variety of uses in the food industry, 
including milk replacers, protein supplements, stabilizers in beverages, and fl avor 
enhancers in confectionery products. The benefi ts of hydrolyzing food proteins to 
make functional protein ingredients and nutritional supplements are a more recent 
technology. Bioactive peptides isolated from various fi sh protein hydrolysates have 
shown numerous bioactivities, such as antihypertensive, antithrombotic, immuno-
modulatory, and antioxidative activities. Moreover, it is possible to obtain serial 
enzymatic digestions in a system using a multistep recycling membrane reactor 
combined with a UF membrane system to separate marine-derived bioactive pep-
tides (Jeon et al.  1999 ). This membrane bioreactor technology has recently emerged 
for the development of bioactive compounds and has potential for the utilization of 
marine proteins as value-added nutraceuticals with benefi cial health effects. 

3.1.1     Antihypertensive Peptides 

 Kim and Mendis ( 2000 ) have reported that some peptides derived from fi sh showed 
antihypertensive activity inhibiting the action of angiotensin I-converting enzyme 
(ACE) even stronger than that of many other natural peptides. The renin–angiotensin 
system (RAS) constitutes one of the most important hormonal systems in the physi-
ological regulation of blood pressure. Indeed, dysregulation of the RAS is consid-
ered a major factor in the development of cardiovascular disease, and blockade of 
this system offers an effective therapeutic regimen. Originally defi ned as a circulat-
ing or endocrine system, multiple tissues express as complete local RAS and 
 compelling evidence factor of action for angiotensin I and angiotensin II, the 
 primary effector peptide of the system. ACE is a dipeptidyl carboxypeptidase that 
catalyzes the conversion of angiotensin I (decapeptide) to angiotensin II (octapep-
tide), inactivates the antihypertensive vasodilator bradykinin, and increases blood 
pressure. Inhibition of ACE activity leads to a decrease in the concentration of 
angiotensin II and, consequently, reduces blood pressure (Skeggs et al.  1957 ). 
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 Many studies have confi rmed that bioactive peptides separated from various 
marine organisms and their processing by-products using membrane bioreactors 
were potent ACE inhibitors. Aleman et al. ( 2011 ) and Zeng et al. ( 2005 ) suggested 
that the average molecular weight of peptides for potent ACE inhibitory activity is 
about 1,500 Da. Apart from their uses in the continuous production of bioactive 
peptides, UF membranes have also been used to fractionate proteins, peptides, and 
amino acids contained in hydrolysates (Table  4.2 ). Byun and Kim ( 2011 ) fraction-
ated peptides contained in Atlantic salmon protein concentrate hydrolysate by a 
third- step UF process, which resulted in a mixture of polypeptides and a fraction rich 
in small peptides with a molecular mass below 1,000 Da. They applied selective UF 
membranes (1.9 and 0.9 kDa) to enrich ACE inhibitory peptides purifi ed Gly-Pro- 
Leu and Gly-Pro-Met. Cinq-Mars and Li-Chan ( 2007 ) optimized the ACE inhibitory 
activity of hydrolysates from Pacifi c hake ( Merluccius productus ) using response 
surface methodology to identify the best hydrolysis conditions, followed by ultrafi l-
tration using 10-, 3-, 1-, or 0.5-KDa MWCO membranes. As the majority of peptides 
in the hydrolysates produced under optimum conditions were smaller than 1,000 Da, 
there was no signifi cant difference between ultrafi ltrates in ACE inhibitory activity, 
and it was concluded that 10 kDa UF would be the most practical to concentrate the 
bioactive peptides with the highest recovery of hydrolysate. More recent studies 
reported the enrichment of ACE inhibitory peptides by UF from an Atlantic salmon 
protein hydrolysate with a 1-kDa MWCO membrane (Gu et al.  2011 ) and sea cucum-
ber hydrolysates with UF membranes (10, 5, and 3 kDa). By UF and NF, Amado 
et al. ( 2013 ) purifi ed peptides from cuttlefi sh which had inhibitory activity against 
ACE. Peptides with lower molecular weight showed potent ACE inhibitory activity 
compared to peptides with higher molecular weights. Further, these peptides showed 
in vivo activities by lowering the blood pressure signifi cantly in spontaneously 
hypertensive rats following oral administration. This is an advantage of fi sh protein 
hydrolysates, since some antihypertensive drugs are reported to have side effects 
after administration, including abnormal elevation of blood pressure.

3.1.2        Antioxidant Peptides 

 The increased generation of reactive oxygen species, such as superoxide anion 
(O 2  ̄ ) and hydroxyl (OH ̄ ) radicals, in conjunction with the overpowering of endog-
enous antioxidant defense mechanisms (enzymatic and non-enzymatic), is another 
causative factor for the initiation of chronic diseases. These diseases include heart 
disease, stroke, arteriosclerosis, diabetes, and cancer (Dávalos et al.  2004 ). 
Furthermore, lipid peroxidation is a major cause of deterioration in the quality of 
foods (rancidity and ‘off-fl avors’) (Di Bernardini et al.  2011 ). Synthetic antioxi-
dants such as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), 
tert-butylhydroquinone (TBHQ), and propyl gallate are added to food products to 
retard lipid oxidation. However, there are safety concerns over the use of synthetic 
antioxidants as food additives (Shahidi and Zhong  2005 ). As a result, natural anti-
oxidants with little or no side effects have gained interest in terms of their potential 
health benefi ts and food quality prolonging abilities. 
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 Peptides derived from fi sh proteins have shown the ability of exerting potent 
antioxidative activities in different oxidative systems (Samaranayaka and Li-Chan 
 2011 ; Jun et al.  2004 ; Kim and Mendis  2000 ; Rajapakse et al.  2005   a ,  b ). An increas-
ing interest currently exists to explore natural antioxidative substances without side 
effects and these identifi ed antioxidative activities that offer the potential to develop 
safe and non-hazardous natural antioxidants to reduce oxidative stress and the risk 
of disease arising from the oxidation of biomolecules. Marine-derived protein 
hydrolysates and peptides arising from processing by-products, mollusks, and crus-
taceans have been shown to exert antioxidant activity in vitro by some of the mecha-
nisms described above. Bigeye tuna protein hydrolysate that had been separated 
into several fractions based on molecular size showed excellent antioxidant activity 
based on the thiobarbituric acid assay (Je et al.  2008 ). A protein hydrolysate obtained 
from defatted round scads mince containing high amounts of arginine and lysine 
also exhibited signifi cant antioxidant activity against 2,2-diphenyl-1-picrylhydrazyl 
(DPPH), and good radical scavenging, metal chelating, and reducing properties 
(Thiansilakul et al.  2007 ). You et al. ( 2011 ) optimized the antioxidative activity of 
papain-derived loach protein hydrolysate using hydroxyl radical scavenging activ-
ity. Afterward, they used a 3,000-Da MWCO membrane to separate peptides with a 
molecular weight less than 1 kDa from loach protein hydrolysate. Jung et al. ( 2007 ) 
reported lipid peroxidation inhibitory and radical scavenging activities of the pep-
tidic fraction obtained from in vitro gastrointestinal digests of  Mytilus coruscus  that 
had a molecular weight less than 3 kDa. Starting with crude fi sh protein hydroly-
sates at a fairly high concentration, Bourseau et al. ( 2009 ) used a two-step process 
involving UF and NF to produce four different fractions with different degrees of 
hydrolysis. Two chain-breaking low molecular weight antioxidant peptides were 
obtained from the cod by-product protein hydrolysates (Bourseau et al.  2009 ). In 
NF, mechanisms underlying separation selectivity are more complex than just the 
sieving effect. Indeed, the selectivity is regulated by both size exclusion and electro-
static repulsion mechanisms, which are dependent on the membrane type and the 
feed composition. To attempt to analyze the mechanisms involved in the separation 
of biomolecules by NF, several fundamental researches reported the application of 
NF for peptide fractionation in model mixtures of amino acids and peptides (Tsuru 
et al.  1994 ; Martin- Orue et al.  1998 ). Conventional pressure-driven processes (UF, 
NF) offer possibilities for a large-scale production of bioactive peptides but seem 
limited because of fouling and poor selectivity. Indeed, peptides released from pro-
tein hydrolysis present small differences in their physicochemical parameters, such 
as molecular weight, pI, and net charge. For this reason, these processes often have 
to be used in combination with other technologies to increase their separation poten-
tial (Yu et al.  2008 ).  

3.1.3     Other Bioactivities 

 Shellfi sh contain signifi cant levels of high-quality protein and are, therefore, a 
potential source for biofunctional high-value peptides. Enzymatic hydrolysates of 
 Mytilus coruscus  showed clearly superior nitric oxide inhibitory activity on 
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lipopolysaccharide (LPS)-stimulated RAW264.7, and were further purifi ed using a 
UF and consecutive chromatographic methods. The enzymatic hydrolysate of  
M. coruscus  was fractionated through UF membranes with a range of MWCO of 30, 
10, and 5 kDa. The fraction with 10–30 kDa size molecular weight of  M. coruscus  
protein had a higher NO inhibitory activity than the other fractions (   Kim et al. 
 2013 ). Doyen et al. ( 2011 ) separated two anticancer peptides from a snow crab by-
products hydrolysate by electrodialysis with a UF membrane. Moreover, a snow 
crab by-products hydrolysate has demonstrated antibacterial properties due to a 
peptide with a molecular weight of about 800 Da (Doyen et al.  2012 ). Two different 
UF membranes (20 and 50 kDa) and two electrical fi eld strengths (2 and 14 V/cm) 
were used as the separation parameters. After electrodialysis with UF membrane 
separation, the 300–600-Da peptide molecular weight range was the most recov-
ered, with an abundance of 94 %. The purifi ed fraction showed antibacterial proper-
ties on  Escherichia coli  ATCC 25922 and  Listeria innocua  HPB 13. The antioxidant 
and antifatigue activities of two peptides of <5 kDa were determined, that is, loach 
peptide A (LPA, from a papain digestion) and loach peptide B (LPB, from a 
Flavorzyme digestion) (You et al.  2012 ). The LPA fraction mainly possessed pep-
tides of 1,000 < MW < 3,000 Da (65.41 %), whereas LPB mainly possessed peptides 
of 500 < MW < 1,000 Da (58.27 %). Compared with LPB, LPA increased the swim-
ming time more effectively and reduced blood urea nitrogen and liver malonalde-
hyde levels in mice, although both of them had signifi cant antifatigue effects 
compared to the control mice.   

3.2     Production of Fish Oil 

 Fish oils are readily available sources of n-3 PUFAs such as eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DHA), which play an important role in reducing 
the risk of a number of diseases, including atherosclerosis, coronary heart disease, 
hypertension, infl ammation, hypotriglyceridemic effect, allergies, and diabetes 
(Leigh-Firbank et al.  2002 ). Fish oil intervention resulted in a signifi cant increase in 
platelet phospholipids EPA content, decrease in arachidonic and γ-linolenic acid 
levels, and signifi cant decrease in fasting and postprandial triacylglycerol levels 
(Leigh-Firbank et al.  2002 ). Long-chain PUFAs are considered as essential for the 
growth and development of infants, and they have been included in food supple-
ments in the form of concentrated fi sh oil. Hence, there is a marked demand for 
marine fatty acids as a health food and for use as a food supplement. 

 The use of membranes in lipid processing has attracted great interest in recent 
years, since lipids that are heat-labile can be preserved and concentrated with mini-
mal changes to the lipid (Snape and Nakajima  1996 ). Most studies in this area have 
been on the hydrolysis of oils and fats (Prazeres and Cabral  1994 ), the synthesis of 
acylglycerols with two-phase membrane reactors (D’Arrigo et al.  2005 ), and epoxida-
tion of fatty acids (Piazza et al.  2000 ). Sahashi et al. ( 1993 ) combined solvent extrac-
tion with membranes to separate fi sh oil triglycerides from free fatty acids (FFA). 
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An ethanol solvent (75 % aqueous ethanol) was added to the fi sh oil, which  contained 
triglycerides with PUFAs and FFA. Several fl at-sheet membranes were tested for 
their ability to separate the oil from the solvent phase, which contained the FFA. A 
hydrophilic polyimide UF membrane with a 20-kDa molecular cut-off was found to 
be the most suitable for the separation of the solvent phase as permeate. A rotating 
disk membrane was effective in a large-scale operation for recovering PUFA-rich 
glycerides without oil quality deterioration. 

 In many studies, lipozyme has been used as the catalyst to separate EPA and 
DHA in fi sh oil (Haraldsson and Kristinsson  1998 ). Xu et al. ( 2000 ) used a mem-
brane bioreactor to separate medium-chain triacylglycerols and n-3 PUFAs from 
fi sh oil. In their study, lipozyme was used as the biocatalyst to accelerate the reac-
tion in the bioreactor. The medium-chain fatty acids were separated by 10-kDa and 
2-kDa MWCO membranes. Linder et al. ( 2002 ) conducted the enzymatic hydroly-
sis using a stereospecifi c  sn-1 sn-3  hydrolytic lipase from  Aspergillus oryzae , fol-
lowed by membrane fi ltration. The substrate was then partially hydrolyzed by the 
protease Neutrase to obtain most of the oil after centrifugation of the mixture. 
Immobilized 1,3-specifi c lipase IM60 (Lipozyme IM) was used for re-esterifi cation. 
The incubation of the mixture was carried out at 37 °C, pH 7 for 24 h under stirring 
at 800 rpm. Lipase hydrolysis was carried out in a batch reactor blanketed with 
nitrogen. Membrane separation increased the PUFAs from 30.4 % in crude oil to 
43.3 % in permeate. D’Arrigo et al. ( 2005 ) used a membrane bioreactor for hydro-
lysis as well as transphosphatidylation reactions. 

3.2.1     Enzymatic Modifi cation of Fish Oil 

 Fish oil is a by-product of the use of fi shing as a source for fi sh protein or one of the 
two main products when whole fi sh is immediately processed for fi sh meal and fi sh 
oil production. The content of fi sh oil varies with the fi sh species. The oil contents 
of typical fatty fi sh such as herring, sardine, and pilchard are about 21, 18, and 
16 %, respectively, while the average fi sh oil content is ~3–5 % below these values 
(Brokisch  1998 ). Fish oil is rich in PUFAs, the proportion of which depends on the 
fi sh species and where they are caught. Fish oil is usually hardened before use 
because this modifi cation improves the oil’s keeping ability and reduces the ten-
dency to become rancid, which is caused by a high degree of unsaturation. Fish oil 
contains such a large number of fatty acids with equal numbers of carbon atoms but 
different numbers of double bonds that these fatty acids are usually not individually 
shown to characterize the oil. More than 90 % of all PUFAs in fi sh oils are of the 
ω-3 type, which are low or lacking in land animals and plant oils (Table  4.3 ) 
(Fernandez  1986 ). PUFAs play an essential role in human nutrition, as well as hav-
ing important biomedical properties. Both the ω-3 and ω-6 families play important 
roles in human metabolism, but they cannot be interconverted in the body. PUFAs 
of ω-3 types are α-linolenic acid, EPA and DHA, while ω-6 types are linoleic acid, 
γ-linolenic acid, and arachidonic acid. Fish oils containing EPA and DHA have 
been shown to be effective in reducing the risk factors of cardiovascular disease, 
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arteriosclerosis, cancer, diabetes, and allergies in humans (Park    et al.  2000a ,  b ; Rose 
et al.  1995 ; Hubbard et al.  1998 ; Pirich et al.  1999 ; Mukutmoni-Norris et al.  2000 ). 
Therefore, many physical methods have been developed for extracting and enrich-
ing these fatty acids, including crystallization, distillation, and the use of supercriti-
cal carbon dioxide.

   The use of lipase biotechnology now offers an alternative method, which has the 
advantage of mild processing conditions that minimize the degradation/oxidation of 
these acids. The enrichment processes are based on the principle that, in general, 
lipases show low reactivity towards long-chain PUFAs compared to more common 
fatty acids (<C 20 ). This can be exploited to enrich long-chain PUFAs from commod-
ity fi sh oils. Furthermore, many lipases also show low reactivity towards γ-linolenic 
acid and this technology has been used to enrich this biologically important fatty 
acid from borage oil (Huang et al.  1997 ). Lipases can be divided into three classes 
based on their specifi city and selectivity towards position, fatty acid type, and acyl-
glycerol (Diks and Bosley  2000 ). The catalytic properties of lipase are used in 
hydrolysis, esterifi cation, and interesterifi cation reactions for the concentration of 
PUFAs and for the improvement of functional properties of fi sh oil. The lipase from 
 Candida rugosa  has been shown to concentrate EPA and DHA from sardine oil 
(Jonzo et al.  2000 ), cod liver oil (Hoshino et al.  1990 ), and tuna oil (Tanaka et al. 
 1992 ; McNeill et al.  1996 ; Moore and McNeill  1996 ). In these studies, the propor-
tion of long-chain PUFAs containing EPA and DHA was increased from about 27 
to 40 %. Tanaka et al. ( 1992 ) reported that, when fi sh oil and tuna oil were employed 
as the substrate, the lipase from  C. cylindracea  preferentially hydrolyzed EPA resi-
dues relative to DHA residues. Several studies are currently engaged in a research 
effort to develop an effi cient and economically feasible method of obtaining polyun-
saturated glycerides enriched in EPA and DHA. These studies have applied mem-
brane bioreactor systems for continuous steady-state hydrolysis (Rice et al.  1999 ; 
Ceynowa and Adamczak  2001 ), esterifi cation (Chemseddine and Audinos  1995 ; 

   Table 4.3    Fatty acid composition of oils from various fi sh species compared to land animal and 
plant sources   

 Fatty acids  Salmon  Herring  Flatfi sh  Cod  Pig  Beef  Soybean 

 14:0  4.64  6.14  0.74  0.92  1.4  3.3  – 
 16:0  18.53  18.90  16.81  22.59  20.4  26.6  11.3 
 16:1  2.31  6.19  2.14  4.73  3.5  4.1  – 
 18:0  1.94  1.30  3.69  2.13  10.1  18.2  3.4 
 18:1  20.85  27.76  49.22  34.39  47.5  41.2  23.1 
 20:1  0.78  0.53  0.26  0.48  2.7  –  – 
 22:1  13.52  15.88  5.99  3.75  –  –  – 
 18:2ω-6  1.12  0.55  0.41  0.47  12.1  3.3  55.8 
 18:3ω-3  18.10  13.42  7.10  1.30  1.4  –  6.4 
 20:4ω-6  –  –  6.85  0.12  –  –  – 
 20:5ω-3  5.97  4.52  1.37  18.67  –  –  – 
 22:5ω-3  1.08  0.27  0.44  1.36  –  –  – 
 22:6ω-3  8.37  2.96  1.31  27.98  –  –  – 
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Zhu et al.  1996 ; Isono et al.  1998 ), and transesterifi cation (Ceynowa and Rauchfl eisz 
 2001 ; Basheer et al.  1995 ) reactions of oil by various lipases. Membrane materials 
ranging from hydrophilic to hydrophobic in nature were reported in the literature. 
The former include cellulose (Guit et al.  1991 ; Van der Padt et al.  1990 ), polyamide 
(Molinari et al.  1994 ; Giorno et al.  1995 ), polyacrylonitrile (Lopez et al.  1990 ; Wu 
et al.  1993 ), polytetrafl uoroethylene (Goto et al.  1992 ), polyvinylchloride (Rucka 
and Turkiewicz  1990 ), and polysulfone (Zbigniew  1994 ). Recently, a membrane 
used for the bioconversion of oil and fatty acid derivatives utilized a microporous 
hydrophobic membrane, either in a fl at or in a hollow fi ber module. 

 In the typical membrane reactor for fi sh oil processing, the effl uent from the 
bioreactor is fed to the membrane module. Products such as FFA, mono-, di-, and 
triglycerides, and solvents are suffi ciently small to permeate the membrane. The 
fl ow of non-permeable material and retentate is recycled directly back into the bio-
reactor. In addition to continuous operation, a second advantage of this system is the 
removal of FFA, a competitive inhibitor of lipase, facilitating an increase in the rate 
and extent of reaction (Prazeres and Cabral  1994 ). However, a major problem of all 
bioreactor systems is the signifi cant fouling of oil–water emulsions (Kajitvichyanukul 
et al.  2008 ). This occurrence leads to complications in downstream product recov-
ery and the need to replenish the emulsion supply in the bioreactor to maintain a 
steady state. In addition, a signifi cant amount of the lipase and surfactant is adsorbed 
to the membrane surface, leading to a decreased permeation fl ux (Prazeres et al. 
 1993 ; Nakamura and Hakoda  1995 ). Moreover, emulsion systems have diffi culty in 
not only controlling the reaction, but also in the reuse and stability of lipases (Sakaki 
et al.  2001 ). To overcome this diffi culty, some types of bioreactor using immobi-
lized lipases have been proposed (Warmuth et al.  1995 ; Lye et al.  1996 ; Giorno et al. 
 2007 ). Multiphase enzyme membrane reactors show remarkable advantages over 
emulsion systems (Giorno et al.  1997 ; Lopez and Matson  1997 ). In the multiphase 
membrane reactor, hydrophobic substrate molecules come in contact with enzyme 
molecules on/in the membrane. The membrane provides reaction sites and fi xes the 
interface, therefore promising more stable operation.  

3.2.2     Fish Oil O/W Emulsions Produced by Membrane Emulsifi cation 

 Fish oils are in high demand by the food industry because they contain omega-3 
PUFAs which have numerous health benefi ts (Larsson et al.  2004 ; Simopoulos et al. 
 1999 ). However, omega-3 fatty acids, including the long-chain PUFAs such as EPA 
and DHA, in fi sh oil have a very strong odor and their constituent highly unsaturated 
long-chain fatty acids can easily become oxidized (Augustin et al.  2006 ). To mini-
mize or control these negative attributes, fi sh oil can be formulated as solid micro-
capsules. Microencapsulation can provide controlled release of encapsulated 
compounds, helps in masking the odor and/or taste of encapsulated materials, and 
simplifi es the handling, storage, and delivery of the powder-like materials produced. 
Microencapsulation technology is widely used in the pharmaceutical and food indus-
tries (Madene et al.  2006 ) and provides a means of converting fi sh oil into a dry powder. 
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In the food industry, the most widely employed technologies for encapsulating 
 lipophilic compounds are based on the production of an oil-in-water (O/W) emul-
sion, which is then followed by either spray drying (Gharsallaoui et al.  2012 ; 
Aghbashlo et al.  2013 ), freeze drying (Heinzelmann et al.  2000 ), molecular inclusion 
(Yoshii et al.  1996 ), or enzymatic gelation (Cho et al.  2003 ). Of these techniques, the 
most common method of producing encapsulated fi sh oil is by spray drying the 
emulsion because it is a very effi cient and fl exible process that quickly removes 
water by vaporization and can be carried out with readily available equipment. 

 Fish oil microcapsules were prepared by combining a low-energy emulsifi cation 
method (premix membrane emulsifi cation) with spray drying. O/W emulsions were 
prepared by a two-step emulsifi cation method that used a rotor–stator homogenizer 
followed by membrane emulsifi cation (Ramakrishnan et al.  2013 ). The infl uence of 
the emulsifi cation method (mechanical stirring or membrane emulsifi cation), the 
emulsifi cation conditions (membrane and emulsifi er type), and the amount of wall 
material on the physicochemical characteristics of the microcapsules was studied 
(Ramakrishnan et al.  2013 ). The results show that the emulsifi cation method as well 
as the type and amount of emulsifi er and wall material affect the fi nal amount of 
encapsulated oil. Microcapsules produced by membrane emulsifi cation and stabi-
lized with 2 % Tween-20 or 10 % whey protein presented the highest values (higher 
than 50 %) of oil encapsulation effi ciency. It was found that the oil encapsulation 
effi ciency increases with decreasing droplet size of the emulsions, as well as with 
the increase of the amount of wall material employed during drying. Morphology 
analysis showed that the microcapsules obtained from O/W emulsions produced by 
premix membrane emulsifi cation were rounder in shape, without visible cracks on 
the surface, and no vacuoles on the inside. Oxidation stability tests performed on 
some selected samples indicate that the microcapsules with higher stability are the 
ones produced with a higher amount of wall material and have less surface oil.   

3.3     β-Secretase Inhibitory Activity of Chitosan 
and Its Derivatives 

 The production of chitooligosaccharides (COS) from chitosan is one of the pre-
mium applications of membrane bioreactors in seafood applications. Crustacean 
shells and shellfi sh wastes from seafood processing plants are an attractive source 
of bioactive compounds which could potentially be used in the food and pharma-
ceutical industries (Jayakumar et al.  2010 ; Wang et al.  2005 ). Shells are currently 
utilized for the commercial-scale production of chitin, as well as for the production 
of chitosan and COS. There are two methods for the production of COS: enzymatic 
hydrolysis using chitosanase and chemical hydrolysis using acids (Jeon et al.  2000 ). 
Chemical hydrolysis is relatively harsh and non-selective and, thus, the product 
contains relatively large amounts of impurities, including  d -glucosamine and chito-
san monomers (Horowitz et al.  1957 ). In contrast, enzymatic hydrolysis in a 
 membrane bioreactor has several advantages with regard to product specifi city. 
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Further, the size of the fi nal products can be controlled by the pore size of the 
 membranes used in the membrane bioreactor system. Their fi nal product concentra-
tion of pentamers and hexamers was 2.6 g/L. The membrane bioreactor was more 
effective compared to other systems for the production of COS by the hydrolysis of 
chitosan. Jeon and Kim ( 2000 ) introduced a new system using dual reactors for 
producing COS by combining a column reactor packed with immobilized enzymes 
with a UF membrane bioreactor. 

 A promising application of COS is for treatment of the most common neurode-
generative disorder, Alzheimer’s disease (AD), which generally occurs after 65 years 
of age, with a prevalence of around 2–4 % at age 70 years and ~30–50 % by age 90 
years (LaFerla et al.  2007 ). The pathological hallmark of AD is the deposition of 
senile plaques and neurofi brillary tangles (Agdeppa et al.  2001 ). Senile plaques are 
composed of the β-amyloid (Aβ) peptides, which are cleaved from amyloid precur-
sor proteins (APPs) by proteolytic enzymes such as β- and γ-secretase (Okamura 
et al.  2004 ). In APP proteolysis, it seems that the key enzyme is β-secretase, which 
is also known as β-amyloid cleavage enzyme (BACE-1), since it initiates the forma-
tion of Aβ peptides (Hampel and Shen  2009 ). Moreover, the necessity of proteolytic 
cleavage for Aβ generation suggests the potential therapeutic intervention targets 
using standard protease inhibition approaches (John et al.  2003 ). 

 The inhibition of β-secretase is an attractive target for the treatment of AD. There 
have been some studies on BACE-1 inhibition activities and Aβ formation inhibi-
tion activities of chitosan and its derivatives in the past decade. An investigation of 
the BACE-1 inhibitory activity of COS was done by Byun et al. ( 2005 ). Nine kinds 
of hetero-COS with different degrees of deacetylation and molecular weight were 
prepared by using a UF membrane reactor. The 90, 75, and 50 % deacetylated 
 chitosans were hydrolyzed and fractionated by passing them through three UF 
 membranes of MWCO 10, 5, and 1 kDa. The hetero-COSs were named 
90-HMWCOSs, 75-HMWCOSs, 50-HMWCOSs, 90-MMWCOSs, 75-MMWCOSs, 
50-MMWCOSs, 90-LMWCOSs, 75-LMWCOSs, and 50-LMWCOSs, respectively. 
The 90-MMWCOSs, which are 90 % deacetylated COS with molecular weight 
3–5 kDa, exhibited the highest BACE-1 inhibitory activity (25–42 mM) compared 
to the others. The inhibitor was found to be non-competitive by the Dixon plot, and 
the Ki of 90-MMWCOSs was 3.87–6.47 mM. The study of Byun et al. ( 2005 ) and 
his colleagues indicated that the degree of deacetylation and sulfation at the C-2 
position of COS has an effect on the BACE-1 inhibitory activity. A further amine 
group at the C-2 position was shown to be benefi cial for the BACE-1 inhibitory 
activity. 

 The BACE-1 inhibition activity of chitosan derivatives was also reported by Je 
and Kim ( 2005 ). They prepared chitosan with two degrees of deacetylation (90 % 
and 50 %) and grafted amino functionality into chitosan to improve the solubility 
and bioactivity. Chitosan derivatives were designated as aminoethyl (AE-chitosan) 
(90 %), dimethylaminoethyl (DMAE-chitosan) (90 %), and diethylaminoethyl 
(DEAE- chitosan) (90 %) prepared from 90 % deacetylated chitosan, and AE-chitosan 
(50 %), DMAE-chitosan (50 %), and DEAE-chitosan (50 %) prepared from 50 % 
deacetylated chitosan. The potencies of chitosan derivatives are expressed as an IC 50  
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value, which is the BACE-1 inhibitor concentration leading to 50 % inhibition of the 
BACE-1 activity. AE-chitosan (90 %) shows the strongest inhibitory activity com-
pared to the other derivatives. COS and its derivatives are promising neuroprotec-
tive agents, as they showed neuroprotective properties such as, suppression of 
β-amyloid formation, antineuroinfl ammatory activity, apoptosis inhibitors, etc. Up 
until now, most neuroprotective activities of chitosan and its derivatives have been 
observed in vitro. Therefore, further studies are needed in order to investigate their 
activity in mouse model systems and/or human subjects. In conclusion, these results 
reveal the potential of chitosan and its derivatives as potential therapeutic candi-
dates for neurodegenerative disorders and their involvement in future pharmaceuti-
cals is promising.  

3.4     Fisheries Processing Wastewater 

3.4.1     Concentration of Wastewater by Membranes 

 In the fi sh processing industry, UF is mainly used for fractionation and wastewater 
recovery processes. Chabeaud et al. ( 2009 ) used a UF membrane to improve the 
bioactivity of a pollack protein hydrolysate containing peptides having a size 
smaller than 7 kDa by fractionating or concentrating some specifi c molecular weight 
peptide classes. The wastewaters generated in fi sh processing industries contain a 
large amount of organic load, including typically more than 20 % of fi sh protein, 
and present a pollution problem due to the high biochemical oxygen demand and 
chemical oxygen demand (Chowdhury et al.  2010 ). In the past, these wastewaters 
were usually discharged into the sea without any treatment, but stricter regulations 
are now in place to protect the environment. 

 Wastewater produced from fi sh processing plants is traditionally treated with 
agglutinating or fl occulating materials, but recently, it has also been treated with 
MF, UF, and RO membrane processes. Furthermore, the discovery of potentially 
valuable proteins in the wastewaters in recent years has drawn much attention from 
several researchers to recover the proteins by membrane fi ltration. Concentration 
carried out using a ceramic tubular UF membrane (MWCO = 15 kDa) showed that 
UF reduces the organic load from the fi sh meal wastewaters and allows the recovery 
of valuable raw materials comprising proteins (Afonso and Bόrquez  2002 ). Afonso 
et al. ( 2004 ) assessed the technical and economical feasibility of protein recovery 
from fi sh meal effl uents using membrane UF and NF. They concluded that the inte-
grated process comprising MF pretreatment and UF would enable 69 % recovery of 
proteins, allowing for productivity and revenue increases, in addition to a signifi cant 
reduction of environmental burdens. Therefore, the application of UF in fi sh meal 
effl uents is technically and economically feasible for protein recovery and pollution 
reduction. On the other hand, Lo et a. ( 2005 ) investigated the feasibility of recover-
ing protein from poultry processing wastewater using UF and the optimization of 
processing parameters. The result indicated that almost all crude proteins in poultry 

4 Development of Functional Materials from Seafood By-products by Membrane…



54

processing wastewater were retained, subsequently reducing the chemical oxygen 
demand in the effl uent to less than 200 mg/L. 

 Boiled extracts containing various useful materials are produced from crabs, 
shrimps, squids, fi shes, and shellfi shes in fi sheries processing plants. The boiled 
extracts recovered and concentrated using centrifugation and evaporation in the fi sh-
eries processing contain high salt concentration. The technology for producing 
boiled extracts by UF and RO membranes has been developed for natural seasoning 
products (Kim et al.  1999a ). In producing the low-salt boiled extract from shellfi shes 
by UF and RO membranes, permeate fl ux of boiled extract of shellfi shes by a UF 
membrane is decreased, but that of the boiled extracts treated with enzymes could be 
increased. If boiled extract permeated by a UF membrane is concentrated by an RO 
membrane, the permeate fl ux is decreased with the concentrate ratio, but the gel and 
concentration fraction layer do not appear due to the removal of polymer materials. 
Boiled extract of oyster contains 4 % amino acids and 6 % inorganic salts, and is 
used as a seasoning material because it possesses good fl avor and taste. It is also used 
as a health food due to its contents of taurine, glycogen, various amino acids, and 
nucleic acid. Moisture, protein, ash, and fat as proximate compositions of tuna boiled 
extracts were 59.8, 27.7, 11.6, and 1.0 %, respectively, and its salinity was 15.7 %. 
To improve the nutritional composition of tuna boiled extracts, Kim et al. ( 1999b ) 
removed salts by electrodialysis. Factors studied for their effects on the desalting of 
the tuna boiled extract were concentration, desalting times, pH, and volumes of the 
boiled extract. The removal of salt was affected by concentration and pH, but not by 
the volume of tuna boiled extract. Park et al. ( 2000a ,  b ) also reported that oyster 
boiled extract containing 5 % salt was desalted more than 95 % by electrodialysis.  

3.4.2     Desalination of Wastewater by Electrodialysis Membranes 

 The most widely applied and commercially proven desalination technologies fall 
into two categories of thermal (evaporative) and membrane-based methods. 
Membrane methods are less energy intensive than thermal methods, and since 
energy consumption directly affects the cost-effectiveness and feasibility of using 
desalination technologies, membrane methods such as RO and electrodialysis (ED) 
have attracted great attention lately. Desalination is a process that removes dissolved 
minerals from seawater, brackish water, or treated wastewater. About 71 % of the 
earth’s surface is covered by water, which is in the form of the oceans, seas, and ice 
in the poles. However, only about 3 % of water is fresh and suitable for drinking. 
The water of the oceans and seas is salty and, thus, not directly utilizable. Therefore, 
some special processes are needed in order to desalinate these waters (Mohammadi 
and Kaviani  2003 ). Suitable desalinating methods for the treatment of seawater can 
be effective to overcome the water shortage. ED is one of the methods which have 
been used for many years. ED is an electrochemical process for the separation of 
ions across charged membranes from one solution to another under the infl uence of 
an electrical potential difference used as a driving force. This process has been 
widely used for the production of drinking water and to process wastewater from 
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brackish water and seawater, treatment of industrial effl uents, recovery of useful 
materials from effl uents, and salt production. The basic principles of ED have been 
reviewed in the literature (Ho and Sirkar  1992 ). In a typical ED cell, a series of 
anion and cation exchange membranes are arranged in an alternating pattern between 
an anode and a cathode to form individual cells. When a DC (rectifi er, DC-01, RST 
SPASTELL TRF LSF 0.1) potential is applied between two electrodes, positively 
charged cations move toward the cathode, pass through the negatively charged cat-
ion exchange membrane, and are retained by the positively charged anion exchange 
membrane. On the other hand, negatively charged anions move toward the anode, 
pass through the positively charged anion exchange membrane, and are retained by 
the negatively charged cation exchange membrane. This causes ion concentration 
increases in alternate compartments, with a simultaneous decrease of the ion con-
centration in the other compartments. A schematic view of an ED cell is presented 
in Fig.  4.4 . Sadrzadeh and Mohammadi (2007) suggest that the maximum percent-
age of desalination was obtained at the lowest feed concentration and fl ow rate lev-
els (10,000 ppm and 0.07 mL/s, respectively) and the highest voltage and temperature 
levels (9 V and 55 °C, respectively). It has been found that the simultaneous increase 
in the voltage and temperature as well as decrease in feed concentration and fl ow 
rate optimizes the separation percent. ED was found to be very effective for waste-
water and seawater desalination, specifi cally at lower concentrations.

4          Conclusion 

 Seafood processing by-products and waste materials, as well as underutilized spe-
cies of fi sh, are potential sources of functional and bioactive compounds. A large 
number of bioactive substances can be produced through enzyme-mediated hydro-
lysis. Suitable enzymes and an appropriate bioreactor system are needed in order to 
incubate and transform the raw materials to value-added functional products. 

  Fig. 4.4    Schematic view of 
an electrodialysis cell.  AEM  
anion exchange membrane, 
 CEM  cation exchange 
membrane       
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Membrane technology provides a useful approach to extract, concentrate, separate, 
or fractionate the compounds. The use of membrane bioreactors to integrate a reac-
tion vessel with a membrane separation unit is emerging as a benefi cial method for 
producing bioactive materials such as peptides, chitooligosaccharides, and PUFAs 
from diverse seafood-related by-products. These bioactive compounds from mem-
brane bioreactor technology show diverse biological activities such as antihyperten-
sive, antimicrobial, antitumor, anticoagulant, antioxidant, and radical scavenging 
properties. This review discusses the application of membrane bioreactor technol-
ogy for the production of value-added functional materials from seafood processing 
wastes and their biological activities in relation to health benefi ts.     
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1  Introduction

Annually, over 7.55 million metric tons (M/T) of aquatic products are harvested and 
imported in Korea (Statistics Korea 2012), and they are used as raw material for 
preparing various seafood products, such as frozen foods, dried foods, smoked 
foods, salted foods, canned foods, seasoned foods, surimi seafoods, and salt- 
fermented fish (jeotgal). During the processing of these seafood products, seafood 
processing by-products, such as head, gill, fish frame, viscera, scale, and skin, are 
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generated in a large quantity (approximately more than 50 % based on the whole 
fish) (Je et al. 2007; Kim and Park 2004). These by-products could serve as an 
excellent food resource for extracting taste components (Han et al. 2007; Heu et al. 
2007), muscle (Wendel 1999), minerals (Kim et al. 2003a), enzymes (Ezquerra- 
Brauer et al. 2002; Kishimura et al. 2001), lipids (Kim et al. 1997), and collagen 
(Muyong et al. 2004; Ogawa et al. 2004; Park et al. 2007). However, most seafood 
processing by-products are conventionally used to produce fish meal and fertilizer 
or are directly discharged into estuaries, resulting in environmental pollution (Ciarlo 
et al. 1997). Various challenges must be faced in order to find a way to upgrade the 
processing of by-products to food-grade ingredients.

Jeotgal, the Korean traditional salt-fermented fishery, is usually prepared by the 
addition of salt to freshwater or marine fish, shellfish, crustaceans, and its by- 
products before fermentation (Guan et al. 2011). Among these jeotgal, a part is 
prepared by using seafood processing by-products, such as roe, viscera containing 
stomach and intestine, and gill.

The favorable taste and flavor of the jeotgal using seafood by-products may also 
develop gradually during fermentation by several enzymatic reactions and microbial 
degradation processes. Thus, the jeotgal products are popular for consumption not 
only as side dishes, but also as ingredients in preparing kimchi, because they contain 
relatively high amounts of amino acids, the degradation products of fish protein. If 
the use of seafood processing by-products as resources of jeotgal could be increased, 
it will become a path for the effective use of the processing of by-products.

This chapter will discuss the kinds of seafood by-products as resources of jeot-
gal, classification of jeotgal using seafood by-products (by-product jeotgal), manu-
facturing methods of by-product jeotgal, its microbiological and biochemical 
characterizations, and safety.

2  Classification and Output of Jeotgal

According to the major ingredients and regional preparation methods, more than 
160 kinds of jeotgal are known to exist in Korea, of which about 31 kinds are sold 
commercially (Mah et al. 2002).

2.1  Classification

2.1.1  Classification by Parts and Kinds of Fishery Used

As shown in Table 5.1, the commercial jeotgal can be subdivided into four groups of 
whole-fish jeotgal (17 kinds: anchovy jeotgal, sardine jeotgal, yellow croaker jeotgal, 
bighead croaker jeotgal, squid jeotgal, pearl-spot chromis jeotgal, konoshiro gizzard 
shad jeotgal, dark-banded rockfish jeotgal, scaly hairfin anchovy jeotgal, jack mack-
erel jeotgal, slime flounder jeotgal, big-eyed herring jeotgal, largehead hairtail 
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jeotgal, Japanese sardinella jeotgal, beka squid jeotgal, mitre squid jeotgal, and 
whiparm octopus jeotgal), shellfish jeotgal (six kinds: surf clam jeotgal, hard clam 
jeotgal, oyster jeotgal, Japanese littleneck jeotgal, spiny top shell jeotgal, and vari-
ously colored abalone jeotgal), crustacean jeotgal (three kinds: shrimp jeotgal, fresh 
shrimp jeotgal, and crab pickle in soy sauce), and by-product jeotgal [nine kinds: 
changran jeotgal (salt-fermented intestine and stomach of Alaska pollock), myun-
gran jeotgal (low-salt fermented roe of Alaska pollock), Pacific cod gill jeotgal, sea 
cucumber viscera jeotgal, chub mackerel viscera jeotgal, largehead hairtail viscera 
jeotgal, abalone viscera jeotgal, konoshiro gizzard shad stomach jeotgal (jenoe bam 
jeotgal in Korean), and sea urchin egg jeotgal] according to the type, such as fish, 
shellfish, and crustaceans, and part of fishery used, such as whole fish and its pro-
cessing by-products. Shellfishes are fermented after deshelling, while crustaceans, 
fish, and by-products are fermented without removing the shell or the skin.

2.1.2  Classification by Salinity of Jeotgal

According to the salinity of jeotgal, by-product jeotgal can be subdivided into 
three groups of traditional jeotgal: high-salt jeotgal, of more than 18 % salinity, 
medium- salt jeotgal, with salinity in the range 12–18 %, and low-salt jeotgal of 
less than 12 % salinity (Table 5.2). Among the nine kinds of commercial by-prod-
uct jeotgal, four kinds (Pacific cod gill jeotgal, chub mackerel viscera jeotgal, 
largehead hairtail viscera jeotgal, and konoshiro gizzard shad stomach jeotgal) 

Table 5.1 Classification of salt-fermented fish (jeotgal) by parts and kinds of fishery used

Raw material

Whole fish By-products Mollusks Crustaceans

Anchovy jeotgal Abalone viscera jeotgal Surf clam jeotgal Shrimp jeotgal
Dark-banded rockfish 

jeotgal
Changran jeotgal Japanese littleneck 

jeotgal
Fresh shrimp jeotgal

Japanese sardinella 
jeotgal

Chub mackerel viscera 
jeotgal

Hard clam jeotgal Crab pickle in soy 
sauce

Konoshiro gizzard 
shad jeotgal

Konoshiro gizzard shad 
stomach jeotgal

Oyster jeotgal

Largehead hairtail 
jeotgal

Largehead hairtail 
viscera jeotgal

Variously colored 
abalone jeotgal

Big-eyed herring 
jeotgal

Myungran jeotgal Jacknife clam jeotgal

Pearl-spot chromis 
jeotgal

Pacific cod gill jeotgal Squid jeotgal

Bighead croaker 
jeotgal

Sea cucumber viscera 
jeotgal

Spiny top shell jeotgal

Scaly hairfin anchovy 
jeotgal

Sea urchin egg jeotgal Whiparm octopus 
jeotgal

Slime flounder jeotgal Beka squid jeotgal
Yellow croaker jeotgal Mitre squid jeotgal
Jack mackerel jeotgal

From Lee et al. (1986a), with permission
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belong to the domain of high-salt jeotgal, two kinds (abalone viscera jeotgal and 
sea cucumber viscera jeotgal) belong to that of medium-salt jeotgal, and three 
kinds (changran jeotgal, myungran jeotgal, and sea urchin jeotgal) belong to that 
of low-salt jeotgal.

Sodium chloride is an essential ingredient for preparing jeotgal, contributing not 
only to the flavor, but also to the microbiological stability (Phelps et al. 2006). 
However, changes in consumers’ life styles, who are concerned about the harmful 
effects of a high level of sodium chloride in their diet, motivate the tendency to 
reduce the amount of sodium in food (Llorente Holgado et al. 2007; Lynch 1987). 
In that sense, the consumption of jeotgal, including by-product jeotgal, is limited 
due to the high concentration of salt. Therefore, more research on the development 
of low-salt jeotgal with similar taste and shelf life compared to high-salt jeotgal is 
needed for the wide consumption of jeotgal.

2.2  Output of Jeotgal

In 2011, 27,228 M/T of jeotgal in Korea was produced, which was 2.0 % based on 
the output of seafood products (Fig. 5.1) (Fisheries Information Service 2012). 
Among these commercial jeotgal, the output was highest in anchovy jeotgal 
(10,999 M/T), followed by shrimp jeotgal (4,864 M/T) and those of myungran jeot-
gal (4,643 M/T) and changran jeotgal (522 M/T), which are jeotgal produced using 
seafood processing by-products.

These anchovy and shrimp jeotgal are mainly used for subingredients of kimchi, 
while myungran jeotgal and changran jeotgal are mainly used as side dishes.

3  Kinds of Seafood Processing By-products

As shown in Table 5.3, the seafood processing industry is still producing a large 
quantity of by-products and discards in various processing procedures. These 
include heads, skin, fish frames, viscera, gills, and fish roe. Most seafood processing 
by-products are used to produce animal and aquaculture feed, food ingredients, and 

Table 5.2 Classification of commercial by-product jeotgal by salinity

Salinity of jeotgal

High (more than 18 %) Medium (12–18 %) Low (less than 12 %)

Chub mackerel viscera jeotgal Sea cucumber viscera jeotgal Myungran jeotgal
Largehead hairtail viscera jeotgal Abalone viscera jeotgal Changran jeotgal
Konoshiro gizzard shad stomach jeotgal Sea urchin egg jeotgal
Pacific cod gill jeotgal
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Fig. 5.1 Output of jeotgal in Korea in 2011

Product Byproduct

Yield Product Byproduct Ratio
Surimi processing

Whole fish

Gutting

Whole fish100%

Deheading

Filleting

Mincing

Washing

Refining

Mixing

Surimi

Gutted fish

Headed and gutted

Fillet skin -on

Mince

Washed mince

Refined mince

Surimi

80~85%

60~71%

43~57%

33~49%

17~35%

12~30%

18~36%

Viscera

Heads

Frames

Skin/Bones

Soluble proteins

Connective tissue

Cryoprotectans

15~20%

14~20%

14~17%

8~10%

14~16%

4~6%

0%

0%

Table 5.3 Flow chart for processing Alaska pollock surimi and the mass balance. Processing flow 
of surimi and waste (From Kim and Park (2007), with permission)

novel and value-added products for the nutraceutical, pharmaceutical, and fine 
chemical industries (Shahidi 2007).

However, among these seafood processing by-products, a part of gills, viscera, and fish 
roe is used as raw material for preparing various jeotgal, such as Pacific cod gill jeotgal, 
changran jeotgal, chub mackerel viscera jeotgal, largehead hairtail viscera jeotgal, 
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konoshiro gizzard shad stomach jeotgal, sea cucumber viscera jeotgal, abalone viscera 
jeotgal, myungran jeotgal, and sea urchin roe jeotgal, in Korea, as shown in Table 5.4.

Therefore, one of the efficient uses of seafood by-products will be wide and 
continuous consumption by upgrading the quality of the by-product jeotgal.

4  Processing of By-product Jeotgal

The favorable taste and flavor of by-product jeotgal may also develop gradually dur-
ing fermentation by several enzymatic reactions and microbial degradation pro-
cesses (Lee 1993). There are also differences in the sensory properties on the taste, 
flavor, and color of jeotgal according to the source of the raw materials and the 
processing methods used in the manufacturing process (Kim et al. 1993).

In this section, the processing methods for nine kinds of by-product jeotgal will 
be discussed in detail.

4.1  Viscera Jeotgal

4.1.1  Low-Salt Fermented Intestine and Stomach  
of Alaska Pollock (Changran Jeotgal)

Changran jeotgal is the representative low-salt jeotgal (Jo et al. 2004a, b). It is very 
popular in Japan and other Eastern countries, as well as Korea.

The general processing procedure of changran jeotgal is shown in Fig. 5.2. 
Unlike most processing by-products, changran, which is stomach and intestine of 
Alaska pollock, has been effectively used to produce changran jeotgal. The ratio of 
changran is about 18 % based on the viscera weight (Lee et al. 1997).

For processing changran jeotgal, frozen changran is thawed, washed three times 
with tap water, selected after removing any odd substances, such as bones and para-
sites, and cut into 15 mm length portions. To adjust the final salt content to 8 %, the 
first seasoning is conducted and mixed for 30 min after adding 12 % salt based on 
the weight of the material. The drip water is removed and mixed again for 30 min 
with the addition of sorbitol and monosodium glutamate (MSG).

Table 5.4 Kinds of commercial by-product jeotgal

Raw material

Viscera Roe Gill

Changran jeotgal Myungran jeotgal Pacific cod gill jeotgal
Chub mackerel viscera jeotgal Sea urchin roe jeotgal
Largehead hairtail viscera jeotgal
Konoshiro gizzard shad stomach jeotgal
Sea cucumber viscera jeotgal
Abalone viscera jeotgal
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The seasoned changran is fermented at 0 ± 2°C for 30 days. After aging, starch 
syrup is added and mixed for 30 min, and then stored for 24 h before adding the 
second seasoning (Jo et al. 2003). After 30 min, the final salt content of 8 % is re- 
adjusted. The seasoned changran jeotgal is packed into glass bottles.

The changran jeotgal is characterized by its specific flavor, chewy texture, and 
grayish red color.

Fig. 5.2 General processing procedure of changran jeotgal
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4.1.2   Other Viscera Jeotgal

The general processing procedure of the other viscera jeotgal, such as chub mack-
erel viscera jeotgal, largehead hairtail viscera jeotgal, konoshiro gizzard shad 

Konoshiro gizzard shed stomach Viscera

-- Removed the contents in the parts -------------
   Unapplied in sea cucumber
viscera-Jeotgal and abalone
viscera-Jeotgal

--
Washed with 3% saline solution
and drained

--------------

-- Added 20-25% salt --------------
  Added salt after mixing with
variously coloured abalone or
top shell and abalone viscera
in a ratio of 50:50

-- Mixed --------------

-- Filled in a aging container --------------

-- Covered with some of salt --------------

-- Packed with polyethylene film --------------

-- Aged for 2-4 weeks at 15�C --- --------

  Aged for 1 week in sea
cucumber viscera-Jeotgal and
for 8 weeks in abalone
viscera-Jeotgal at 15�C

Konoshiro gizzard shad stomach-
Jeotgal

Sea cucumber viscera-Jeotgal

Abalone viscera-Jeotgal

Chub mackerel viscera-Jeotgal

Largehead hailtail viscera-Jeotgal

Fig. 5.3 General processing procedure of the other viscera jeotgal
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stomach jeotgal, sea cucumber viscera jeotgal, and abalone viscera jeotgal, except 
for changran jeotgal are shown in Fig. 5.3. Intestine is used as raw material for pre-
paring chub mackerel viscera jeotgal and largehead hairtail viscera jeotgal, stomach 
is used as raw material for preparing konoshiro gizzard shad stomach jeotgal, and 
viscera is used as raw material for preparing sea cucumber viscera jeotgal and aba-
lone viscera jeotgal. Therefore, unlike other by-products, fishery intestine, stomach, 
and viscera are effectively used as resources for preparing various jeotgal.

Except for changran jeotgal, for preparing the other viscera jeotgal, konoshiro 
gizzard shad stomach, chub mackerel viscera, and largehead hairtail viscera are 
pretreated by cutting into pieces and removing the contents in the parts. These inter-
nal organs of sea cucumber viscera and abalone viscera are washed three times with 
tap water and drained before mixing with 25 % salt. But the drained abalone is 
salted after mixing with a same weight of variously colored abalone or spiny top 
shell based on the drained abalone. The top of the internal organs filled in an aging 
container is covered with some quantity of salt and packed with polyethylene film 
to prevent entry by insects before aging for 2–4 weeks in the shade.

The sensory characterizations of the other viscera jeotgal are shown in Table 5.5.

4.2  Roe Jeotgal

4.2.1  Low-Salt Fermented and Seasoned Roe of Alaska Pollock 
(Myungran Jeotgal)

Myeongran jeotgal is a low-salt fermented and seasoned roe of Alaska pollock, 
which is called mentaiko in Japanese. Myeongran jeotgal is used as a common 
ingredient in Japanese and Korean cuisines.

For preparing myeongran jeotgal, the roe is extracted from Alaska pollock and 
separated from the other viscera after heading. It is gently spray washed, sorted, and 
graded. The resultant roe is packed and quickly frozen in a contact plate freezer.

Table 5.5 Sensory characterizations of the other viscera jeotgal

Jeotgal

Sensory item

Color Texture Taste

Chub mackerel viscera jeotgal Grayish-white Chewy texture Specific flavor and salty 
smell

Largehead hairtail viscera 
jeotgal

Gray Soft texture Specific flavor and salty 
smell

Konoshiro gizzard shad stomach 
jeotgal

Dark-brown Chewy texture Salty smell

Sea cucumber viscera jeotgal Yellow-brown Very soft 
texture

Sour and fishy taste

Abalone viscera jeotgal Grayish- brown Soft texture Specific flavor and low salty 
taste
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The most valuable form of myungran jeotgal is whole, matched pairs of skeins, 
defect free, and preferably with the oviduct intact.

The general processing procedure of myungran jeotgal is shown in Fig. 5.4. For 
preparing myeongran jeotgal, frozen myungran (Alaska pollock roe) is thawed, 
washed with 3 % saline, and selected after removing foreign materials. The first 
seasoning is conducted and aged at 0 ± 2°C for 20 ± 5 days before washing and sepa-
rating. The aged myungran jeotgal is reseasoned with water, clear-refined rice wine, 
seasoning from katsuobushi, MSG, red pepper powder, sorbitol, and so on, and 
packed before shipment. The resultant myungran jeotgal may be dyed (mostly red) 
and/or flavored. There are literally dozens of grades of myungran jeotgal, depending 
on the type and degree of the defect.

Myungran jeotgal is characterized by its low salty and sweet taste, and reddish- 
yellow color.

Fig. 5.4 General processing procedure of myungran jeotgal
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4.2.2  Salt-Fermented Sea Urchin Roe (Sea Urchin Roe Jeotgal)

For the preparation of sea urchin roe jeotgal, as shown in Fig. 5.5, the roe is imme-
diately extracted from the sea urchin and removed from the foreign material after 
deshelling. It is gently washed three times with 3 % saline water in a bamboo basket 
and drained in the shade. The resultant roe is salted with 20–30 % salt for more than 
10 h and drained on a bamboo blind before packing in a wooden box. The packed 
roe is aged for 4 weeks in the shade.

Sea urchin roe jeotgal is characterized by its specific flavor, low salty smell, and 
brownish-yellow color.

Raw sea urchin roe

De-shelling

Extracting

Removing the foreign materials

Washing three times with 3% saline water in a bamboo basket

Draining in the shade

Salting with 20-30% salt for more than 10 hrs

Draining on the bamboo blind

Packing in a wooden box

Aging for 4 weeks in the shade

Sea urchin roe-Jeotgal

Fig. 5.5 General processing procedure of sea urchin roe jeotgal
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4.3  Salt-Fermented Pacific Cod Gill (Pacific Cod Gill Jeotgal)

The Pacific cod gill is generated in large quantities from Pacific cod process-
ing factories. It can be used as a raw material for the preparation of Pacific cod 
gill jeotgal.

For the preparation of Pacific cod gill jeotgal as shown in Fig. 5.6, the Pacific cod 
gill generated during Pacific cod processing is thoroughly washed with saline solu-
tion or tap water and cut into 2–3 cm length portions before adding ingredients, as 
shown in Table 5.6. The permeation of salt into the Pacific cod gill is relatively slow. 
To improve this, Pacific cod gill should be mixed well with the subingredients. The 
salted Pacific cod gill is aged at room temperature for 2–3 weeks and packed in a 
wooden box or a metal container with PE film.

The Pacific cod gill jeotgal is characterized by its chewy texture, salty and sweet 
taste, and grayish-red color.

Pacific cod gill

Removing the foreign materials

Washing three times with 3% saline solution or tap water

Cutting into pieces of about 2-3 cm length

Salting with 15-20% salt

Mixing for accelerating salt permeation

Aging at room temperature for 2-3 weeks

Packing in a wooden box or a metal container with PE film

Pacific cod gill-Jeotkal.

Fig. 5.6 General processing procedure of Pacific cod gill jeotgal
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5  Microbiological Characterization of By-product Jeotgal

Seafood products containing jeotgal are fermented by bacteria better than by molds 
and yeasts, unlike in most Asian countries, where fermented agricultural products 
are mainly fermented by yeasts or molds (Lee 1993; Shinano et al. 1975). These 
reports suggest that, regardless of salinity, jeotgal are significantly affected by pro-
teolytic enzymes produced by the microorganisms distributed in the fishery muscle, 
viscera, and roe, because fish, shellfish, and crustaceans contain more than 70 % 
based on the dry weight (Lee 1993).

The number of total viable cells of by-product jeotgal varies depending on the 
raw materials, salt concentration, temperature, and fermentation period.

The total cell numbers reached 103–105 CFU/g in high-salt jeotgal, while it 
reached 107 CFU/g in low-salt jeotgal (Mheen 1993).

Cha et al. (1983) studied the changes in the viable counts of high-salt traditional 
jeotgal with 20 % salt and low-salt jeotgal with 8 % salt, which was prepared with 
the addition of 0.02 % butylated hydroxyanisole (BHA), 0.5 % lactic acid, 6 % 
sorbitol, and 6 % ethyl alcohol. In their results, the numbers of viable cells in the 
traditional jeotgal and low-salt jeotgal after a 60-day fermentation reached 5.0 × 106 
(CFU/g) and 8.0 × 103 (CFU/g), respectively. These results suggest that the growth 
of microorganisms was restrained by alcohol, which was added to improve the fla-
vor (Uno 1974). Kochi and Hata (1964) also reported that the total viable count in 
sea urchin egg jeotgal added with alcohol, which is a kind of low-salt jeotgal, was 
8.0 × 102 (CFU/g) after a 60-day fermentation and alcohol used could restrain the 
growth of yeasts, which could diminish the quality of these jeotgal (Lee 1993). Cha 
et al.(1983) also reported that, during the fermentation of sardine jeotgal, 46 repre-
sentative bacteria from seven species and two yeasts from one species were iso-
lated, and most of them were identified to be facultative anaerobes, being 
catalase- and oxidase-positive (Lee 1993). Mheen (1993) also reported that ten gen-
era of bacteria, Achromobacter, Bacillus, Brevibacterium, Flavobacterium, 
Halobacterium, Leuconostoc, Micrococcus, Pediococcus, Pseudomonas, and 
Sarcina, and two genera of yeast, Saccharomyces and Torulopsis, were isolated and 
identified from seven kinds of jeotgal, shrimp jeotgal, anchovy jeotgal, sardine jeot-
gal, clam jeotgal, yellow corvenia jeotgal, cuttlefish jeotgal, and oyster jeotgal.

These results suggest that high salt tolerance bacteria are dominant in the tradi-
tional jeotgal, while halophile bacteria (which grow well in 3–7 % salt) are pre-
dominant in the low-salt jeotgal.

Table 5.6 Ratios of the subingredients for preparing Pacific cod gill jeotgal

Ingredient Ratio (%) Ingredient Ratio (%)

Pacific cod gill 80.0 Sugar 2.0
Salt 8.0 d-sorbitol 1.5
Powdered red pepper 4.5 MSGa 0.5
Garlic 2.0 Lactic acid 0.2
aMSG monosodium glutamate
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6  Biochemical Characterization and Shelf Life  
of By-product Jeotgal

6.1  Viscera Jeotgal

6.1.1  Low-Salt Fermented Intestine and Stomach  
of Alaska Pollock (Changran Jeotgal)

• Nutritional characterization: The moisture content of changran jeotgal is 64.3 %, 
which is lower than that of raw changran (80.9 %) (Table 5.7). The other proxi-
mate compositions of changran jeotgal are 12.9 % crude protein, 3.2 % crude 
lipid, 11.4 % ash, and 8.2 % carbohydrate, which are higher than those of raw 
changran (11.5 % crude protein, 2.2 % crude lipid, 5.2 % ash, and 0.2 % carbo-
hydrate). These changes in the proximate composition between raw changran 
and its jeotgal may be due to the effect of salt, sorbitol, and sugar used for the 
seasoning of the final product (Chae 2011; Park et al. 1998).

• Taste characterization: The trichloroacetic acid (TCA)-soluble nitrogen compo-
nents, on which specific tastes of seafoods relied, are defined as water-soluble, 
low molecular weight components, with the exception of minerals, vitamins, and 
pigments, and classified into two groups; that is, nitrogenous compounds, such 
as free and combined amino acids, ATP and its related compounds, organic 
bases, and so on, and non-nitrogenous compounds, such as sugars and organic 
acids (Fuke 1994).

The free amino acid nitrogen (FAA-N), ATP and its related compound-N, total 
creatinine-N, betaine-N, trimethylamine oxide nitrogen (TMAO-N), and trimeth-
ylamine nitrogen (TMA-N) contents of changran jeotgal are 1,436.2 mg/100 g, 
45.2 mg/100 g, 62.0 mg/100 g, 26.0 mg/100 g, 129.0 mg/100 g, and 6.0 mg/100 g, 
respectively (Fig. 5.7). According to the results of the nitrogenous compound 
content of changran jeotgal, FAA-N is a major nitrogenous component of chan-
gran jeotgal.

In general, FAAs are the most important components influencing the taste of 
jeotgal. The total content of FAAs of changran jeotgal is 1,436.23 (mg/100 g of 
jeotgal) (Table 5.8). From the concentration, more than 9 % of FAAs in changran 
jeotgal are of two kinds, arginine (142.09 mg/100 g, 9.9 %) and glutamic acid 
(281.60 mg/100 g, 19.6 %).

The total taste value of changran jeotgal is 104.12. Among FAA, aspartic 
acid (35.03) and glutamic acid (56.32) have the highest taste values calculated 
from the ratio of amino acid content to the taste threshold (Table 5.8) (Kato 
et al. 1989). According to these results, one may conclude that the taste of 
changran jeotgal is influenced by glutamic acid for umami and by aspartic acid 
for sweetness.

• Shelf life: These changran jeotgal can be stored for more than 6 months at 5°C.
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Table 5.7 Proximate composition of raw changran and changran jeotgal

Changran

Proximate composition (g/100 g)

Moisture Crude protein Crude lipid Carbohydrate Ash

Rawa 80.9 11.5 2.2 0.2 5.2
Jeotgalb 64.3 12.9 3.2 8.2 11.4
aSource:  data from Kim and Kim (1990), with permission
bSource: data from the National Rural Resources Development Institute (2007)
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Fig. 5.7 Nitrogenous compound content of changran jeotgal

Table 5.8 Free amino acid (FAA) content and taste value of changran jeotgal

Amino acid Taste threshold (g/dL)a

Changran jeotgal

FAA content (mg/100 g)d Taste valuec

Lys 0.050 86.18 (6.0)b 1.72
His 0.020 20.85 (1.5) 1.04
Arg 0.050 142.09 (9.9) 2.84
Asp 0.003 105.09 (7.3) 35.03
Thr 0.260 61.11 (4.3) 0.24
Ser 0.150 66.59 (4.6) 0.44
Glu 0.005 281.60 (19.6) 56.32
Pro 0.300 61.88 (4.3) 0.21
Gly 0.130 41.17 (2.9) 0.32
Ala 0.060 85.94 (6.0) 1.43
Cys – 8.86 (0.6) –
Val 0.140 72.69 (5.1) 0.52
Met 0.030 51.45 (3.6) 1.72
Ile 0.090 67.10 (4.7) 0.75
Leu 0.190 116.62 (8.1) 0.61
Tyr – 83.27 (5.8) –
Phe 0.090 83.74 (5.8) 0.93
Total – 1,436.23 (100.1) 104.12
aSource: data from Kato et al. (1989), with permission
bValues in parentheses represent FAA composition (g/100 g of the total amino acid)
cTaste values are calculated as FAA concentration/taste threshold
dSource: data from Kang et al. (2000), with permission
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6.1.2  Salt-Fermented Chub Mackerel Viscera  
(Chub Mackerel Viscera Jeotgal)

• Nutritional characterization: In a study on the salt-fermented fish in Korea, Lee 
et al. (1987) reported that the proximate composition of chub mackerel viscera 
jeotgal is 60.9 % moisture, 14.8 % protein, 5.3 % lipid, and 18.9 % ash.

The salinity is 20 %, which is similar to that of other fish jeotgal, such as myun-
gran jeotgal, changran jeotgal, anchovy jeotgal, and shrimp jeotgal, which are popu-
lar salt-fermented fish in Korea.

• Shelf life: These chub mackerel viscera jeotgal can be stored for more than 
8 months at 5°C.

6.1.3  Salt-Fermented Largehead Hairtail Viscera  
(Largehead Hairtail Viscera Jeotgal)

• Nutritional characterization: The moisture content of largehead hairtail viscera 
jeotgal is 64.8 %, which is lower than that of raw largehead hairtail (75.4 %) 
(Table 5.9). The other proximate compositions of largehead hairtail viscera jeot-
gal are 12.8 % crude protein, 1.2 % crude lipid, and 20.1 % ash, which are higher 
in ash (1.4 %) and lower in crude protein (18.6 %) and crude lipid (2.4 %) than 
those of raw largehead hairtail. The differences in the proximate compositions 
between raw material and salt-fermented largehead hairtail viscera jeotgal may 
be due to the effect of the high salt content used for salting (Lee et al. 1987).

The salinity of largehead hairtail viscera jeotgal is 19.5 %, which is similar to 
that of whole-fish jeotgal, such as anchovy jeotgal and shrimp jeotgal, which are 
popular salt-fermented fish in Korea.

Twenty-two different types of fatty acids are detected in largehead hairtail vis-
cera jeotgal (Table 5.10). Monoenoic acid showed the highest level (38.8 %), fol-
lowed by polyenoic acid (31.8 %) and saturated acid (29.6 %), in that order. 
Prominent fatty acids of largehead hairtail viscera jeotgal are 16:0 (17.1 %), 18:1 
(28.8 %), and 22:6 (14.2 %), accounting for approximately 60.1 % of the total fatty 
acids. These prominent fatty acids of largehead hairtail viscera jeotgal are similar to 
those of fish (Statistics Korea 2012). By these results, the lipids in largehead hairtail 
viscera jeotgal have significantly higher levels of n-3 long-chain polyunsaturated 
fatty acids, such as docosahexaenoic acid (DHA, 22:6n-3), which are associated 
with reduced risk of geriatric and cardiovascular disorders and certain forms of 
cancer. In the sense of fatty acid composition, largehead hairtail viscera jeotgal is 
considered to be a form of healthy food.

• Taste characterization: In general, FAAs are the most important components 
influencing the taste of jeotgal. The total content of FAA (expressed by moisture 
and salt-free basis) in the largehead hairtail viscera jeotgal is 3,284.9 mg/100 g, 
which is 3.15 times higher than that of raw material (1,041.3 mg/100 g) 
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(Table 5.11). From the concentration, more than 10 % of FAA in the largehead 
hairtail viscera jeotgal are of two kinds, proline (366.4 mg/100 g, 12.4 %) and 
alanine (321.1 mg/100 g, 11.6 %) and leucine (329.3 mg/100 g, 11.5 %), which 
are different from those of raw material [lysine (120.7 mg/100 g, 11.6 %), aspar-
tic acid (120.3 mg/100 g, 11.6 %), and alanine (150.3 mg/100 g, 14.4 %)].

The total taste value, which is calculated from the ratio of amino acid content to the 
taste threshold, of the largehead hairtail viscera jeotgal is 120.78, which is 2.03 times 
higher than that of raw largehead hairtail viscera (59.37) (Table 5.11) (Kato et al. 
1989). Among FAAs of the largehead hairtail viscera jeotgal, the taste value is higher 
in aspartic acid (40.10) and glutamic acid (48.06) than in the other amino acids.

ATP and its related compound contents, expressed as μmole/g dry weight, of the 
largehead hairtail viscera jeotgal and its raw materials are 0.17 μmole/g and 
0.24 μmole/g, respectively, for ATP, 0.66 μmole/g and 1.14 μmole/g, respectively, for 
ADP, 0.82 μmole/g and 1.02 μmole/g, respectively, for AMP, 1.34 μmole/g and 
1.19 μmole/g, respectively, for IMP, 0.04 μmole/g and 0.08 μmole/g, respectively, for 
inosine, and 5.00 μmole/g and 1.19 μmole/g, respectively, for hypoxanthine (Fig. 5.8).

According to the results, the largehead hairtail viscera jeotgal is the highest in 
hypoxanthine. These results are probably because of the ATP decomposition path-
way, which is ATP → ADP → AMP → IMP → inosine → hypoxanthine, and the accu-
mulation of hypoxanthine (Lee et al. 1987).

• Shelf life: The largehead hairtail viscera jeotgal can be stored for more than 
8 months at 15°C.

Table 5.9 Proximate composition of raw material and product of largehead hairtail viscera jeotgal

Largehead hairtail viscera

Proximate composition (%)

Salinity (%)Moisture Crude protein Crude lipid Crude ash

Raw 75.4 18.6 2.4  1.4  0.7
Jeotgal 64.8 12.8 1.2 20.1 19.5

Source: data from Kim and Park (1984), with permission

Table 5.10 Fatty acid composition of largehead hairtail viscera jeotgal

Saturated acid Area % Monoenoic acid Area % Polyenoic acid Area %

12:0 0.1 16:1 8.8 18:2 2.9
14:0 4.3 18:1 28.8 18:3 2.3
15:0 0.9 20:1 0.9 18:4 0.2
16:0 17.1 22:1 0.3 20:2 0.2
17:0 1.3 Total 38.8 20:4 2.4
18:0 4.6 20:5 5.2
20:0 0.5 22:2 1.5
22:0 0.8 22:4 0.8
Total 29.6 22:5 2.1

22:6 14.2
Total 31.8

Source: data from Lee et al. (1986b)
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Table 5.11 Free amino acid content and taste value of largehead hairtail viscera jeotgal (moisture 
and salt-free basis)

Amino acid
Taste threshold 
(g/dL)a

FAA content (mg/100 g) Taste valuec

Raw material
Salted- 
fermentedd Raw material

Salted- 
fermented

Lys 0.050 120.7 (11.6)b 210.18 (9.3) 2.41 4.20
His 0.020 24.2 (2.32) 98.2 (3.0) 1.21 4.91
Arg 0.050 1.2 (0.1) 21.3 (1.6) 0.02 0.43
Asp 0.003 120.3 (11.6) 120.3 (3.6) 40.10 40.10
Thr 0.260 60.1 (5.8) 180.3 (4.8) 0.23 0.69
Ser 0.150 40.9 (3.9) 159.3 (4.7) 0.27 1.06
Glu 0.005 40.9 (3.9) 240.3 (6.9) 8.18 48.06
Pro 0.300 60.3 (5.8) 366.4 (12.4) 0.20 1.22
Gly 0.130 55.1 (5.3) 293.2 (9.0) 0.42 2.26
Ala 0.060 150.3 (14.4) 321.1 (11.6) 2.51 5.35
Cys – Trace (trace) 30.41 (1.8)
Val 0.140 69.9 (5.8) 270.41 (8.6) 0.50 1.93
Met 0.030 42.4 (4.1) 121.3 (3.6) 1.41 4.04
Ile 0.090 50.7 (4.9) 170.3 (5.6) 0.56 1.89
Leu 0.190 95.1 (9.1) 329.3 (11.5) 0.50 1.73
Tyr – 42.8 (4.1) 92.3 (3.7)
Phe 0.090 75.3 (7.2) 260.3 (7.2) 0.84 2.89
Total – 1,041.3 (100.0) 3,284.9 (100.0) 59.37 120.78
aSource: data from Kato et al. (1989), with permission
bValues in parentheses represent FAA composition (g/100 g of the total amino acid)
cTaste values are calculated as FAA concentration/taste threshold
dSource: data from Kim and Park (1984), with permission
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6.1.4  Salt-Fermented Konoshiro Gizzard Shad Stomach  
(Konoshiro Gizzard Shad Stomach jeotgal)

• Nutritional characterization: The moisture content of konoshiro gizzard shad 
stomach jeotgal is 59.1 %, which is lower than that of raw material (76.0 %) 
(Table 5.12).

The other proximate compositions of konoshiro gizzard shad stomach jeotgal are 
12.6 % crude protein, 1.3 % crude lipid, and 21.2 % ash, which are lower than crude 
protein (11.5 %) and crude lipid,(2.2 %) of raw material, but higher than ash (5.2 %). 
The results may be due to the effect of salt added for prolonging shelf life. The 
salinity of konoshiro gizzard shad stomach jeotgal is 22.4 %.

Twenty-two kinds of fatty acids were detected in konoshiro gizzard shad stomach 
jeotgal (Table 5.13). The monoenoic acid showed the highest level (36.2 %), fol-
lowed by saturated acid (36.0 %) and polyenoic acid (27.9 %), in that order. Prominent 
fatty acids of konoshiro gizzard shad stomach jeotgal are 16:0 (20.5 %), 16:1 (9.2 %), 
18:1 (23.4 %), 20:5 (10.1 %), and 22:6 (8.3 %), accounting for approximately 71.5 % 
of the total fatty acids. These prominent fatty acids of konoshiro gizzard shad 
 stomach jeotgal are similar to those of fish (Statistics Korea 2012). By these results, 
the lipids in konoshiro gizzard shad stomach jeotgal have significantly higher  
levels of n-3 long-chain polyunsaturated fatty acids, such as eicosapentaenoic acid 
(EPA, 20:5) and docosahexaenoic acid (DHA, 22:6n-3), which are associated with 
reduced risk of geriatric and cardiovascular disorders and certain forms of cancer.  

Table 5.12 Proximate composition of konoshiro gizzard shad stomach jeotgal

Konoshiro gizzard shad 
stomach

Proximate composition (%)

Salinity (%)Moisture Crude protein Crude lipid Ash

Raw 76.0 15.1 2.2 2.1 1.1
Jeotgal 59.1 12.6 1.3 21.2 22.4

Source: data from Kim and Kim (1990), with permission

Table 5.13 Fatty acid composition of konoshiro gizzard shad stomach jeotgal

Saturated acid Area % Monoenoic acid Area % Polyenoic acid Area %

12:0 – 16:1 9.2 18:2 2.2
14:0 6.6 17:1 1.5 18:3 2.1
15:0 0.7 18:1 23.4 18:4 0.1
16:0 20.5 20:1 2.1 20:2 0.2
17:0 1.0 22:1 Trace 20:4 1.9
18:0 6.1 Total 36.2 20:5 10.1
20:0 0.5 22:2 1.0
22:0 0.6 22:4 0.3
Total 36.0 22:5 1.7

22:6 8.3
Total 27.9

Source: data from Lee et al. (1986b), with permission

5 Processing and Characterization of Salt-Fermented Fish (Jeotgal) Using Seafood…



82

In the sense of fatty acid composition, konoshiro gizzard shad stomach jeotgal is 
considered to be a form of healthy food.

• Taste characterization: The TCA-soluble nitrogen content of konoshiro gizzard 
shad stomach jeotgal is 7,996.6 mg/100 g, which is 3.54 times higher than that 
(2,261.0 mg/100 g) of raw material (Fig. 5.9). The contents of FAA-N, TMAO-N, 
TMA-N, and betaine-N, which are composed of TCA-soluble nitrogen, 
konoshiro gizzard shad stomach jeotgal, are 5,636.8 mg/100 g, 23.8 mg/100 g, 
53.5 mg/100 g, and 13.4 mg/100 g, respectively. Among the TCA-soluble nitro-
gen components, the FAA-N, TMA-N, and betaine-N contents of konoshiro giz-
zard shad stomach jeotgal are higher than those (625.6 mg/100 g, 41.8 mg/100 g 
and 3.0 mg/100 g) of raw material, while the TMAO-N content of konoshiro 
gizzard shad stomach jeotgal is lower. The low content of TMAO-N in konoshiro 
gizzard shad stomach jeotgal is probably because TMA-N is mainly formed 
through the bacterial decomposition of TMAO-N (Arason 1994). These results 
suggest that the taste of konoshiro gizzard shad stomach jeotgal enriches by 
fermentation.

Adenosine triphosphate (ATP) and its related compound contents, expressed as 
μmole/g dry weight, of konoshiro gizzard shad stomach jeotgal are 0.12 μmole/g for 
ATP, 0.73 μmole/g for adenosine diphosphate (ADP), 1.16 μmole/g for adenosine 
monophosphate (AMP), 0.88 μmole/g for IMP, 0.52 μmole/g for inosine, and 
7.17 μmole/g for hypoxanthine (Fig. 5.10). Among ATP and its related compounds, 
which are major taste compounds, konoshiro gizzard shad stomach jeotgal is higher 
in inosine and hypoxanthine contents than raw material (0.18 μmole/g for ATP, 
1.10 μmole/g for ADP, 1.38 μmole/g for AMP, 1.07 μmole/g for IMP, 0.27 μmole/g 
for inosine, and 3.57 μmole/g for hypoxanthine), while it is lower in the other ATP 
and its related compounds. These results are probably because of the ATP decom-
position pathway, which is ATP → ADP → AMP → IMP → inosine → hypoxanthine, 
and the accumulation of hypoxanthine (Lee et al. 1987).
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In general, FAAs are the most important components influencing the taste of 
jeotgal. The total content of FAA of konoshiro gizzard shad stomach jeotgal is 
39,013.1 (mg/100 g of jeotgal), which is 8.80 times higher than that of raw material 
(4,433.6 mg/100 g) (Table 5.14).

7.17
3.57

0.27

1.07

1.38

0.18
0.12

0.73

1.16

0.88

0.52

1.10

0 2 4 6 8 10

Hypoxanthine

Inosine

IMP

AMP

ADP

ATP

ATP and its related compounds (µmole/g, moisture and salt free basis)

Raw material

Jeotkal

Fig. 5.10 ATP and its related compounds content of raw material and product of konoshiro giz-
zard shad stomach jeotgal

Table 5.14 Free amino acid content and taste value of raw material and product of konoshiro 
gizzard shad stomach jeotgal

Amino acid

Taste 
threshold  
(g/dL)a

Raw material Jeotgal

FAA content 
(mg/100 g)

Taste 
valuec

FAA content 
(mg/100 g) Taste value

Lys 0.050 826.5 (18.7)b 16.53 6,457.6 (16.1) 129.15
His 0.020 124.7 (2.8) 6.24 904.3 (2.3) 45.22
Arg 0.050 28.3 (0.6) 0.57 1,962.4 (4.9) 39.25
Asp 0.003 161.3 (3.6) 53.77 654.4 (1.6) 218.13
Thr 0.260 329.3 (7.4) 1.27 2,278.0 (5.7) 8.76
Ser 0.150 327.6 (7.4) 2.18 2,296.2 (5.7) 15.31
Glu 0.005 617.0 (13.9) 123.40 3,613.2 (9.0) 722.64
Pro 0.300 Trace – – 724.3 (1.8) 2.41
Gly 0.130 294.4 (6.7) 2.26 1,406.0 (3.5) 10.82
Ala 0.060 474.0 (10.7) 7.90 2,346.7 (5.9) 39.11
Cys – Trace – – 242.8 (0.6) –
Val 0.140 497.3 (11.2) 3.55 2,985.4 (10.0) 21.32
Met 0.030 169.6 (3.8) 5.65 3,010.3 (7.5) 100.34
Ile 0.090 116.4 (2.6) 1.29 3,799.3 (9.5) 42.21
Leu 0.190 304.3 (6.9) 1.60 3,463.5 (8.7) 18.23
Tyr – 74.8 (1.7) – 1,420.2 (3.6) –
Phe 0.090 88.1 (2.0) 0.98 1,448.5 (3.6) 16.09
Total – 4,433.6 (100) 227.19 39,013.1 (100) 1,428.99
aSource: data from Kato et al. (1989), with permission
bValues in parentheses represent FAA composition (g/100 g of the total amino acid)
cTaste values are calculated as FAA concentration/taste threshold
Source: data from Kim and Kim (1990), with permission
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These results suggest that combined amino acids convert into FAAs by the action 
of various enzymes. From the concentration, more than 10 % of FAA in konoshiro 
gizzard shad stomach jeotgal are of two kinds, lysine (6,457.6 mg/100 g, 16.1 %) 
and valine (2,985.4 mg/100 g, 10.0 %), which are different from those of raw mate-
rial [lysine (826.5 mg/100 g, 18.7 %), glutamic acid (617.0 mg/100 g, 13.9 %), 
alanine (474.0 mg/100 g, 10.7 %), and valine (497.3 mg/100 g, 11.2 %)].

The other FAA contents of konoshiro gizzard shad stomach jeotgal as well as the 
major FAAs are also higher than those of raw material.

The total taste value of the konoshiro gizzard shad stomach jeotgal is 1,428.99, 
which is 6.29 times higher than that of 227.19. Among FAAs, lysine (129.15), 
aspartic acid (218.13), glutamic acid (722.64), and methionine (100.34) have the 
highest taste values calculated from the ratio of amino acid content to the taste 
threshold (Table 5.14) (Kato et al. 1989). According to these results, one may con-
clude that the taste of konoshiro gizzard shad stomach jeotgal is influenced by glu-
tamic acid for umami and by aspartic acid for sweetness.

• Shelf life: The konoshiro gizzard shad stomach jeotgal can be stored for more 
than 6 months at 5°C.

6.1.5  Salt-Fermented Sea Cucumber Viscera  
(Sea Cucumber Viscera Jeotgal)

• Nutritional characterization: The proximate composition of sea cucumber vis-
cera jeotgal is 76.5 % moisture, 9.3 % protein, 1.3 % lipid, and 12.4 % ash 
(Table 5.15). Among these proximate compositions of sea cucumber viscera 
jeotgal, the moisture content is higher than that of other jeotgal, such as myun-
gran jeotgal, changran jeotgal, anchovy jeotgal, and shrimp jeotgal, which are 
popular jeotgal in Korea, while the other proximate compositions are lower. 
These results are probably because of the difference in the ratio of salt added for 
preparing sea cucumber viscera jeotgal.

Calcium and phosphorus concentrations of sea cucumber viscera jeotgal are 
75 mg/100 g and 112 mg/100 g, respectively, which is higher in calcium and lower 
in phosphorus than that of pork rib (12.0 mg/100 g and 196.0 mg/100 g, respec-
tively) (Table 5.15) (Guan et al. 2011). The ratio of calcium to phosphorus of sea 
cucumber viscera jeotgal is 1:1.49. In general, the absorption of calcium is limited 
(10–40 %) in adults. High amounts of phosphorus are thought to decrease calcium 
availability. Although the recommend ratio of dietary calcium to phosphorus is 
1:2–2:1, most people consume considerably more phosphorus. In that sense, sea 
cucumber viscera jeotgal is thought to be an excellent source for calcium in the diet. 
The dietary reference intakes for Korean adults for calcium and phosphorus are in 
the ranges of 650–750 mg/day and 700 mg/day, respectively (Guan et al. 2011).

• Taste characterization: The TCA-soluble nitrogen content of sea cucumber vis-
cera jeotgal, expressed as moisture and salt-free basis, is 7,184 mg/100 g, which 
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is 9.33 times higher than that (770 mg/100 g) of raw material (Table 5.16). These 
results suggest that the taste of sea cucumber viscera jeotgal enriches by fermen-
tation process. The FAA-N, TMAO-N, TMA-N, and betaine-N contents, 
expressed as moisture and salt-free basis, of sea cucumber viscera jeotgal are 
5,146 mg/100 g, 35.7 mg/100 g, 32.6 mg/100 g, and 34.2 mg/100 g, respectively. 
Among the TCA-soluble nitrogen components, the FAA-N and TMA-N contents 
of sea cucumber viscera jeotgal are higher than those (773.8 mg/100 g and 
25.4 mg/100 g) of raw material, while TMAO-N and betaine-N of sea cucumber 
viscera jeotgal is lower. The low content of TMAO-N in sea cucumber viscera 
jeotgal is probably because TMA-N is mainly formed through the bacterial 
decomposition of TMAO-N (Arason 1994).

Adenosine triphosphate (ATP) and its related compound contents, expressed as 
μmole/g dry weight, of sea cucumber viscera jeotgal are 3.4 μmole/g for CMP, 
25.3 μmole/g for UMP, 3.3 μmole/g for IMP, 62.5 μmole/g for hypoxanthine, 
10.1 μmole/g for uridine, and trace for AMP (Fig. 5.11). Regardless of the kinds of 
ATP and its related compounds, the ATP and its related compounds contents of sea 
cucumber viscera jeotgal are higher than those of raw material (1.1 μmole/g for 
CMP, 6.4 μmole/g for UMP, 1.6 μmole/g for IMP, 7.6 μmole/g for hypoxanthine, 
1.0 μmole/g for uridine, and 3.6 μmole/g for AMP). Among ATP and its related 
compounds of sea cucumber viscera jeotgal, hypoxanthine is the dominant one.

In general, FAAs are the most important components influencing the taste of 
jeotgal. The total content of FAA of sea cucumber viscera jeotgal, expressed as 
mg/100 g, moisture, and salt-free basis, is 22,537.5 mg/100 g, which is 3.97 times 
higher than that of raw material (5,680.6 mg/100 g) (Table 5.17). These results sug-
gest that combined TCA-soluble compounds convert into free TCA-soluble com-
pounds by the action of various enzymes. From the concentration of FAA in sea 
cucumber viscera jeotgal, the major FAAs are of two kinds, lysine (2,825.8 mg/100 g, 
12.5 %) and glutamic acid (3,886.5 mg/100 g, 17.2 %), which are different from 

Table 5.15 Proximate composition and mineral content of sea cucumber viscera jeotgal

Proximate composition (%) Mineral (mg/100 g)

Moisture Crude protein Crude lipid Ash Ca P
76.5 9.3 1.3 12.4 75 112

Source: data from Kim and Kim (1990), with permission

Table 5.16 Nitrogenous compound content of raw material and product of sea cucumber viscera 
jeotgal

Sea cucumber 
viscera

Nitrogenous compound (mg/100 g, moisture and salt-free base)

Trichloroacetic 
acid-soluble-N

Free amino 
acid-N TMAO-N TMA- N Betaine-N

Raw 770.0 773.8 40.1 25.4 545.0
Jeotgal 7,184.0 5,146.0 35.7 32.6 34.2

Source: data from Kim and Kim (1990), with permission
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those of raw material (serine 1,829.0 mg/100 g and 32.2 %, glutamic acid 
1,721.6 mg/100 g and 30.3 %, and alanine 874.2 mg/100 g and 15.4 %). Except for 
serine, the other FAA contents of jeotgal as well as the major amino acids are also 
higher than those of raw material.
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Table 5.17 Free amino acid (FAA) content and taste value of raw material and product of sea 
cucumber viscera jeotgal (moisture and salt-free basis)

Amino acid

Taste 
threshold 
(g/dL)a

Raw material Jeotgal

FAA content 
(mg/100 g)

Taste 
valuec

FAA content 
(mg/100 g) Taste value

Lys 0.050 236.4 (4.2)b 4.73 2,825.8 (12.5) 56.52
His 0.020 53.5 (0.9) 2.68 824.5 (3.7) 41.23
Arg 0.050 240.9 (4.2) 4.82 2,069.3 (9.2) 41.39
Asp 0.003 – – – – – –
Thr 0.260 245.3 (4.3) 0.94 1,420.9 (6.3) 5.47
Ser 0.150 1,829.0 (32.2) 12.19 1,408.9 (6.3) 9.39
Glu 0.005 1,721.6 (30.3) 344.32 3,886.5 (17.2) 777.3
Pro 0.300 – – – – – –
Gly 0.130 – – – – – –
Ala 0.060 874.2 (15.4) 14.57 2,157.4 (9.6) 35.96
Cys – Trace – – 64.0 (0.3) –
Val 0.140 111.5 (2.0) 0.80 1,172.8 (5.2) 8.38
Met 0.030 84.7 (1.5) 2.82 860.6 (3.8) 28.69
Ile 0.090 89.2 (1.6) 0.99 1,323.9 (5.9) 14.71
Leu 0.190 120.4 (2.1) 0.63 2,129.4 (9.4) 11.21
Tyr – 62.4 (1.1) – 1,140.7 (5.1) –
Phe 0.090 11.5 (0.2) 0.13 1,252.8 (5.6) 13.92
Total – 5,680.6 (100) 389.62 22,537.5 (100.1) 1,044.17
aSource: data from Kato et al. (1989), with permission
bValues in parentheses represent FAA composition (g/100 g of the total amino acid)
cTaste values are calculated as FAA concentration/taste threshold
Source: data from Kim and Kim (1990), with permission
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The total taste value of sea cucumber viscera jeotgal is 1,044.17, which is 2.68 
times higher than that of 389.62. Among the various FAAs of sea cucumber viscera 
jeotgal, glutamic acid (777.3) has the highest taste values calculated from the ratio 
of amino acid content to the taste threshold (Table 5.17) (Kato et al. 1989). 
According to these results, one may conclude that the taste of sea cucumber viscera 
jeotgal is influenced by glutamic acid for umami (Heu et al. 2003; Kim et al. 2003b).

Free sugar of sea cucumber viscera jeotgal is detected as five kinds: xylose, arab-
inose, fructose, glucose, and galactose, and their contents are 77.1 mg%, 78.6 mg%, 
27.5 mg%, trace, and 988.0 mg% (Table 5.18). Regardless of the kinds of free sugar 
detected, their contents of sea cucumber viscera jeotgal are higher than those of raw 
material (41.7 mg% for xylose, 38.6 mg% for arabinose, trace for fructose, trace for 
glucose, and 238.3 mg% for galactose). According to the results of free sugar, 
galactose is the dominant free sugar in sea cucumber viscera jeotgal.

6.1.6 Salt-Fermented Abalone Viscera (Abalone Viscera Jeotgal)

• Nutritional characterization: The proximate composition of abalone viscera 
jeotgal is 66.0 % moisture, 12.2 % protein, 4.8 % lipid, and 16.0 % ash 
(Table 5.19). The moisture content of abalone viscera jeotgal is higher than that 
of other salt-fermented fish, such as changran jeotgal (64.3 %), shrimp jeotgal 
(58.4 %) (National Rural Resources Development Institute 2007), and anchovy 
jeotgal (54.4 %) (National Rural Resources Development Institute 2007), which 
are popular jeotgal, while the other proximate compositions are lower. These 
results are probably because of the difference in the kinds of raw material and the 
ratio of salt added for preparing abalone viscera jeotgal.

Calcium and phosphorus concentrations of abalone viscera jeotgal are 
223 mg/100 g and 91 mg/100 g, respectively. The calcium concentration is 18.58 
times higher, while the phosphorus concentration is lower than that of pork rib 
(12.0 mg/100 g and 196.0 mg/100 g, respectively) (Table 5.19) (Guan et al. 2011). 
The ratio of calcium to phosphorus of abalone viscera jeotgal is 1:0.41. In general, 
the absorption of calcium is limited (10–40 %) in adults. High amounts of phospho-
rus are thought to decrease calcium availability. Although the recommend ratio of 
dietary calcium to phosphorus is 1:2–2:1, most people consume considerably more 
phosphorus. In that sense, abalone viscera jeotgal is thought to be an excellent 
source for calcium in the diet. The dietary reference intakes for Korean adults for 

Table 5.18 Free sugar content of raw material and product of sea cucumber viscera jeotgal

Sea cucumber viscera

Free sugar (mg/100 g, moisture and salt-free basis)

Xylose Arabinose Fructose Glucose Galactose

Raw 41.7 38.6 Trace Trace 238.3
Jeotgal 77.1 78.6 27.5 Trace 988.0

Source: data from Kim and Kim (1990), with permission
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calcium and phosphorus are in the ranges of 650–750 mg/day and 700 mg/day, 
respectively (Guan et al. 2011).

Twenty-two kinds of fatty acids were detected in abalone viscera jeotgal 
(Table 5.20). In abalone viscera jeotgal, polyenoic acid showed the highest level 
(45.2 %), followed by saturated acid (31.8 %) and monoenoic acid (23.0 %), in that 
order. These patterns of fatty acid composition in abalone viscera jeotgal are similar 
to that of raw abalone viscera. Prominent fatty acids of abalone viscera jeotgal are 
16:0 (17.0 %), 18:1 (11.4 %) and 20:4 (12.1 %), accounting for approximately 
40.5 % of the total fatty acids. No difference in the kinds of prominent fatty acids 
between raw material and product of abalone viscera jeotgal are found.

• Taste characterization: In general, FAAs are the most important component 
influencing the taste of jeotgal. The total content of FAA of abalone viscera 
jeotgal, expressed as mg/100 g dry weight, is 3,110.4 mg/100 g (Table 5.21). 
From the concentration of FAA in abalone viscera jeotgal, the major FAAs 
are of four kinds: glutamic acid (538.8 mg/100 g, 17.3 %), glycine 
(388.6 mg/100 g, 12.5 %), alanine (309.2 mg/100 g, 9.9 %), and arginine 
(298.1 mg/100 g, 9.6 %).

Table 5.20 Fatty acid composition (area %) of raw material and product of abalone viscera jeotgal

Saturated 
acid Raw Jeotgal

Monoenoic 
acid Raw Jeotgal

Polyenoic 
acid Raw Jeotgal

14:0 9.9 10.1 14:1 0.6 0.5 18:2 3.2 3.5
15:0 0.9 0.7 16:1 5.8 6.0 18:3 5.2 5.5
16:0 16.7 17.0 18:1 10.7 11.4 18:4 2.1 1.7
17:0 0.7 0.8 20:1 3.7 3.1 20:2 5.5 5.6
18:0 1.9 1.9 22:1 1.7 2.0 20:4 12.0 12.1
20:0 0.5 0.3 Total 22.5 23.0 20:5 7.7 7.6
22:0 1.3 1.0 22:2 2.3 2.2
Total 31.9 31.8 22:4 3.2 3.2

22:5 4.4 3.8
22:6 0.1 0.1
Total 45.6 45.2

Source: data from Kim and Kim (1990), with permission

Table 5.19 Proximate composition and mineral content of raw material and product of abalone 
viscera jeotgal

Abalone viscera

Proximate composition (%) Mineral (mg/100 g)

Moisture Crude protein Crude lipid Ash Ca P

Raw 70.4 18.5 7.6 3.5 27 299
Jeotgal 66.0 12.2 4.8 16.0 223 91

Source: data from the National Rural Resources Development Institute (2007)
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The total taste value of abalone viscera jeotgal is 216.15. Among the various 
FAAs of abalone viscera jeotgal, glutamic acid (107.76) has the highest taste values 
calculated from the ratio of amino acid content to the taste threshold (Table 5.17) 
(Kato et al. 1989), followed by aspartic acid (76.67). According to these results, one 
may conclude that the taste of abalone viscera jeotgal is influenced by glutamic acid 
for umami (Heu et al. 2003; Kim et al. 2003b) and by aspartic acid for sweetness.

ATP and its related compound contents, expressed as μmole/g dry weight, of 
abalone viscera jeotgal are trace for ATP, 0.1 μmole/g for both ADP and AMP, 
0.3 μmole/g for IMP, 0.7 μmole/g for inosine, and 11.8 μmole/g for hypoxanthine 
(Fig. 5.12).

According to the results, abalone viscera jeotgal is highest in hypoxanthine. 
These results are probably because of the ATP decomposition pathway, which is 
ATP → ADP → AMP → IMP → inosine → hypoxanthine, and the accumulation of 
hypoxanthine (Lee et al. 1987).

• Shelf life: Abalone viscera jeotgal can be stored for more than 6 months at 15°C.

Table 5.21 Free amino acid content and taste value of abalone viscera jeotgal (based on dry 
weight)

Amino acid Taste threshold (g/dL)a

Salt-fermented abalone viscera

FAA content (mg/100 g) Taste valuec

Lys 0.050 171.9 (5.5)b 3.44
His 0.020 125.5 (4.0) 6.28
Arg 0.050 298.1 (9.6) 5.96
Asp 0.003 230.0 (7.4) 76.67
Thr 0.260 178.7 (5.8) 0.69
Ser 0.150 194.1 (6.2) 1.29
Glu 0.005 538.8 (17.3) 107.76
Pro 0.300 153.0 (4.9) 0.51
Gly 0.130 388.6 (12.5) 2.99
Ala 0.060 309.2 (9.9) 5.15
Cys – – – –
Val 0.140 149.0 (4.8) 1.06
Met 0.030 61.6 (2.0) 2.05
Ile 0.090 83.4 (2.7) 0.93
Leu 0.190 77.3 (2.5) 0.41
Tyr – 65.2 (2.1) –
Phe 0.090 86.0 (2.8) 0.96
Total – 3,110.4 (100.0) 216.15
aSource: data from Kato et al. (1989) with permission
bValues in parentheses represent FAA composition (g/100 g of the total amino acid)
cTaste values are calculated as FAA concentration/taste threshold
Source: data from Kim and Kim (1990) with permission
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6.2  Roe Jeotgal

6.2.1 Salt-Fermented Alaska Pollock Roe (Myungran Jeotgal)

• Nutritional characterization: The moisture and crude protein contents of myun-
gran jeotgal are 66.0 % and 20.5 %, respectively (Table 5.22), which are lower 
than that of raw roe of Alaska pollock (73.5 % and 22.4 %). The other compo-
nents of myungran jeotgal are 3.0 % crude lipid 7.8 % ash, and 2.7 % carbohy-
drate, respectively, which are higher than those of raw roe of Alaska pollock 
(1.5 % crude lipid, 1.1 % ash, and 1.5 % carbohydrate, respectively). The changes 
may be due to the effect of various additives, such as salt, sorbitol, and sugar 
used for seasoning of jeotgal.

• Taste characterization: In general, FAAs are the most important component 
influencing the taste of jeotgal. The total content of FAAs of myungran jeotgal, 
expressed as mg/100 g of wet weight, is 2,211.9 mg/100 g (Table 5.23). From the 
concentration of FAAs in myungran jeotgal, the major FAAs are of two kinds, 
glutamic acid (999.4 mg/100 g, 45.2 %) and arginine (162.8 mg/100 g, 7.4 %). 
These results are probably because of MSG used for seasoning myungran jeotgal 
(Lee et al. 1997).

The total taste value of myungran jeotgal is 211.88. Among the various FAAs of 
myungran jeotgal, glutamic acid (199.80) has the highest taste values calculated 
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Fig. 5.12 ATP and its related compounds content of abalone viscera-jeotgal

Table 5.22 Proximate composition of raw roe and product of myungran jeotgal

Alaska pollock roe

Proximate composition (g/100 g)

Moisture Crude protein Crude lipid Carbohydrate Ash

Raw roe 73.5 22.4 1.5 1.5 1.1
Jeotgal 66.0 20.5 3.0 2.7 7.8

Source: data from the National Rural Resources Development Institute (2007)
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from the ratio of amino acid content to the taste threshold (Table 5.23) (Kato et al. 
1989), followed by arginine (3.26). According to these results, one may conclude 
that the taste of myungran jeotgal is influenced by glutamic acid for umami  
(Heu et al. 2003; Kim et al. 2003b).

• Shelf life: Myungran jeotgal can be stored for more than 6 months at 5°C.

6.2.2 Salt-Fermented Sea Urchin Roe (Sea Urchin Roe Jeotgal)

• Nutritional characterization: The proximate composition of sea urchin roe jeot-
gal is 55.6 % moisture, 21.4 % protein, 2.8 % lipid, and 15.8 % ash (Table 5.24). 
The moisture content of sea urchin roe jeotgal is higher than that of other jeotgal, 
such as changran jeotgal (64.3 %), shrimp jeotgal (58.4 %) (National Rural 

Table 5.23 FAA content and taste value of myungran jeotgal

Amino acid Taste threshold (g/dL)a

Myungran jeotgal

FAA content 
(mg/100 g)d Taste valuec

Taurine – 90.6 (4.1)b –
Phosphoethanolamine – 6.4 (0.3) –
Aspartic acid 0.003 0.5 (Trace) 0.17
Threonine 0.260 85.0 (3.8) 0.33
Serine 0.150 44.2 (2.0) 0.29
Glutamic acid 0.005 999.4 (45.2) 199.80
Sarcosine – 11.9 (0.5) –
α-Aminoadipic acid – 4.8 (0.2) –
Proline 0.300 87.7 (4.0) 0.29
Glycine 0.130 38.7 (1.7) 0.30
Alanine 0.060 76.0 (3.4) 1.27
Amino-iso-n-butyric acid – 5.7 (0.3) –
Valine 0.140 72.5 (3.3) 0.52
Cystine – 88.2 (4.0) –
Methionine 0.030 24.4 (1.1) 0.81
Isoleucine 0.090 79.5 (3.6) 0.88
Leucine 0.190 93.7 (4.2) 0.49
Tyrosine – 48.0 (2.2) –
β-Alanine – 11.2 (0.5) –
Phenylalanine 0.090 44.2 (2.0) 0.49
Ethanolamine – 19.9 (0.9) –
Lysine 0.050 95.3 (4.3) 1.91
Histidine 0.020 21.3 (1.0) 1.07
Arginine 0.050 162.8 (7.4) 3.26
Total – 2,211.9 (100.0) 211.88
aFrom Kato et al. (1989), with permission
bValues in parentheses represent FAA composition (g/100 g of the total free amino acid)
cTaste values are calculated as FAA concentration/taste threshold
dFrom Nam (2009), with permission
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Resources Development Institute 2007), and anchovy jeotgal (54.4 %) (National 
Rural Resources Development Institute 2007), which are the popular in Korea, 
while the other proximate compositions are lower. These results are probably 
because of the difference in the kinds of raw material and the ratio of salt added 
for preparing sea urchin roe jeotgal.

Calcium and phosphorus concentrations of sea urchin roe jeotgal are 32 mg/100 g 
and 127 mg/100 g, respectively. The calcium concentration is 2.67 times higher, 
while the phosphorus concentration is lower than that of pork rib (12.0 mg/100 g 
and 196.0 mg/100 g, respectively) (Table 5.24) (Guan et al. 2011). The ratio of cal-
cium to phosphorus of sea urchin roe jeotgal is 1:7.09. In general, the absorption of 
calcium is limited (10–40 %) in adults. High amounts of phosphorus are thought to 
decrease calcium availability. In that sense, sea urchin roe jeotgal is thought to be a 
fair source for calcium in the diet. The dietary reference intakes for Korean adults 
for calcium and phosphorus are in the ranges of 650–750 mg/day and 700 mg/day, 
respectively (Guan et al. 2011).

Twenty-two types of fatty acids were detected in sea urchin roe jeotgal 
(Table 5.25).

The fatty acid composition of the sea urchin roe jeotgal is the highest for the total 
polyenoic acid (43.5 %), followed by saturated acid (33.2 %) and monoenoic acid 
(23.3 %), in that order. Prominent fatty acids of sea urchin roe jeotgal are 16:0 
(17.6 %), 20:1 (10.1 %), 18:3 (11.7 %), 20:4 (11.9 %), and 20:5 (10.8 %), which 
account for 62.1 % of the total fatty acids.

• Shelf life: The sea urchin roe jeotgal can be stored for 12 months at 5°C.

Table 5.24 Proximate composition and mineral content of sea urchin roe jeotgal

Proximate composition (%) Mineral (mg/100 g)

Moisture Crude protein Crude lipid Ash Ca P

55.6 21.4 2.8 15.8 32 127

Source: data from the National Rural Resources Development Institute (2007)

Table 5.25 Fatty acid composition of sea urchin roe jeotgal

Saturated acid Area % Monoenoic acid Area % Polyenoic acid Area %

14:0 8.5 16:1 5.7 18:2 2.1
15:0 1.1 17:1 0.2 18:3 11.7
16:0 17.6 18:1 7.3 18:4 0.8
17:0 0.3 20:1 10.1 20:2 3.0
18:0 2.5 22:1 Trace 20:4 11.9
20:0 0.9 Total 23.3 20:5 10.8
22:0 2.3 22:2 1.0
Total 33.2 22:4 0.1

22:5 0.5
22:6 1.6
Total 43.5

Source: data from Lee et al. (1986b), with permission
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6.2.3 Salt-Fermented Pacific Cod Gill (Pacific Cod Gill Jeotgal)

• Nutritional characterization: The proximate composition of Pacific cod gill jeot-
gal is 64.1 % moisture, 14.4 % protein, 1.3 % lipid, and 19.6 % ash (Table 5.26). 
The moisture content of Pacific cod gill jeotgal is similar to or higher than that of 
other jeotgal, such as changran jeotgal (64.3 %), shrimp jeotgal (58.4 %) 
(National Rural Resources Development Institute 2007), and anchovy jeotgal 
(54.4 %) (National Rural Resources Development Institute 2007), which are 
popular jeotgal in Korea, while the ash content is similar or lower.

These results are probably because of the difference in the kinds of raw material 
and the ratio of salt added for preparing Pacific cod gill jeotgal.

The calcium and phosphorus concentrations of Pacific cod gill jeotgal are 
28 mg/100 g and 75 mg/100 g, respectively. The calcium concentration is 2.33 times 
higher, while the phosphorus concentration is lower than that of pork rib 
(12.0 mg/100 g and 196.0 mg/100 g, respectively) (Table 5.26) (Guan et al. 2011). 
The ratio of calcium to phosphorus of Pacific cod gill jeotgal is 1:2.68. The dietary 
reference intakes for Korean adults for calcium and phosphorus are in the ranges of 
650–750 mg/day and 700 mg/day, respectively (Guan et al. 2011).

Twenty-four types of fatty acids were detected in Pacific cod gill jeotgal 
(Table 5.27).

The fatty acid composition of Pacific cod gill jeotgal is the highest for the total 
polyenoic acid (42.2 %), followed by saturated acid (31.9 %) and monoenoic acid 

Table 5.26 Proximate composition and mineral content of Pacific cod gill jeotgal

Proximate composition (%) Mineral (mg/100 g)

Moisture Crude protein Crude lipid Ash Ca P

64.1 14.4 1.3 19.6 28 75

Source: data from the National Rural Resources Development Institute (2007)

Table 5.27 Fatty acid composition of Pacific cod gill jeotgal

Saturated acid Area % Monoenoic acid Area % Polyenoic acid Area %

14:0 3.5 16:1 5.6 18:2 2.2
15:0 0.5 17:1 0.7 18:3 7.6
16:0 19.0 18:1 18.6 18:4 0.1
17:0 1.1 20:1 0.9 20:2 –
18:0 5.5 22:1 – 20:4 5.5
20:0 1.7 Total 25.8 20:5 9.5
22:0 0.6 22:2 1.5
Total 31.9 22:4 –

22:5 1.8
22:6 14.0
Total 42.2

Source: data from Lee et al. (1986b), with permission
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(25.8 %), in that order. Prominent fatty acids of Pacific cod gill jeotgal are 16:0 
(19.0 %), 18:1 (18.6 %), 20:5n-3 (9.5 %), and 22:6n-3 (14.0 %), which account for 
approximately 61.1 % of the total fatty acids. These prominent fatty acids of 
Pacific cod gill jeotgal are observed to be typical of fish lipids, containing substan-
tial quantities of some highly unsaturated long-chain fatty acids, such as 20:5n-3 
(9.5 %) and 22:6n-3 (14.0 %) (Lee et al. 1986). By the results of the fatty acid 
composition, the lipids in the Pacific cod gill jeotgal have significantly higher lev-
els of n-3 long-chain polyunsaturated fatty acids, such as eicosapentaenoic acid 
(EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), which are associated 
with reduced risk of geriatric and cardiovascular disorders and certain forms of 
cancer. In that sense, the Pacific cod gill jeotgal is considered to be a form of 
healthy food.

• Taste characterization: The TCA soluble-N content of Pacific cod gill jeotgal is 
493.5 mg/100 g for FAA-N, 20.7 mg/100 g for ATP and its related compounds-
 N, 24.0 mg/100 g for total creatinine-N, 28.0 mg/100 g for betaine-N, 
193.0 mg/100 g for TMAO-N, and 16.0 mg/100 g for TMA-N (Fig. 5.13). 
According to these results, the major components of TCA soluble-N are FAA-N 
and TMAO-N.

In general, FAAs are the most important components influencing the taste of 
jeotgal. The total content of FAAs of Pacific cod gill jeotgal, expressed as mg/100 g 
of wet weight, is 346.08 mg/100 g (Table 5.28). From the concentration of FAAs in 
Pacific cod gill jeotgal, the major FAAs are of two kinds, glutamic acid 
(162.34 mg/100 g, 46.9 %) and aspartic acid (36.72 mg/100 g, 10.6 %). These 
results are probably because of the MSG used for seasoning Pacific cod gill jeotgal 
(Kang et al. 2000).

The total taste value of Pacific cod gill jeotgal is 46.25. Among the various FAAs 
of Pacific cod gill jeotgal, glutamic acid (32.47) has the highest taste values calcu-
lated from the ratio of amino acid content to taste threshold (Table 5.28) (Kato et al. 
1989), followed by aspartic acid (10.6). According to these results, one may 
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Fig. 5.13 Nitrogenous compound content of Pacific cod gill jeotgal
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conclude that taste of Pacific cod gill jeotgal is influenced by glutamic acid for 
umami (45.46) and by aspartic acid for sweetness.

• Shelf life: The Pacific cod gill jeotgal can be stored for 3 months at 5°C.

7  Safety of By-product Jeotgal

Biogenic amine, including tyramine, histamine, putrescine, cadaverine, spermine, 
and spermidine, can be formed and degraded as a result of normal metabolic activity 
in animals, plants, and microorganisms (Arena and Manca de Nadra 2001). The 
amines are usually produced in a wide variety of foods by the decarboxylation of 
amino acids (Halasz et al. 1994). Typical symptoms of biogenic amine intoxication 
in human can be nausea, respiratory distress, hot flushes, sweating, heart palpita-
tions, headaches, bright red rash, oral burning, and hypertension, as well as hypo-
tension (Mah et al. 2002; Rice et al. 1976).

Putrescine and cadaverine inhibit intestinal diamine oxidase and histamine 
N-methyltransferase, which metabolize histamine, resulting in an increase of hista-
mine toxicity (Mah et al. 2002; Stratton et al. 1991). Furthermore, putrescine, 

Table 5.28 FAA content and taste value of Pacific cod gill jeotgal

Amino acid Taste threshold (g/dL)a

Pacific cod gill jeotgal

FAA content (mg/100 g)d Taste valuec

Lys 0.050 9.73 (2.8)b 0.19
His 0.020 2.59 (0.7) 0.13
Arg 0.050 18.58 (5.4) 0.37
Asp 0.003 36.72 (10.6) 12.24
Thr 0.260 12.85 (3.7) 0.05
Ser 0.150 13.07 (3.8) 0.09
Glu 0.005 162.34 (46.9) 32.47
Pro 0.300 23.15 (6.7) 0.07
Gly 0.130 6.65 (1.9) 0.05
Ala 0.060 8.23 (2.4) 0.14
Cys – 1.51 (0.4) –
Val 0.140 11.13 (3.2) 0.08
Met 0.030 3.15 (0.9) 0.11
Ile 0.090 7.73 (2.2) 0.09
Leu 0.190 11.67 (3.4) 0.06
Tyr – 6.89 (2.0) –
Phe 0.090 10.09 (2.9) 0.11
Total – 346.08 (99.9) 46.25
aSource: data from Kato et al. (1989), with permission
bValues in parentheses represent FAA composition (g/100 g of the total amino acid)
cTaste values are calculated as FAA concentration/taste threshold
dSource: data from Kang et al. (2000), with permission
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cadaverine, spermidine, spermine, and agmatine are reported to be potentially car-
cinogenic by converting to nitrosamine (Mah et al. 2002). Tyramine has also been 
identified as the major mutagenic precursor in animals (Ochiai et al. 1984).

Two (putrescine and spermine) and three (putrescine, tyramine, and spermine) 
different types in biogenic amines are detected in changran jeotgal and Pacific cod 
gill jeotgal, by-product jeotgal, and the contents are ND-20 mg/kg and ND-46 mg/
kg, respectively, in putrescine, ND and ND-14 mg/kg, respectively, in tyramine, 
ND-51 mg/kg and ND-43 mg/kg, respectively, in spermine (Table 5.29). Four dif-
ferent types of biogenic amine are also detected in myungran jeotgal, and the con-
tents are ND-136 mg/kg in putrescine, ND-85 mg/kg in cadaverine, 22–171 mg/kg 
in tyramine, and 26–58 mg/kg in spermine. The results indicate that biogenic amine 
of myungran jeotgal is higher in content and more often found in types than the 
other by-product jeotgal. However, the biogenic amine contents of myungran jeot-
gal have lower levels than those of anchovy jeotgal (92–231 mg/kg in putrescine, 
ND-665 mg/kg in cadaverine, 155–579 mg/kg in histamine, 63–244 mg/kg in tyra-
mine, ND-43 mg/kg in spermidine, and ND-77 mg/kg in spermine).

The amounts of biogenic amines in the tested by-product jeotgal are within the 
safe levels for human health, although certain samples which have been stored 
poorly need to be monitored carefully to ensure their safety for human 
consumption.

8  Conclusion

Jeotgal, the Korean traditional salt-fermented fishery, is usually prepared by the 
addition of salt to freshwater or marine fish, shellfish, crustaceans, and its by- 
products before fermentation and used popularly not only as side dishes, but also as 
ingredients in preparing kimchi in Korea, because it contains relatively high amounts 
of amino acids, the degradation products of fish protein.

During seafood processing, seafood processing by-products, such as head, gill, 
fish frame, viscera, scale, and skin, are generated in large quantities (approximately 

Table 5.29 Biogenic amine contents (mg/kg) of Korean commercial jeotgal

Biogenic amine

Raw material

Changran Myungran Pacific cod gill Anchovy

Putrescine ND-20 15–136 ND-46 92–241
Cadaverine ND ND-85 ND ND-665
Histamine ND ND ND 155–579
Tyramine ND 22–171 ND-14 63–244
Spermidine ND ND ND ND-43
Spermine ND-51 26–58 ND-43 ND-77

Source: data from Mah et al. (2002)
ND not detected
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more than 50 % based on the whole fish). Most seafood processing by-products are 
conventionally used to produce fish meal and fertilizer or are directly discharged into 
estuaries, resulting in environmental pollution. However, among these seafood by-
products, viscera, roe, and gill can be used as good resources for preparing jeotgal.

There are nine kinds of commercial jeotgal by-products: changran jeotgal (salt- 
fermented intestine and stomach of Alaska pollock), myungran jeotgal (low-salt 
fermented roe of Alaska pollock), Pacific cod gill jeotgal, sea cucumber viscera 
jeotgal, chub mackerel viscera jeotgal, largehead hairtail viscera jeotgal, abalone 
viscera jeotgal, konoshiro gizzard shad stomach jeotgal (called jenoe bam jeotgal in 
Korea), and sea urchin roe jeotgal.

The number of total viable cells of by-product jeotgal varied depending on the 
raw materials, salt concentration, temperature, and fermentation period. The total 
cell numbers reached 103–105 CFU/g in high-salt jeotgal, such as Pacific cod gill 
jeotgal, chub mackerel viscera jeotgal, largehead hairtail viscera jeotgal, and 
konoshiro gizzard shad stomach jeotgal, while it reached 107 CFU/g in low-salt 
jeotgal, such as changran jeotgal, myungran jeotgal, and sea urchin roe jeotgal.

Changes in consumers’ life styles, who are concerned about the harmful effects 
of a high level of sodium chloride in their diet, motivate the tendency to reduce the 
amount of sodium in food. In that sense, the consumption of jeotgal, including by- 
product jeotgal, is limited due to the high concentration of salt. Therefore, more 
research on the development of low-salt jeotgal with similar taste and shelf life 
compared to high-salt jeotgal is needed for the wide consumption of jeotgal.

The amounts of biogenic amines in the tested by-product jeotgal are within the 
safe levels for human health, although certain samples which have been stored poorly 
need to be monitored carefully to ensure their safety for human consumption.
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1            Introduction 

 In traditional fi sheries, most of the aquatic food resources were almost completely 
utilized for human consumption, animal feed, or plant fertilizer. The more recent 
technological advancements and, subsequently, economy-driven industrialization 
of fi sheries have brought about tremendous development. At the same time, how-
ever, the amount of by-products generated during processing has increased accord-
ingly (Gehring et al.  2011 ). 

 While global fi sh capture and aquaculture production data are available from the 
Food and Agriculture Organization (FAO) Fisheries Department, the amounts of 
by-products can only be estimated (Anonymous  2007 ). There are different esti-
mates as to how much by-products are available. The FAO estimates postharvest 
losses to be 25 % of the catch. The amount of by-products varies depending on spe-
cies, size, season, and the fi shing grounds (Falch et al.  2006 ). However, up to 50 % 
of the fi sh is commonly discarded when preparing seafood industrially (Guérard 
et al.  2005 ). Others claim that seafood processing discards and by-products make up 
around 75 % of the total weight of the catch (Shahidi  1994 ; Pastoriza et al.  2004 ; 
Torres et al.  2007 ). Typical examples are commercial fi sh fi lleting, shrimp trawling, 
or krill processing. Recovery yields of meat from Antarctic krill in commercial 
processing are extremely low, being between 10 % and 15 % by weight of the whole 
animal. Krill are small, shrimp-like crustaceans with the largest biomass of any 
multicellular animal species on earth, yet are signifi cantly underutilized for human 
consumption (Nicol and Foster  2003 ). It is not unusual in shrimp trawling to have 
90 % of the total catch volume as by-catch. The by-catch is usually discarded. 

 Some of the aquatic species are not utilized for human consumption for various 
reasons. One example is Atlantic menhaden, which is solely used by the reduction 
fi sheries to manufacture fi sh meal and fi sh oil. However, menhaden is not processed 
for human consumption, due to its bony and oily carcass characteristics. This is why 
menhaden is considered a low-value fi sh; yet, if muscle proteins were recovered 
from menhaden and subsequently used in human food products, likely, a signifi cant 
increase in value would result. Similarly, typical mechanical means of meat recov-
ery on a commercial scale from carp is impractical due to the bony nature of the 
carp carcass. According to the FAO, carp provides the greatest and lowest cost bio-
mass of aquatic foods in the world (Anonymous  2007 ; Lowther  2005 ). 

 The annual harvest of Pacifi c salmon ( Oncorhynchus  sp.) in Alaska is around 
300,000 metric tons, generating around 50,000 metric tons of heads and 30,000 met-
ric tons of viscera (Sathivel et al.  2005 ). Solid by-products generated from seafood 
factories range from 30 to 85 % of the weight of the landed fi sh. With a grand total 
of over 90 million metric tons of wild-caught fi sh and a global aquaculture produc-
tion of over 70 million metric tons (FAO  2011 ), the amount of aquatic by-products 
is huge and there is huge potential for making more value-added products from this 
raw material (Rustad et al.  2011 ). 

 The by-products and low-value species can be used as a basis to derive three 
major groups of products: (1) plant fertilizers, (2) livestock feeds, and (3) human 
value-added foods and specialty foods. In general, conversion of the by-products 
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to fertilizers results in the least value addition to the by-products; while the value 
addition is the highest when human foods or, particularly, specialty foods are devel-
oped. It has been estimated that, if some components are recovered from fi sh pro-
cessing by-products and used in the development of human food products, their 
value increases fi ve times (Gildberg  2002 ).  

2     Defi nitions of Seafood By-products 

 There is some misunderstanding as to how the aquatic food processing “by- 
products” are defi ned. Three terms are frequently and interchangeably used in the 
fi shing industry and scientifi c literature to describe the same materials: (1) “offal”; 
(2) “waste”; and (3) “by-products”. The fi rst two terms imply that those materials 
cannot be used for any application and should be disposed of, and, therefore, are 
often misleading and trigger a negative connotation. The third term suggests that 
there may be some valuable components to be recovered if treated properly, and, 
therefore, it is a positive term. Since offal, waste, and by-products refer to the same 
material generated, the term “by-products” should be used, as this communicates 
more accurately the type of the material generated. 

 Currently, the most common defi nition of “by-products” is all of the edible or 
inedible materials left over following processing of the main product. A typical 
example is fi sh fi lleting to recover boneless and skinless marketable fi llets. The fi l-
lets would be considered the main product and the frames, heads, and viscera would 
be typical “by-products”. As mentioned above, the amount of fi lleting by- products 
is about two times higher than that of the fi llets. It would be misleading to name 
these by-products as “waste”, since, at the time of fi lleting, the quality of fi sh meat 
left on the frame (i.e., fi sh bones) and in the heads is not compromised (Strøm and 
Eggum  1981 ). If proper meat recovery technology is successfully applied, the 
recovered meat can result in added revenue for a processor as well as reduce envi-
ronmental stress associated with the disposal of the processing by-products.  

3     Opportunities for the Development of Protein and Lipid 
Recovery Technology from Seafood By-products 

 Fish oil is highly polyunsaturated and, therefore, very susceptible to lipid oxidation. 
If fi sh oil were to be effi ciently recovered from the fi sh processing by-products, the 
use of fat-free fi sh by-products for animal feed and pet food could be expanded. The 
protein fraction is easily digestible and can be used for the production of hydroly-
sates, surimi, thermostable protein dispersions, gelatin, and collagen, as well as 
protamine. By-products are a very complex group of fractions, and the composition 
as well as the stability may, therefore, vary over a wide range. The composition of 
marine by-products has been extensively reviewed (Falch et al.  2006 ; Kerry and 
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Murphy  2007 ; Rustad  2007 ). In order to develop effi cient recovery technologies, it 
is necessary to understand some fundamental properties of the raw materials. By 
understanding these properties, it may be possible to manipulate the behavior of 
biomolecules such as fi sh muscle proteins and lipids, and, consequently, increase 
the recovery yields.  

4     Fundamental Properties of Seafood Lipids 

 The fat content in fi sh muscle is highly variable. It depends on species, age, spawn-
ing season, fi sh diet, and muscle type. While the protein content in fi sh muscle is 
relatively constant, the fat content is typically inversely correlated to the moisture 
content. Light muscle is considered anaerobic and provides energy quickly via gly-
cogen hydrolysis and subsequent glycolysis. In contrast, dark muscle functions to 
provide long-term energy and relies primarily on the β-oxidation of lipids for energy 
(Hultin and Kelleher  2000a ). Fish dark muscle contains more fi sh oil (i.e., lipids) 
than light muscle. Not only does the dark muscle have more oxygen supplied by the 
blood to deteriorate the oxidation-sensitive fi sh oils, but the dark muscle also has 
more pro-oxidative hemoglobin and mitochondria, and, therefore, is more prone to 
lipid oxidation and development of rancidity (Hultin et al.  2005 ). Consequently, 
light-fl eshed fi sh are preferred by consumers, and, thus, processed by the industry. 
However, it would be economically benefi cial to develop a technology capable of 
fi sh oil removal from dark fi sh meat in order to add value to this low- value or cur-
rently undesirable raw material. 

 The intramuscular lipids (i.e., triglycerides) of importance to food technologists 
are primarily composed of a glycerol backbone covalently bonded via ester bonds 
to three fatty acid (FA) chains of various lengths and degree of saturation (Fig.  6.1 ). 
The functional properties of fi sh oil depend on the composition of FAs attached to 
glycerol. Lipids are hydrophobic and have a lower specifi c density than water; 
therefore, when fi sh oils are in water, they tend to coalesce and form globules, fl oat-
ing to the top of the solution if enough time is allowed or suffi ciently high  g  force is 
applied. Unlike fi sh muscle proteins, fi sh oil is apolar and does not have surface 
charges to allow hydrogen bonding with water. Conversely, fi sh oil can interact with 
hydrophobic side chains of amino acids (AAs) in fi sh muscle proteins, and, there-
fore, create weak lipid–protein hydrophobic bonds.

   Another type of lipid that is probably more important to fi sh technologists than 
triglycerides is phospholipids. Phospholipids are an integral component of cell mem-
branes. Like triglycerides, phospholipids contain a glycerol backbone; however, 
instead of three FAs, only two are covalently attached via ester bonds to the glycerol 
backbone. The third place on the glycerol backbone is fi lled with a positively charged 
phosphate group linked with some other charged moiety (often choline) (Fig.  6.2 ). 
Due to the positive charge, phospholipids are amphiphilic and have both hydropho-
bic and hydrophilic properties. Phospholipids can bond hydrophobically with other 
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apolar substances (e.g., fi sh oil) and, at the same time, they can interact with water 
and/or charged proteins (e. g., the polar side chains of fi sh muscle proteins) (Fig.  6.2 ). 
Thus, phospholipids are typical emulsifi ers. When phospholipids are present in solu-
tion during the processing of aquatic foods (e. g., minced fi sh meat), the separation 
of fi sh oil from water and proteins is more diffi cult. The membrane phospholipids 
tend to have a higher level of unsaturation as well as a greater surface area than 
muscle triglycerides. In addition, membrane phospholipids are also often in a close 
association with pro-oxidative processes, such as those in mitochondria. Therefore, 
membrane phospholipids are more susceptible to oxidation than intramuscular tri-
glycerides. Although the content of phospholipids is lower than the content of tri-
glycerides in fi sh muscle, the phospholipids contribute to rancidity more than 
triglycerides (Hultin et al.  2005 ). The problem is exacerbated because phospholipids 
are diffi cult to separate from minced fi sh due to their amphiphilic nature.

   Fish oils have a higher level of unsaturation than their terrestrial counterparts. 
Although the polyunsaturated fatty acids (PUFAs) have been correlated with improved 
cardiovascular health in humans, they are highly susceptible to lipid oxidation, lead-
ing to rancidity (Chen et al.  2006 ,  2007 ). Most of the human health benefi ts of fi sh oil 
PUFAs have been ascribed to the omega-3 (ω-3) FAs, eicosapentaenoic acid (EPA, 
20:5ω-3), and docosahexaenoic acid (DHA, 22:6ω-3). While DHA is commonly used 
to fortify infant formula in the USA, fi sh and fi sh products are excellent natural 
sources of this “heart-friendly” FA for the adult diet. The ω-3 FAs are considered 
“essential” (EFAs) from a human nutrition stand point, because, similarly to the 
essential amino acids, the EFAs cannot be synthesized by the human body. Therefore, 
the EFAs must be provided in the diet for proper development and function. 

 The ω-3 nomenclature refers to the third carbon atom in the FA chain where the 
fi rst double bond (C = C) occurs counting from the methyl end (CH 3 ) of the FA 
(Fig.  6.1 ). In general, fi sh oils are highly valued by consumers, as demonstrated by 
their frequent inclusion in dietary supplements and functional foods. However, if 
fi sh are not properly processed and stored, the oxidation of fi sh lipids is rapid, lead-
ing to the onset of rancidity. Many customers fi nd fi sh rancidity offensive. Since 
lipid oxidation is a chemical reaction, a thorough understanding of the oxidation 
events that fi sh oils undergo allows the development of proper strategies to prevent 
this detrimental reaction. Common strategies include vacuum packaging (lack of 
oxygen), antioxidants (for example, tocopherols, vitamin E), oxygen scavengers, 
freezing, etc. (Chen et al.  2007 ). Fish lipids are commonly referred to as fi sh oils 
due to their low melting point. The melting point depends primarily on the composi-
tion of FAs that are attached to the glycerol backbone. Due to a high concentration 
of long-chain (LC) PUFAs, fi sh oils tend to have lower melting points than their 
counterparts derived from terrestrial animals, such as lard or suet. The melting point 
of fi sh oil is below room temperature, leaving the lipids in a liquid state. However, 
fi sh are often processed at cold temperatures, and, therefore, fi sh oil becomes more 
viscous. In order to facilitate the separation of fi sh oil from minced fi sh meat, a 
processor may increase the temperature slightly, just enough to make the oil less 
viscous, and, therefore, per Stoke’s law, facilitate their separation under  g  force by 
centrifugation.  
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5     Fundamental Properties of Seafood Proteins 

 Proteins are composed of approximately 20 AAs. While all of the AAs are indis-
pensable for normal growth and sustaining metabolic processes, nine of them can-
not be synthesized by adult humans. Thus, the nine AAs are referred to as “essential” 
(EAAs). The EAAs must be obtained through the diet. Although a certain protein 
may have a favorable AAs profi le and be rich in EAAs, proteins are typically not 
100 % bioavailable. The biological value (BV) of a protein measures its effi ciency 
in supporting the human body’s needs. Egg proteins are regarded as a reference 
protein and have a BV of 100, meaning that 100 % of the nitrogen from egg protein 
is absorbed and retained. Milk, beef, fi sh, corn, and rice proteins have BVs of 93, 
75, 75, 72, and 59, respectively (Whitney and Rolfes  2005 ; Murano  2003 ). The BV 
of krill proteins has been reported as being slightly higher than the BV of milk pro-
teins (Suzuki and Shibata  1990 ). 

 As in their name, all of the AAs contain amino and acid (carboxyl) groups that are 
bonded to a central carbon atom (Fig.  6.3 ). The condensation of α-amino and 
α-carboxyl groups on adjacent AAs can form a strong covalent bond, known as a 
peptide bond. A polypeptide consists of several AAs joined together by peptide 
bonds. Peptide bonds are much stronger than the bonds that hold the water dipoles 
together or result in protein–water interactions. Amino and carboxyl groups that are 
not involved in peptide bonds can be electrostatically charged in solutions, and, there-
fore, participate in protein–water interactions via weak hydrogen bonds (i.e., water 
solubility) (Fig.  6.3 ). The bonding energy of a hydrogen bond is low (2–40 kJ/mol); 
however, when present in high numbers, these bonds are primarily responsible for the 
stabilization of the complex secondary, tertiary, and quaternary structures of proteins. 
AAs share a common amino and carboxyl group, but differ in their functional groups, 
commonly referred to as side chains (Fig.  6.3 ). The different side chains, unique to 
each AA, give rise to the vastly diverse characteristics of different food proteins.

   Muscle of aquatic animals is composed mainly of water, protein, and lipid. Two 
muscle types are present in aquatic foods: striated muscle characterized by trans-
verse stripes and smooth muscle that lacks them. Striated muscle is the main com-
ponent in fi sh meat, while smooth muscle is typical of meat from molluscans. Fish 
muscle is divided further into light and dark muscle. The dark muscle lies alongside 
the fi sh body and under the skin. The proteins that comprise light muscle can be 
further classifi ed into three major groups according to their water solubility charac-
teristics; myofi brillar proteins, sarcoplasmic proteins, and stroma proteins 
(Tahergorabi et al.  2011 ). 

5.1     Myofi brillar Proteins 

 Myofi brillar proteins are the proteins that form myofi brils. They are soluble in con-
centrated saline solutions (ionic strength above 0.6), as well as having extremely 
low ionic strength, but are water insoluble in typical physiological ionic strength in 
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the fi sh muscle (ionic strength approximately 0.05 for rainbow trout). Myofi brillar 
proteins are composed of myosin, actin, and regulatory proteins such as tropomyo-
sin, troponin, and actinin. Myofi brillar proteins comprise 66–77 % of the total pro-
teins in fi sh muscle and provide several functional properties that are useful in food 
products. Generally, seafood myofi brillar proteins are less thermally stable than the 
proteins isolated from terrestrial animals. The pH and ionic strength affect the ther-
mal stability of seafood myofi brillar proteins, and, hence, heat-induced denatur-
ation. Myofi brillar proteins isolated from cold water species are typically less 
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thermally stable than warm water species. This property translates into different 
requirements for the handling and freezing of seafood from cold and warm waters 
(Jaczynski et al.  2011 ). Protein gelation and rheological properties responsible for 
texture development, and, therefore, consumer acceptability mainly depend on the 
quality of myofi brillar proteins. The quality is affected by seafood species, age, 
seasonality, freshness, and processing parameters, such as protein concentration, 
pH, ionic strength, and temperature (Suzuki  1981 ).  

5.2     Sarcoplasmic Proteins 

 Sarcoplasmic proteins contain several individual types of water-soluble proteins 
called myogen. Since sarcoplasmic proteins are water soluble, they are isolated 
from fi sh muscle by simply pressing the fi sh muscle tissue or by extraction with low 
ionic strength saline solution. Pelagic fi sh such as sardine and mackerel have gener-
ally higher contents of sarcoplasmic proteins compared to demersal fi sh like plaice 
and snapper. These proteins may interfere with myosin cross-linking during gel 
matrix formation because they do not gel and have poor water-holding capacity 
(Sikorski et al.  1994 ). However, the contribution of sarcoplasmic proteins to the 
overall gelation properties of fi sh muscle has recently been debated.  

5.3     Stroma Proteins 

 Stroma proteins form connective tissue in the muscle structure. These proteins are 
completely water insoluble. They cannot be extracted in acid or alkaline solution, or 
physiological saline solution. Stroma proteins are composed of collagen and elastin. 
Elastin is very resistant to wet heat and cooking does not affect elastin in the con-
nective tissue. Dark fi sh meat contains more stroma proteins and less sarcoplasmic 
proteins than light fi sh meat (Tahergorabi  2012 ).  

5.4     Isoelectric Behavior of Seafood Muscle Proteins 

 ISP of fi sh muscle proteins with concurrent separation of lipids was proposed by 
Hultin and Kelleher ( 1999 ,  2000b ,  2001 ,  2002 ). Following these pioneering devel-
opments along with earlier works by Meinke et al. ( 1972 ) as well as Meinke and 
Mattil ( 1973 ), several food science laboratories began active research with ISP. 
In fi sh muscle homogenates, myofi brillar proteins are present as aggregates that are 
held by weak protein–protein hydrophobic interactions (Undeland et al.  2003 ). 
However, the protein side chains can assume different electrostatic charges, depend-
ing on the conditions to which the fi sh muscle proteins are subjected (Fig.  6.4 ). 
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This means that the solubility of fi sh muscle proteins can be turned “on” or “off” by 
providing conditions which either favor or disfavor protein solubility, respectively. 
When an acid is added to a solution, it dissociates, yielding hydronium ions (H 3 O + ). 
The protonation of negatively charged side chains on glutamyl or aspartyl residues 
results in an increased net positive surface charge. Similarly, when a base (OH - ) is 
added to a solution, deprotonation of the side chains on tyrosyl, cysteinyl, or lysyl 
residues contributes to an increased net negative surface charge (Fig.  6.4 ). 
Consequently, the solubilization of fi sh muscle proteins is ascribed to the proton-
ation of aspartyl and glutamyl (pKa = 3.8 and 4.2, respectively) residues at acidic pH 
and deprotonation of lysyl, tyrosyl, and cysteinyl (pKa = 9.5–10.5, 9.1–10.8, and 
9.1–10.8, respectively) residues at basic pH. When the charge equilibrium is reached 
and a protein solution attains homeostasis, the fi nal status of a protein surface elec-
trostatic charge at a given pH is referred to as the net charge. The accumulation of a 
net positive or negative charge induces protein–protein electrostatic repulsion and 
an increased hydrodynamic volume due to expansion and swelling (Kristinsson 
et al.  2005 ; Undeland et al.  2003 ). As proteins assume a more positive or negative 
net charge, they gradually start electrostatic interactions with water (i.e., protein–
water interactions). Due to increased protein–water interactions, the protein–protein 
hydrophobic interactions decrease. Therefore, as the protein molecules become 
more polar (charged), more water associates on and around the protein surface and 
the proteins become water soluble. However, it is possible to adjust the pH of a 
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  Fig. 6.4    A protein at its isoelectric point (pI) has a zero net electrostatic charge (adopted from 
Gehring et al.  2011 ). ( a ) At its pI, protein–water interactions are at their minimum, while protein–
protein interactions via weak hydrophobic bonds are at their maximum, causing protein precipita-
tion. ( b ) Protein–water interactions prevail under acidic or basic conditions far from the pI, 
resulting in protein solubility       
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protein solution so that the number of negative charges on a protein’s surface is 
equal to the number of positive charges, and, therefore, the protein molecule 
assumes a zero net electrostatic charge. The pH at which the net electrostatic charge 
of a protein is equal to zero is called the isoelectric point (pI) (Fig.  6.4 ).

   The pI is very specifi c for different proteins and isoelectric focusing is often used 
to pinpoint it. The pI of fi sh muscle proteins is an important parameter because as the 
charges on a protein’s surface diminish, so do the protein–water interactions, and 
hence, protein water solubility and water-holding capacity (WHC). In addition, pro-
teins gel poorly at their pI. However, the hydrophobicity-driven protein–protein 
interactions are favored at the pI, and, therefore, proteins at their pI achieve minimum 
solubility and typically precipitate. This pH-mediated, protein isoelectric behavior 
allows the modifi cation of protein solubility/precipitation by proper pH adjustment. 
Protein solubility curves (or profi les) as a function of the pH are often experimentally 
constructed in order to determine protein water solubility characteristics (Fig.  6.5 ).

   The ionic strength (IS) infl uences the pH-mediated ISP (Chen and Jaczynski 
 2007a ; Stefansson and Hultin  1994 ; Thawornchinsombut and Park  2004 ). Torres 
et al. ( 2007 ) proposed a continuous bioreactor system using ISP for protein and 
lipid recovery at a pilot/industrial scale. One of the advantages of using such a 
system is water recycling. However, due to water recycling, salt accumulation 
occurs, and, therefore, the IS increases, affecting the pI of fi sh muscle proteins. As a 
consequence of the increased IS, the myofi brillar proteins precipitate at a lower pH, 
and, therefore, the pH must refl ect the changing pI in order to achieve maximum 
protein precipitation (i.e., recovery effi ciency) during continuous ISP processing. 
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The increased IS causes a shift in the pI to a lower pH because Cl -  binds positively 
charged AAs to a greater extent than Na + . Na +  has a greater affi nity for negatively 
charged AAs than Cl -  (Ockerman  1996 ). Thus, more H 3 O +  must be introduced into 
the system to neutralize the increased negative charges so that the net electrostatic 
charge becomes zero again and the pI is reached. The second major group of fi sh 
muscle proteins, sarcoplasmic proteins, is water soluble at both acidic and basic pH. 
However, sarcoplasmic proteins do not precipitate demonstrably between pH 5.0 
and 6.0 as myofi brillar proteins (Fig.  6.5 ). As the IS increases, more sarcoplasmic 
proteins precipitate at pH 5.5 (Chen and Jaczynski  2007b ). Therefore, in a continu-
ous system, more sarcoplasmic proteins are recovered as salt accumulation increases. 

 The isoelectric behavior of fi sh muscle proteins can be used to recover functional 
proteins from aquatic animals processing by-products as well as low-value aquatic 
species. While muscle proteins are in a soluble form (protein–water interactions are 
favored), the insoluble components (bone, skin, scale, etc.) can be removed from the 
solution by, for example, centrifugation, followed by protein precipitation and 
recovery at the pI (protein–protein interactions are favored). Functional muscle pro-
teins from fi sh have, thus far, been recovered at the laboratory scale using a batch 
mode (Choi and Park  2002 ; Kim et al.  2003 ; Kristinsson and Hultin  2003 ; Undeland 
et al.  2002 ) and pilot plant scale (Mireles DeWitt et al.  2007 ). The ISP processing in 
a continuous mode has also been applied to fi sh processing by-products (Chen and 
Jaczynski  2007b ; Chen et al.  2007 ), krill (Chen and Jaczynski  2007a ; Chen et al. 
 2009 ), and whole fi sh (Taskaya et al.  2009a ,  b ).  

5.5     Protein Recovery Yield and Fat Recovery Yield 
from Seafood By-products 

 The protein recovery yield is a critical parameter to initiate the determination of the 
economical feasibility of a new technology. As the ISP also allows the recovery of 
fi sh oil (fat), determination of the fat recovery yield may aid in a more comprehen-
sive understanding of the economical feasibility of this technology. Fish oil is often 
perceived by consumers as benefi cial for human health, particularly cardiovascular 
health associated with the abundance of ω-3 fatty acids. At the same time, fi sh oil 
that is retained with the recovered protein may contribute to the development of 
rancidity. Therefore, the determination of fat reduction in the recovered protein is 
also desirable. This is why one of the objectives in surimi processing is the removal 
of fi sh oil and, typically, the fat content in surimi is greatly reduced to <1 %. Surimi 
processing is a commercial technology that allows the recovery of muscle proteins 
(mainly myofi brillar) from headed-and-gutted fi sh; therefore, in this regard, it is 
similar to ISP. However, heading-and-gutting generates a signifi cant amount of pro-
cessing by-products with unrecovered fi sh meat and oil attached to bones, skin, etc. The 
processing of 100 kg of live fi sh using surimi technology recovers about 19.5 kg of 
proteins (i.e., surimi) (Lee  1999 ). This relatively low protein recovery with surimi 
technology means that the unrecovered proteins (water-soluble sarcoplasmic proteins) 
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end up in the process water. Surimi processing requires tremendous amounts of 
process water, about 20 times the weight of the deboned meat (Lee  1999 ). The pro-
cess water is high in biological oxygen demand, and, therefore, requires treatment 
before it can be discharged. Unlike surimi technology, ISP allows the processing of 
by-products such as frames and heads or whole fi sh such as krill or carp. If ISP is 
designed as a continuous bioreactor system with recycling of process water, much 
less water is needed (Torres et al.  2007 ). 

 ISP results in relatively high recovery of proteins from the starting materials. 
Protein recovery yields for ISP reported in the literature range between 42 % and 
90 % (Chen and Jaczynski  2007b ; Chen et al.  2009 ; Kristinsson and Liang  2006 ; 
Nolsøe and Undeland  2009 ; Taskaya et al.  2009b ). The differences may be attrib-
uted to the different methods used to determine the protein concentration and their 
recovery yield, fi sh species, centrifugation force used during ISP, and a relative 
concentration of water-soluble sarcoplasmic proteins in the starting material. 
Sarcoplasmic proteins are only partly recovered with ISP (Chen and Jaczynski 
 2007b ). However, the application of fl occulants during ISP improves the recovery 
of water-soluble proteins, and, consequently, increases the protein recovery yield 
(Taskaya and Jaczynski  2009 ). Sathivel et al. ( 2004 ) developed freeze-dried protein 
powders from various fi sh processing by-products by heating them at 85 °C for 
60 min, followed by protein separation via centrifugation at 2,560 ×  g  and subse-
quent freeze-drying. The protein recovery yields were in the range 14–31 %, 
depending on the starting material. 

 Fat recovery is more effi cient when ISP is conducted at basic rather than acidic 
conditions. Liang and Hultin ( 2005a ,  b ) demonstrated enhanced fat recovery when 
citric acid and its Ca salts were used during ISP. However, these reports did not list 
fat recovery yields. Okada and Morrissey ( 2007 ) extracted oil from skin-on sardine 
fi llets by adjusting the pH of the mince to the pI, followed by centrifugation. 
Although there was no protein solubilization step, the pH adjustment to the pI 
increased oil recovery when compared to the conventional heat-aided oil recovery. 
Taskaya et al. ( 2009b ) reported fat recovery yield in the range 80–95 % for whole 
gutted carp processed with ISP. Kristinsson et al. ( 2005 ) reported similar fat recov-
eries and fat reduction in the recovered proteins for catfi sh fi llets. Kristinsson and 
Liang ( 2006 ) reported fat reduction in the proteins recovered from Atlantic croaker 
fi llets using surimi processing and ISP. ISP using basic pH resulted in the highest fat 
reduction, followed by acidic pH, while surimi processing was the least effi cient at 
fat reduction in the recovered proteins.  

5.6     Recovery of Functional Proteins and Lipids from Seafood 
Processing By-products by Isoelectric Solubilization/
Precipitation at the Pilot Scale 

 The principle of the pI has been used in cheese making and the manufacture of soy 
protein isolates. Following acidifi cation of milk to pH 4.6 by the action of rennet 
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and/or lactic acid bacteria, casein, the major milk protein, precipitates at its pI. 
A casein curd is formed with subsequent draining of water-soluble protein, whey. 
The same principle may be applied to muscle proteins with the precipitated frac-
tion composed of myofi bril and stromal proteins (the casein fraction of cheese) and 
the soluble fraction composed of sarcoplasmic proteins (the whey fraction of 
cheese). The pI of fi sh muscle proteins is 5.5. Therefore, the fi sh muscle proteins 
precipitate at pH 5.5 and become water-soluble gradually as the pH becomes more 
acidic or alkaline. 

 In general, there are fi ve steps in recovering proteins and lipids from fi sh process-
ing by-products using ISP (Fig.  6.6 ). The fi rst step is to homogenize a 1:6 (wt/wt) 
solution of by-products in water in order to provide reaction medium and increase 
the available surface area for the subsequent protein solubilization reaction. In the 
second step, the fi sh muscle proteins are solubilized under either acidic or alkaline 
conditions. As the pH moves further away from the pI, the fi sh muscle proteins 
assume a more uniform negative or positive surface charge for alkaline or acidic 
conditions, respectively (Fig.  6.4 ). The charge shift results in weaker protein– 
protein hydrophobic interactions, while protein–protein electrostatic repulsion 
becomes more predominant and results in protein–water interaction (i.e., water 
solubility). When proteins begin interaction with water, a drastic increase of viscos-
ity occurs. In muscle homogenates, myofi brillar proteins are present as aggregates, 
induced by hydrophobic forces (Undeland et al.  2003 ). The solubilization of fi sh 
muscle proteins is ascribed to the protonation of aspartyl and glutamyl (p K  a  = 3.8 
and 4.2, respectively) residues at acidic pH and deprotonation of lysyl, tyrosyl, and 
cysteinyl (p K  a  = 9.5–10.5, 9.1–10.8, and 9.1–10.8, respectively) residues at alkaline 
pH. Undeland et al. ( 2002 ,  2003 ) found that the viscosity of herring light muscle 
homogenate increased drastically around pH 3.5 and 10–10.5. In contrast, muscle 
protein homogenates from skinless catfi sh fi llets and tilapia white muscle had much 
higher viscosity peaks at alkaline versus acidic pH (Kristinsson et al.  2005 ). The 
viscosity decreases sharply as soon as the proteins become water soluble. Undeland 
et al. ( 2003 ) as well as Kristinsson and Ingadottir ( 2006 ) attributed this fact to the 
break- up of existing aggregates/myofi brillar assemblies or deprotonation of the 
ɛ   -amino groups of lysyl residues. The viscosity increase is an important processing 
parameter that may result in mixing issues (i.e., pH and protein solubility gradient), 
foam formation, etc. One way to compensate for this is to maintain the solution 
continuously at the desired pH; for example, in a continuous protein and lipid recov-
ery system (Torres et al.  2007 ).

   While the muscle proteins are in full interaction with water (i.e., solubilized), 
the third step, separation, is applied. Typically, centrifugation separates the solu-
tion for light, medium, and heavy fractions containing fi sh oil, solubilized muscle 
proteins, and impurities (bones, scale, skin, insoluble proteins, etc.), respectively. 
While the hydrophobic triglycerides (Fig.  6.1 ) are fairly easy to separate from the 
solution, the membrane phospholipids are relatively persistent because they are 
amphiphilic (Fig.  6.2 ). Greater than 50 % of the membrane phospholipids are 
retained with the solubilized proteins after step 3 (Undeland et al.  2002 ; Liang and 
Hultin  2005a, b ). Although membrane phospholipids are present in smaller 
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amounts in the fi sh muscle than triglycerides, the membrane phospholipids have 
been demonstrated to contribute more to rancidity (Vannuccini  2004 ). Therefore, it 
is desirable to remove as much lipid as possible during the separation step. The 
third step results in the separation of crude fi sh oil that is rich in ω-3 PUFAs and 
can be further processed for numerous food and non-food applications (Chen et al. 
 2007 ). The heavy fraction is rich in minerals such as Ca, Mg, and P, and, therefore, 
can be a main ingredient in the development of animal feeds and value-added pet 
foods (Chen et al.  2007 ). 

Step 1. Homogenization of by-products with 
water (1:6, w/w) 

Step 2. Homogenization of by-
products with water (1:6, w/w)

Step 3. First separation

Light fraction,
fish oil

Heavy fraction,
fat-free impurities

Medium fraction,
protein solution

Step 4. Second pH adjustment,
proteins precipitate

Step 5. Second separation

Light fraction,
recycled water Heavy fraction,

precipitated proteins

  Fig. 6.6    Diagram of the isoelectric precipitation and solubilization technology with concurrent oil 
separation proposed for processing fi sh by-products. Materials in boxes are fractions to be further 
processed into food and other applications (Adopted from Torres et al.  2007 )       
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 The medium fraction, containing the water-soluble fi sh muscle proteins, is recov-
ered and subjected to the second pH adjustment in step 4. The pH is adjusted to the 
average pI of the fi sh muscle proteins (pH 5.5). At pH 5.5, fi sh muscle proteins 
precipitate due to increased protein–protein hydrophobic interactions and decreased 
protein–water interactions, as well as decreased protein–protein electrostatic repul-
sion. Similar to the fi rst pH adjustment in the second step, as the proteins gradually 
stop interacting with water dipoles, the viscosity increases signifi cantly. This vis-
cosity issue can be overcome by maintaining the pH at 5.5 continuously. The pre-
cipitated fi sh muscle proteins are separated from the process water typically by 
centrifugation. The muscle proteins retain their gel-forming ability, and, therefore, 
can be used as a functional and major ingredient in human food products such as 
surimi seafood (commonly referred to as crab-fl avored seafood). Processors should 
keep in mind that, like in surimi and other muscle foods products, in order to pre-
serve protein functionality, protein isolates obtained using ISP must include cryo-
protectants (Thawornchinsombut and Park  2006 ) for frozen storage. Following ISP, 
the process water can be reused in a continuous system, reducing processing costs. 
However, the purity of the process water and, thus, its reuse greatly depend on the 
processing parameters.   

6     Continuous Bioreactor System for Seafood 
Processing By-products 

 Torres et al. ( 2007 ) proposed a continuous bioreactor system for fi sh processing by- 
products and whole fi sh. This system was based on ISP principles. The bioreactors 
were equipped with built-in pumps for various processing additives, such as anti-
foams, coagulants, fl occulants, etc. The fl occulants enabled more effi cient separa-
tion of the precipitated fi sh muscle proteins from the process water and, consequently, 
could facilitate process scale-up from a laboratory to pilot/industrial scale (Taskaya 
and Jaczynski  2009 ). Following homogenization (Fig.  6.6 , Step 1), the homogenate 
is pumped to the fi rst bioreactor for a 10-min solubilization reaction (Step 2). The 
bioreactor continuously controls and maintains the pH. Because the pH of the 
incoming homogenate is close to neutral (~6.6–7.0), a base is rapidly pumped into 
the vessel to adjust the pH to 11. Bioreactors are also equipped with mixing baffl es 
to prevent pH gradients and excessive foaming. A refrigerant is used to maintain 
constant temperature, while small pumps are used to inject food-grade emulsion 
breakers and antifoam agents. The experimental recovery system works at 300 L/h 
and can process ~43 kg/h of fi sh by-products (Fig.  6.7 ). Although these small-scale 
bioreactors are manufactured from glass and stainless steel components, industrial- 
strength, high-density polyethylene can be used in a fi sh processing plant. Based on 
the experimental system (Fig.  6.7 ), a modular 600-L bioreactor system has been 
designed to process 12 tons/day of fi sh processing by-products.

   Following the pH adjustment in Step 2, the solution is pumped to a decanter 
centrifuge (Fig.  6.8 ), working typically below 4,000 ×  g . Decanters are commonly 
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used in surimi processing plants. However, surimi technology does not work under 
acidic or basic pH; therefore, the assessment of an available decanter should be 
performed prior to use with ISP. There are no pH issues when separating proteins 
(Step 5); however, this can be relatively slow unless the particle size of the precipi-
tated muscle proteins is increased by promoting protein–protein hydrophobic inter-
actions using an extended precipitation time (~24 h) in Step 4.

   The particle settling velocity under the centrifugal force ( g ) depends on the den-
sity differential between phases (Δρ), viscosity (μ), and particle size expressed as 
the equivalent diameter (D):

  
S

g D
=

Dr
m

* * 2

  
 ( 6.1 ) 

   

  D is the only variable that a processor can modify in ISP. Using a precipitation 
time of only 10 min in Step 4, the protein particle size can be increased by adding 
commercially available fl occulants.  

  Fig. 6.7    Bioreactors equipped with automatic pH and temperature controls, continuous pumping 
of feed and treated stream, and dosing of food-grade additives such as emulsion breakers, protein 
fl occulants, and antifoaming agents. Bioreactor A is used for protein solubilization (Step 2), while 
Bioreactor B is used for isoelectric precipitation (Step 4). A control box is placed between both 
bioreactors. This confi guration is working in a continuous mode at a fl ow rate of 300 L/h (Adopted 
from Torres et al.  2007 )       
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7     Alternative Applications of Recovered Proteins 

 Most studies have focused on using proteins recovered via ISP directly or as the main 
ingredient for restructured human food products similar to surimi. For instance, 
Tahergorabi et al. ( 2012a ) developed functional food products using ISP fi sh protein 
isolate, ω-3-rich oils, and salt substitute. Tahergorabi et al. ( 2012b ) also found that the 
substitution of NaOH with KOH may decrease the Na content in the ISP fi sh protein 
isolate, and, thus, allow the development of reduced-Na seafood products. There are 
several laboratories actively researching alternative uses for the ISP- recovered pro-
tein isolates, including the development of hydrolysates (Theodore and Kristinsson 
 2007 ). Hydrolysates have been previously shown to inhibit angiotensin-converting 
enzyme (ACE), a biocatalyst that converts angiotensin I into the bioactive protein 
angiotensin II (Bordenave et al.  2002 ; Jung et al.  2006 ; Fahmi et al.  2004 ). Angiotensin 
II is responsible for arteriolar vasoconstriction and the degradation of bradykinin, 
an effective vasodilator (Theodore and Kristinsson  2007 ). Thus, ACE functions 
to increase blood pressure. Theodore and Kristinsson ( 2007 ) produced hydroly-
sates from ISP protein isolate using catfi sh as the starting material. Hydrolysates 
show great promise as natural food-based alternatives to ACE-inhibiting drugs. 

Feed tube
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Screw conveyor

Gearbox

Light liquid phase

Heavy liquid
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Wall of the bowl

Solids
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bioreactor

Conical end
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  Fig. 6.8    Decanter centrifuges, typical separating equipment used in fi sh processing, could be 
utilized in the new isoelectric solubilization/precipitation technology (Adopted from Torres et al. 
 2007 ). ( a ) Commercial unit shown by courtesy of Alfa Laval. ( b ) Cross-sectional view of the 
decanter centrifuge bowl       
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Hydrolysates also have antioxidant potential (Bishov and Henick  1972 ). Alkaline-
solubilized tilapia protein hydrolysate inhibited the development of hydroperoxides 
in a washed muscle system (Raghavan and Kristinsson  2008 ). 

 The injection of ISP protein isolates into whole muscle to increase textural and 
sensory properties has also been evaluated. ISP protein isolates from tilapia were 
injected as a 1–5 % solution in tilapia fi lets, improving their drip loss (Hussain 
 2007 ).    Vann and Mireles DeWitt ( 2007 ) evaluated the effect of ISP protein isolate as 
an injection alternative to phosphates for the enhancement of select beef strip loins. 

 The recovered proteins can be chemically modifi ed to make a biodegradable 
superabsorbent hydrogel (SAH) (Damodaran  2004 ). The modifi ed proteins increase 
the carboxyl content due to alteration of the amino groups of lysine. The proteins 
are incorporated into a matrix of an anionic polysaccharide, such as carboxymethyl 
cellulose (Damodaran  2004 ). The SAH is capable of trapping up to 400 g water/g 
SAH. The SAH may be a viable replacement for non-biodegradable hydrocarbon- 
based hydrogels used in diapers and paper towels, biodegradable tray liners for meat 
packaging, or unconventional non-food applications, such as fi re retardant. Another 
potential non-human food application for ISP protein isolates is as a nutritive binder 
in domestic animal feeds. Gehring et al. ( 2011 ) demonstrated improvement of pellet 
quality of broiler grower diets with the addition of ISP protein isolate.  

8     Future Market Trends 

 Compared with milk and soy proteins, the market for marine proteins and peptides 
is not large and they have, so far, mainly been used as seafood fl avors (Thorkelsson 
and Kristinsson  2009 ). The sale of marine proteins for more advanced applications 
is still low and development has been slow. Alta Vida AS has carried out a survey of 
the American market for protein ingredients. The potential has been estimated to be 
US$ 45–60 million. Marine protein ingredients may be an alternative to milk- and 
soy-based products. Several commercially available products with bioactive pep-
tides (Thorkelsson and Kristinsson  2009 ), including products from bonito (  http://
www.nippon- sapuri.com/english    ,   http://www.metagenics.com    ), sardines, collagen, 
and hydrolyzed whitefi sh (  http://www.propernutrition.com    ,   http://www.copalis.fr    , 
  http://www.nutrimarine.com    ) are available. A new protein ingredient needs to have 
a competitive price, good fl avor (little or no fl avor), documentation of health bene-
fi ts, and an adequate shelf life. There is a market for water-retaining proteins of 
marine origin that can reduce drip loss, increase shelf life, and improve juiciness. 
The protein isolate NutriLean produced by Proteus Industries (  http://www. 
proteusindustries.com    ) reduces fat uptake in fried foods and increases juiciness. 
The market for sports nutrition products is growing by 5–7 % per year. The main 
ingredients are amino acids and proteins. Sports nutrition is, therefore, an area that 
is well suited for marine proteins. Marine proteins have very good amino acid com-
position and a high digestibility.  
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9     Conclusions 

 The amount of seafood by-products is huge and there is great potential for making 
more value-added products from this raw material. It has been estimated that, if 
some components are recovered from seafood processing by-products and used in 
the development of human food products, their value increases fi ve times. Isoelectric 
solubilization/precipitation (ISP) allows selective, pH-induced water solubility of 
muscle proteins with concurrent separation of lipids and removal of materials not 
intended for human consumption, such as bones, scales, skin, etc. Muscle proteins 
from seafood processing by-products have, thus far, been recovered using batch- 
mode ISP at the laboratory and pilot scales. A continuous bioreactor system for 
seafood processing by-products and whole fi sh using the ISP principles has been 
proposed. Currently, there is an increasing interest in different applications of ISP- 
recovered protein isolates. Thus, ISP processing may represent a more responsible 
use of natural resources and provides a cost-effective production of novel and value- 
added consumer food products.     
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1            Introduction 

 By-products from fi sh and shellfi sheries processing represent a serious environ-
mental and economic problem due to inadequate disposal options and/or costs 
associated with disposal in landfi lls. Processing leftovers including trimmings, 
fi ns, frames, heads, shells, skin, viscera, and stickwater/effl uent are currently used 
in Ireland for the production of fi sh meal, fi sh oil, fertilizer, and animal feeds. 
However, these by-products may be viewed as valuable sources of bioactive com-
pounds, including functional and technologically relevant peptides, as well as 
lipids, minerals, carbohydrates, and small molecules, with associated applications 
in human, carnivorous, or omnivorous fi sh and shellfi sh diets and animal feed-
stuffs. The function of these bioactive compounds is usually health maintenance 
in nutritional products. Marine processing by-products may be considered as 
coproducts and should be viewed as a potential resource for new, value-added 
product generation. Fish species without current commercial value, such as 
 Capros aper  (Boarfi sh) (Fig.  7.1 ) (White et al.  2011 ), blue whiting, and herring, 
may also be viewed as a novel resource for new ingredient and product develop-
ment, and this resource is often overlooked and wasted at present. Whitefi sh (Blue 
whiting and Herring), Boarfi sh, Crabs, and Prawns are plentiful around the Irish 
coastline. Over the last several years, Ireland has seen an increase in Boarfi sh 
numbers and it currently has a catch quota of 56,000 boarfi sh per annum. The 
2012 season produced some of the highest numbers of Boarfi sh on record.

   Furthermore, the cooking juices of fi sh and shellfi sh products contain two kinds 
of fl avoring compounds. These include low molecular weight compounds such as 
the N- and S-containing compounds that provide pleasant cucumber/green, almond/
nutty, potato-type aromas which characterize seafood products (Kubota et al.  1986 , 
 1996 ). Water-soluble fl avor compounds, including low molecular weight free amino 
acids (Taurine, Glutamic acid, Glycine), peptides, organic acids, and inorganic 
salts, are also found in the cooking juices of fi sh and shellfi sh by-products (Hayes 
 2013 ). These fl avors can be targeted for use in functional “taste/fl avor imparting” 

  Fig. 7.1     Capros aper  
(Boarfi sh)       
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meat/cereal/beverages for consumers. Fish processing by- products are also a source 
of bioactive peptides, with heart health, antimicrobial, antioxidant, anti-infl amma-
tory, and other potential health benefi ts (Morrissey et al.  2011 ). Indeed, bioactive 
peptides were isolated from marine processing by-products as part of the NutraMara 
program (  http://www.nutramara.ie    ).  

2     Reasons for Discarding Fish 

 Fishermen catch fi sh, shellfi sh, and crustaceans, and also untargeted fi sh and 
marine life, such as jellyfi sh, starfi sh, and coral species. Discarding fi sh takes place 
after sorting the catch on board the vessel. Fish thrown overboard on economic 
grounds may include: fi sh with no local market, crushed or damaged fi sh, or fi sh 
subject to premarket selection. Fishermen keep only the most valuable fi sh sizes in 
order to maximize returns due to low quota or storage limitations. However, since 
2008, the EU parliament has stressed that discarding should be eliminated, as it is 
an unsustainable and immoral practice. In February 2013, the Common Fisheries 
Policy (CFP) adopted its fi rst reading position on the future CFP regulation and a 
phased-in discard ban in the EU will start from January 2014 (Weissenberger 
 2013 ). Apart from unwanted catch at sea, discard can also include processing waste 
or by-products. New solutions for discard/by-products are required due to stringent 
environmental regulations issued by many Governments and because it makes 
sense that fi sh processing should be a sustainable practice, both environmentally 
and economically. Indeed, the utilization of by-products from the fi sh and shellfi sh-
eries processing industries can be a lucrative practice if costs associated with the 
processing of by-products are kept low and if functional ingredients/products can 
be obtained using easily accessible technologies and sustainable scientifi c prac-
tices. The EU fi sheries “discard ban” may assist fi sh oil and fi sh meal producers to 
source new raw materials for Omega-3 production. At present, the main fi sheries 
for Omega-3 production in Peru and Morocco are near capacity and a reduction in 
unsustainable waste will help to keep the Omega-3 production industry vibrant. 
A large quantity of money has been invested in the area of by-product utilization, 
as illustrated in Table  7.1 .

3        By-product Categories 

 A report by the FAO Fisheries and Aquaculture Department stated that, in 2005, 
about 75 % of the estimated world fi sh production was used for direct human con-
sumption and the remaining 25 % was destined for non-food use (Sanmartin et al. 
 2009 ). With the exception of China, approximately 90 % of the world fi sh produc-
tion destined for non-food use is used in the manufacture of fi sh meal and oil, and 
10 % is used in aquaculture (FAO  2009 ). Delgado et al. predicted that an increasing 
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demand for fi sheries products will result in increased fi sh production and, therefore, 
an increase in fi sh processing, which will result in greater quantities of fi sh discard/
by-products or what should really be termed “coproducts” (Delgado et al.  2003 ). 
Marine by-products can be the starting materials for new and naturally sourced 
value-added ingredients that can be used as functional foods or cosmeceutical or 
pharmaceutical ingredients. This chapter will focus on recent advances in the recov-
ery of valuable bioactive compounds, including proteins, peptides, lipids, and small 
molecules, from marine discard and by-products, and current and potential applica-
tions of these bioactive compounds.  

4     Strategies for Fish Protein Recovery from 
By-product Material 

 Fish bycatch is a rich source of valuable protein, but, at present, the majority of fi sh 
bycatch is used for the manufacture of fi sh meal or as a fertilizer. The production of 
fi sh by-products consists essentially of the hygienic collection of mince and the 
separation of solids, oil, and water using steps including boiling, pressing, evapora-
tion, and drying (Sanmartín et al.  2009 ). In order to avoid rapid spoilage, the water 
and oil content of this fi sh “mince” must be reduced to below 10 %. This ensures 
that autolytic degradation by endogenous enzymes and lipid oxidation does not 
occur. In order to successfully recover proteins from fi sh, it is necessary to choose 
the correct technique, as failure to do so may result in poor quality protein with little 
nutritive value and poor functional applications.  

5     Fish Protein Concentrates (FPC) 

 Fish protein concentrate was one of the fi rst products developed from fi sh protein 
and were fi rst made in Sweden in 1936. FPC are produced using ensilage techniques 
and there are two types, known as A and B. Type A FPC is produced by solvent 
extraction of fi sh meat using an alkali or solvents such as ethyl alcohol. It is poorly 
soluble in water and has poor emulsifying properties. Type A FPC is odorless and 
colorless and contains less than 1 % fat. Type B FPC is produced by isoelectric 
precipitation and this FPC has a fi sh odor and contains higher levels of lipids. Mild 
processing techniques such as enzymatic recovery of protein from fi sh are the most 
widely used methods for the recovery of proteins for industrial use. 

 Fish proteins and fi sh meal have also been used historically as a good source of 
protein and minerals for the dairy, pig, and poultry industries. It is a naturally good 
source of the essential amino acids Lysine and Methionine. Trace elements of lodine 
and Selenium are also present. The use of fi sh protein in animal feed products is set 
to continue and the demand will increase if the technical issues of purity, salt con-
tent, and undesirable nitrogen compound levels are resolved.  
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6     Chemical and Enzymatically Hydrolyzed Fish Protein 

 During the chemical and/or enzymatic hydrolysis of fi sh protein, peptides are recov-
ered which have a number of different benefi cial bioactivities. Chemical hydrolysis 
using acid or alkali result in poor products with bitter tastes and reduced nutritional 
qualities. Enzymatic hydrolysis employs commercially available enzymes such as 
papain, alcalase, fi cin, trypsin, pancreatin, and neutrase. Proteolytic lactic acid bac-
teria (LAB) may also be used. Proteolytic enzymes are classifi ed by their hydrolyz-
ing mechanism into endopeptidases and exopeptidases. Endopeptidases hydrolyze 
the peptide bonds within the parent protein at random to produce large peptides. 
Exoproteases remove amino acids from either the N- or C-terminus by hydrolyzing 
the terminal peptide bonds. For a controlled enzymatic process, it is necessary to 
inactivate using heat or pH the endogenous proteases contained in fi sh muscle prior 
to the addition of enzymes for controlled hydrolysis. The use of added external 
enzymes allows for control of the hydrolysis process and can improve the func-
tional, sensory, and physicochemical properties of the fi sh protein. As commercially 
available enzymes are expensive, it is valuable for processors to fi rst carry out in 
silico analysis prior to the generation of a bioactive hydrolysate. Computer pro-
grams, including ExPASy PeptideCutter (  http://web.expasy.org/peptide_cutter/    ), 
are useful in predicting the outcome of a protein hydrolysis with a chosen enzyme. 
However, this analysis method is only possible if the sequence of the protein that 
will be hydrolyzed is already known and available in protein databanks such as 
PubMed. The use of fi sh exogenous enzymes is widely applied in the fi sh sector. For 
example, trypsin isolated from skipjack tuna was used previously to degrade sardine 
proteins (Klomklao et al.  2006 ). More recently, press cakes obtained from three 
discarded species in the west Mediterranean, sardine ( Sardina pilchardus ), mack-
erel ( Scomber colias ), and horse mackerel ( Trachurus trachurus ), were hydrolyzed 
using two serine endoprotease enzymes, one of bacterial origin (subtilisin, EC 
3.4.21.62) and another from an animal source (trypsin EC3.4.21.4). These hydroly-
sates were found to contain acceptable antioxidant activities, with DPPH inhibition 
values ranging from 35 % to 45 % (García-Moreno et al.  2013 ). Press cakes were 
obtained by heating the viscera and gonads of the three fi sh species at 40 ºC for 
30 min and pressing in an electric press, where the mix was subjected to three 
presses under pressure at 150 bar. Press cake peptides were also found to have anti-
hypertensive activities.  

7     Autolysis 

 Autolysis using endogenous enzymes was used with some success previously. 
Kristinsson and Rasco ( 2000 ) used endogenous enzymes to produce fi sh sauces and 
silage. However, the primary limitation of the autolytic process for value-added 
ingredient recovery is the diminished functionality of the fi nal product and the fact 
that a homogenous end product (hydrolysate) is diffi cult to obtain.  
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8     Processing of Stickwater 

 Three types of waste are generated during the processing of fi sh and the production 
of fi sh meal. These are: bail water, blood water, and stickwater. Stickwater repre-
sents approximately 60 % of the processed fi sh weight (García-Sifuentes et al. 
 2011 ) and is composed of solids, which should be removed before being discarded 
at sea (Fernández et al.  2003 ). Solids represent approximately 6–10 % of stickwater 
and consist of proteins, fats, and inorganic ions, and these could be used for food 
ingredients for humans (García-Sifuentes et al.  2009 ). One of the primary problems 
with stickwater recovery is its variable nature. Stickwater depends upon species, 
storage conditions, and the processing plant conditions (Guerrero et al.  1998 ; 
García-Sifuentes et al.  2011 ). Treatments such as stickwater evaporation consume a 
lot of energy and can result in fouled pipes. 

 Cross-fl ow membrane technologies for effl uent protein recovery have been pre-
viously reported (Afonso et al.  2002 ). Membrane fi ltration using low molecular 
weight cutoff and ultrafi ltration methods is an alternative to recover solids from 
effl uent. García-Sifuentes et al. ( 2011 ) investigated the effect of a multistep stick-
water treatment method that employed centrifugation, pH shift, and ultrafi ltration 
steps. The method was successful to a degree, as the removal of most solids was 
attained and a clearer effl uent resulted.  

9     Collagen and Gelatine Extraction 

 Collagen is the major structural protein in the connective tissue of skin and bone, 
giving strength and support to tissues. The collagen molecule is a triple helix, with 
three α-chains that adopt a three-dimensional structure. It contains a high percent-
age of glycine, hydroxyproline, and proline, which make up the most common 
repeating triplet in the molecule, with glycine always occupying every third posi-
tion. Gelatine is the hydrolyzed form of collagen and is a high-value functional 
protein. Collagen and gelatine have many uses in the food, cosmetic, and pharma-
ceutical industries, including their uses as gelling and stabilizing agents and their 
use as nutritional enhancement agents. They are most commonly sourced from por-
cine and bovine skin, with fi sh skin accounting for less than 1 % of the worldwide 
market. However, fi sh skin may potentially be a good alternative source of collagen 
and gelatine. Fish skin-sourced collagen and gelatine are considered suitable for 
communities with Kosher and Halal religious beliefs. 

 There is an increasing worldwide demand for collagen and gelatine, with the mar-
ket currently estimated to be approximately 326,000 tons (Karim and Bhat  2009 ), 
and fi sh skin is an excellent source of both. The extraction of collagen from fi sh skin 
provides a perfect opportunity for marine processors to reduce waste from fi sh pro-
cessing while simultaneously providing a product that is in demand globally. 

 The extraction of collagen ordinarily involves three steps: acid/alkaline pretreat-
ment, extraction, and purifi cation. Previous studies indicate that the largest amount of 

7 Advances in the Processing of Marine Discard and By-products



132

total collagen content (90 %) can be extracted using 0.5 M acetic acid at 4 °C for 24 h 
using a ratio of skin to solvent of 1:40 (w/v), without any pretreatment process. In 
recent years, gelatine with good gelling properties was extracted from the skin and 
bones of fi sh species, including giant catfi sh (Jongjareonrak et al.  2010 ), bigeye snap-
per (Benjakul et al.  2009 ), cuttlefi sh (Aewsiri et al.  2008 ), greater lizardfi sh (Taheri 
et al.  2009 ), hoki (Mohtar et al.  2010 ), grouper (Rahman and Al-Mahrouqi  2009 ), 
striped catfi sh (Singh et al.  2011 ), bream (Sitthipong et al.  2011 ), and unicorn leath-
erjacket (Ahmad et al.  2010 ). Recently, gelatine extraction was successfully carried 
out from catfi sh bones ( Clarias gariepinus ) using 3.35 % HCl for 14.5 h pretreatment 
of bones, followed by hot water extraction at 67.23 % for 5.2 h (Sanaei et al.  2013 ). 

 In Europe, farmed salmon has become a signifi cant fi sh resource. Over the last 
two decades, the production of farmed salmon has multiplied approximately 40 
times, with the UK being the third largest farmed salmon consumer in the world, 
accounting for 12 % (100,000 t) of worldwide consumption (UN Food and 
Agricultural Organization, Fisheries Global Information System). In the past, 
salmon was sold mostly as a skin-on product, so salmon skin was not available in 
large quantities, but in more recent years, the market for skinless salmon products 
has grown rapidly (Arnesen and Gildberg  2007 ). Salmon skin, which comprises 
about 5 % of the whole fi sh, has been studied briefl y with regard to collagen 
(Kolodziejska et al.  2008 ; Simpson et al.  1999 ) and gelatine (Yunoki et al.  2003 ; 
Arnesen and Gildberg  2007 ). These studies have indicated that salmon skin is an 
excellent high-yielding source of collagen. Studies on the bioactive peptide produc-
tion potential of salmon skin involving enzymatic hydrolysis have been carried out 
recently (Rui-Zeng Gu et al.  2011 ), and although this area of research is still in its 
infancy, the results of the studies have indicated that salmon skin collagen peptides 
may be useful in functional foods and as antihypertensive agents. 

9.1     Collagen and Gelatine Applications 

 Collagen and gelatine are of value not only for their well-known applications in 
food, pharmaceuticals, and cosmetics where it is a growing trend to replace syn-
thetic agents with more natural ones, but in recent years, they have also become of 
interest for the production of bioactive peptides. Several studies have investigated 
the enzymatic hydrolysis of collagen for the production of bioactive peptides, and 
oral intake studies conducted on animal and human models have determined the 
absorption and metabolism of hydroxyproline containing peptides to be excellent 
(Gómez-Guillén et al.  2011 ). 

 The rheological properties of gelatine will determine its suitability for a particu-
lar application (Stainsby  1987 ). The basic properties that defi ne gelatine are the 
composition parameters, transparency, solubility, color, odor, and taste, but the attri-
butes that determine the commercial quality of gelatine are its gel strength and ther-
mal stability (Stainsby  1987 ). Gel strength and thermal stability are largely 
dependent on the molecular properties of gelatine, for the most part with respect to 
the molecular weight distribution (which results mainly from processing 
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conditions) and the species-specifi c amino acid composition (Gómez-Guillén et al. 
 2002 ). The proline and hydroxyproline content of gelatine is very important with 
regard to the gel strength, with the triple helical structure stability reported to be 
proportional to the total pyrrolidine imino acid content (Ledward  1986 ). It has also 
been reported that the total Gly-Pro-Hyp sequence content is one of the main factors 
affecting thermal stability (Burjandze  2000 ). 

 Applications of gelatine include adhesives, nutraceutical agents, and in cosme-
ceuticals, as well as others as documented in the next sections.  

9.2     Adhesive Applications 

 Traditionally, gelatine was used in the manufacture of glue (Karim and Bhat  2009 ). 
For adhesion to take place, a warm gelatine solution must be used and the gelatine 
must not have gelled before the surfaces to be glued are brought together. An exam-
ple of this is in the pharmaceutical or confectionery tableting business and in 
liquorice allsorts, where it can be used to join the layers (Cole  2000 ).  

9.3     Gelling Applications 

 The most common use of gelatine is for its thermally reversible gelling properties 
with water; for example, in the production of table jellies. In confectionery, gelatine 
is used as the gelling binder in gummy products such as wine gums (Marrs  1982 ). 
In the manufacture of these products, gelatine is combined with water, sugar, and 
glucose syrups. To these extracts, fl avorings, colors, and texture modifi ers may be 
added. Gelatine is widely used in confectionery because it gels, foams, or solidifi es 
into a piece that dissolves slowly in the mouth, gently releasing fl avors and creating 
a smooth taste sensation (Karim and Bhat  2009 ). However, sometimes, incompati-
bility between gelatine and glucose syrup can occur. In products with low water 
content, competition between gelatine and glucose polymers for water can result in 
the precipitation of the gelatine, or, at least, a marked loss in the gelling properties 
or hardness of the product. Gelatines with similar properties in water can have very 
different properties in confectionery formulations (Cole  2000 ).  

9.4     Gelatine Use as an Anti-foam Agent 

 Gelatine is a very effi cient foam stabilizer, and this property is exploited in the 
manufacture of marshmallows (Cole  2000 ). Foam stabilizing properties differ from 
gelatine to gelatine, so, for this use, the gelatine needs to be carefully selected. 
However, the foaming properties can be standardized by the use of sodium lauryl 
sulfate (Johnston-Banks  1990 ).  
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9.5     Protective Colloid/Crystal Modifying Properties 
of Collagen/Gelatine 

 If a gelled jelly is frozen, the product will suffer from syneresis (the extraction or 
expulsion of a liquid from a gel) and, on thawing, the clear jelly will disintegrate 
with much exuded water. However, if water containing 0.5 % gelatine is frozen, the 
water will freeze as millions of small discrete crystals, instead of forming a single 
solid block of ice. This effect is most desirable in “ice lollies” and is also used in ice 
cream manufacture to obtain a smooth product with small ice crystals and also to 
ensure that any lactose precipitates as fi ne crystals, avoiding the development of 
graininess with time (Marrs  1982 ).  

9.6     Gelatine as a Nutritional Supplement 

 Gelatine has increased proportions of certain amino acids, such as lysine (Karim 
and Bhat  2009 ). Studies have shown that the consumption of 7–10 g/day of lysine 
can signifi cantly improve nail growth rate and strength (Schwimmer and Mulinos 
 1957 ) and it also promotes hair growth (Silvestrini and Bruno  1988 ). Gelatine has 
also been shown to benefi t arthritis sufferers in a large proportion of cases (Adam 
 1991 ), and when mixed with beef protein, it can increase the net protein value from 
84 % to 99 % (Rama- Rao et al.  1964 ). Adding to these benefi ts the fact that gelatine 
is low calorie (3.5 kcal/g) and has excellent digestibility (Johnston-Banks  1990 ) 
makes it an ideal ingredient for food product supplementation.  

9.7     Gelatine as a Texture Agent 

 Gelatine is used in dried soups to provide an appropriate mouth feel (viscosity) to the 
fi nal product (Karim and Bhat  2009 ). In the manufacture of yoghurt, gelatine helps 
to avoid the fl oury texture of starches, while in ice creams, it controls the excess 
formation of ice crystals. In both yoghurt and ice cream, as with similar dairy des-
serts or iced confectionary, gelatine that melts at body temperature provides a smooth 
creamy sensation and allows the full release of fl avors and aromas (Cole  2000 ).  

9.8     Polyelectrolyte Properties of Gelatine 

 The clarifi cation of apple juice with gelatine is a common industrial practice 
(Benitez and Lozano  2007 ). It works by sticking to the particles or by using charged 
ions to cause particles to stick to each other, in any case, making them heavy enough 
to sink to the bottom by the action of gravity. What is left is a transparent though not 
a clear juice (Benitez and Lozano  2007 ).  

M. Hayes and K. McKeon



135

9.9     Use of Collagen as a Beauty and Cosmetic Product Ingredient 

 Collagen is widely used for soft tissue (e.g., skin), cartilage, and bone repair 
(Salgado et al.  2004 ). Its intrinsically high water retention capacity has been taken 
advantage of in creams for treating rough skin. Natural collagen triggers low 
immune responses, so it is a good substrate for cell adhesion, with good capacity to 
interact with host tissues (Salgado et al.  2004 ). Collagen is used in the manufacture 
of biocompatible glues (which consist of a mixture of collagen with citric acid as a 
cross-linking agent) that are particularly powerful at binding tissue–tissue interfaces 
and yield less toxicity than such semi-synthetic and synthetic formulations as gela-
tine–aldehyde and cyanoacrylate-based glues (Taguchi et al.  2006 ).  

9.10     Bioactive Peptides from Marine By-products 

 Marine by-products are a known source of bioactive compounds that may have 
potential for use in the food, pharmaceutical, and cosmeceutical sectors. The health 
benefi ts of marine-derived peptides are well known, and several studies have iso-
lated heart-benefi cial peptides, such as angiotensin-I-converting enzyme inhibitors 
(Fitzgerald et al.  2011 ), antioxidant peptides (Ranathunga et al.  2006 ), anticoagu-
lant peptides, and others, such as antiobesity, antidiabetic, and anticancer peptides 
(Ngo et al.  2011 ). 

 Discarded collagen containing materials from the fi sh processing industry have 
been found to be valuable sources of hydrolysates and peptides with bioactive prop-
erties (Cheng et al.  2009 ). Gastrointestinal digestion, food processing, or fermenta-
tion can liberate biologically active peptides from the parent protein sequence in 
which they were inactive (Gómez-Guillén et al.  2011 ). Once liberated, these pep-
tides were shown to positively affect numerous physiological functions of the 
organism. Collagen and gelatine from marine sources have been studied as a source 
of biologically active peptides with promising health benefi ts for nutritional and 
pharmaceutical applications (Wang et al.  2010 ). Enzymatically hydrolyzed fi sh skin 
gelatine has shown greater antihypertensive and antioxidative ability in comparison 
to fi sh muscle protein peptides (Kim et al.  2001 ; Mendis et al.  2005 ). It is presumed 
that these greater antihypertensive and antioxidative properties are due to the unique 
amino acid composition of fi sh skin gelatine peptides, which contain high levels of 
Gly-Pro-Hyp sequences in their structure (Gómez-Guillén et al.  2011 ). These pep-
tides were also shown to increase the rate of absorption of dietary calcium in animal 
models and, hence, improved calcium bioavailability. 

 Marine-derived bioactive peptides have also been shown to have anticoagulant 
activities (Jo and Jung  2008 ), antimicrobial activities, mineral-binding capacity, 
immunomodulatory activity, a lipid-lowering effect, and benefi cial effects on skin, 
bone, and joint health (Gómez-Guillén et al.  2011 ), further increasing their potential 
as ingredients for health-promoting functional foods and nutraceuticals. In vivo 
studies have demonstrated that some peptides from marine sources act protectively 
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against ultraviolet radiation-induced damage on mice skin, and salmon skin  collagen 
hydrolysates have been reported to affect lipid absorption and metabolism in rats 
(Saito et al.  2009 ). 

 Enzymatic hydrolysis is most commonly used to obtain gelatine- and collagen- 
derived hydrolysates and peptides, and it is the preferred method over solvent 
extraction and microbial fermentation due to the lack of residual organic solvents or 
toxic chemicals in the products. 

 A number of commercial proteases were used previously for the production of 
these hydrolysates and peptides, including trypsin, chymotrypsin, pepsin, alcalase, 
properase E, pronase, collagenase, bromelain, and papain (Kim et al.  2001 ; Lin and 
Li  2006 ; Mendis et al.  2005 ; Yang et al.  2008 ). The specifi c proteases used will 
affect the free amino acid composition of the peptides obtained, hence, their amino 
acid sequences, which infl uence the biological activity of the hydrolysates (Chen 
et al.  1995 ; Wu et al.  2003 ). Alcalase, which is a commercial protease from a micro-
bial source, was used in numerous studies dealing with gelatine/collagen hydrolysis 
because of its broad specifi city, as well as the high degree of hydrolysis that can be 
achieved in a relatively short time under moderate conditions (Benjakul and 
Morrissey  1997 ; Diniz and Martin  1998 ). During the hydrolysis of skin gelatine 
from Alaskan pollock, squid  Todarodes pacifi cus , and giant squid, alcalase dis-
played extensive proteolytic activity, producing hydrolysates with low average 
molecular weights, which exhibited high antioxidant activities and angiotensin-
converting enzyme (ACE) inhibitory activities (Giménez et al.  2009 ; Kim et al. 
 2001 ; Nam et al.  2008 ). 

 The potency of marine-derived peptides for ACE-I inhibition is expressed as an 
IC 50  value, which is the ACE inhibitor concentration leading to 50 % inhibition of 
ACE-I activity. The IC 50  values for several ACE-I inhibitory peptides derived from 
marine sources have been determined (Table  7.2 ).

   The biological properties of protein hydrolysates are largely determined by their 
molecular weights (Jeon et al.  1999 ). An ultrafi ltration membrane system was used 
previously to obtain peptide fractions with the desired molecular sizes and higher 
bioactivity levels, and also as a purifi cation step (Lin and Li  2006 ; Mendis et al.  2005 ).  

9.11     Antihypertensive and ACE-I Inhibition of Marine Peptides 

 Hypertension is a worldwide problem that affects 15–20 % of all adults. Its treat-
ment is effective in reducing the risk of cardiovascular diseases, such as arterioscle-
rosis, stroke, and myocardial infarction. 

 ACE is a circulating vasoactive enzyme that plays a key role in the regulation of 
blood pressure. ACE is secreted by pulmonary and renal endothelial cells and par-
ticipates in the body’s renin–angiotensin system (RAS), which mediates arterial 
vasoconstriction and the extracellular volume of blood plasma, lymph, and intersti-
tial fl uid. The enzyme catalyzes both the production of angiotensin and inactivation 
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of the vasodilator bradykinin. ACE inhibition is considered to be an effective thera-
peutic approach to treating hypertension. 

 ACE-I inhibitory peptides were originally discovered in snake venom and, since 
then, synthetic ACE-I inhibitors such as enalapril and captopril have been synthe-
sized and are widely used to treat hypertension and heart failure in humans (Ondetti 
et al.  1977 ; Patchett et al. 1980). In the last 10 years however, researchers have looked 
for alternative more innovative natural sources of these heart-healthy peptides, due to 
the negative side effects, such as coughing, taste disturbances, skin rashes, and angio-
neurotic edema, which are associated with the synthetic ACE inhibitors (Atkinson 
and Robertson  1979 ). The major natural source of ACE inhibitory peptides identifi ed 
to date is milk, but these peptides have also been isolated from many other animal 
and plant protein sources, such as blood proteins (Mito et al.  1996 ), maize (Miyoshi 
et al.  1991 ), chickpea (Yust et al.  2003 ), ovalbumin (Miguel et al. 2004), soy (Wu and 
Ding  2001 ), and muscle proteins from pig, cattle, fi sh, and chicken (Ahmad et al. 
 2010 ; Fujita and Yoshikawa  1999 ). 

 Collagen and gelatine have been shown to be good sources of ACE inhibitors 
(Table  7.2 ). Potent ACE inhibitory hydrolysates and peptides were obtained previ-
ously from collagenous materials, not only from land-based sources such as porcine 
skin collagen (Gómez-Guillén et al.  2011 ; Ichimura et al. 2009), bovine skin gela-
tine (Kim et al.  2001 ), and chicken legs, but also from marine sources such as fi sh 
skin (Nagai et al. 2006; Park et al. 2009), fi sh scales (Fahmi et al. 2004), fi sh carti-
lage (Nagai et al. 2006), squid tunics (Alemán et al.  2011 ), and sea cucumbers 
(Zhao et al. 2007). 

 ACE inhibitory peptides have certain common features (Gómez-Guillén et al. 
 2011 ). Most of them are relatively short sequences with low molecular mass, as the 
active site of the ACE cannot accommodate large peptide molecules (Gómez- 
Guillén et al.  2011 ). Binding to ACE is strongly infl uenced by the C-terminal tri-
peptide sequence, which may interact with subsites at the active site of the enzyme. 
ACE prefers substrates or inhibitors that contain hydrophobic amino acid residues 
(aromatic or branched side chains) at each of the three C-terminal positions (Cheung 
et al. 1980; Murray et al. 2007). The presence of arginine or lysine on the C-terminal 
position has also been reported to contribute substantially to the inhibitory activity 
(Cheung et al. 1980; Meisel 2003). 

 The ACE inhibitory activity described for collagen and gelatine hydrolysates and 
peptides may be related to the high concentration of hydrophobic amino acids, as 
well as to high proline levels. Proline seems to be one of the most effective amino 
acids for increasing ACE inhibitory activity and has been identifi ed in many of the 
naturally occurring ACE inhibitors (Contreras et al. 2009; Gómez-Ruiz et al. 2004a, b; 
Pihlanto et al. 2008; Quirós et al. 2007). 

 In vivo, the effects of antihypertensive peptides are usually tested using sponta-
neously hypertensive rats, which constitute an accepted model for human essential 
hypertension (FitzGerald et al.  2004 ), and many of the ACE inhibitory peptides 
from collagenous sources have already been tested in vivo, with an antihypertensive 
effect being reported. Spontaneously hypertensive rats experienced a signifi cant 
decrease in blood pressure following the oral administration of both a chicken leg 
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collagen hydrolysate and the isolated octapeptide Gly-Ala-Hyp-Gly-Leu-Hyp-Gly- 
Pro (Iwai et al. 2008; Saiga et al. 2008). Bovine and porcine collagen hydrolysates 
produced a considerable reduction in blood pressure in spontaneously hypertensive 
rats after oral administration (Faria et al. 2008). In another study, administering the 
lowest fraction of sea cucumber gelatine hydrolysate signifi cantly reduced the 
blood pressure of renal hypertensive rats (Zhao et al. 2007). ACE inhibitory pep-
tides Gly-Pro and Gly-Phe-Hyp-Gly-Pro, isolated from porcine skin collagen 
hydrolysates, also had antihypertensive effects in spontaneously hypertensive rats 
(Ichimura et al. 2009).  

9.12     Antioxidant Activities 

 Synthetic antioxidants are viewed with suspicion by the public due to reports con-
cerning potential toxicity and carcinogenic effects, so natural antioxidants are pre-
ferred (Yangthong et al. 2009). Fish protein hydrolysates and bioactive peptides 
were identifi ed previously as having antioxidant properties. Indeed, such antioxi-
dants were isolated from capelin, cod, mackerel, Alaskan pollock, and rockfi sh. 
Fish-derived antioxidants are equally as effi cient as antioxidants sourced from other 
foods, such as polyphenols, vitamins E and C, and carotenoids, in the prevention of 
oxidative stress-related diseases (Kaur and Kapoor  2001 ). There are over 20 analyti-
cal methods for determining the antioxidant activity of hydrolysates or extracts 
(Thaipong et al.  2006 ). There are two main categories of antioxidant capacity 
assays; the hydrogen atom transfer (HAT) reaction-based assays and the electron 
transfer (ET) reaction-based assays.      
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1            Introduction 

 The utilization of waste from the fi sh processing industry for value-added products 
has attracted substantial attention, since it addresses environmental pollution issues 
apart from providing added economic returns to the industry. Being a unique hydro-
colloid with exceptional characteristics, fi sh gelatin has found a wide range of appli-
cations in the food industry. It has been extensively employed as a gelling, 
thickening, foaming, fi ning, emulsifying, and microencapsulating agent. Recently, 
an increasing number of new applications have been found for gelatin in products 
such as colloid stabilizers, hydrogels, and biodegradable packaging materials, as 
per the consumer demand to replace synthetic agents with more natural ones. 
Gelatin is also considered a highly digestible dietary food ideal for certain types of 
diets, particularly as nutritional supplements. Consequently, gelatin is classifi ed as 
food in its own right and it is, therefore, not subjected to the food additives legisla-
tion in Europe (European Parliament and Council  2006 ). 

 Several comprehensive reviews have been published on fi sh gelatin illustrating 
its biomedical and nutraceutical applications (Kim and Mendis  2006 ), potential of 
fi sh processing by-products for the production of gelatin (Wasswa et al.  2007 ), pos-
sible gelatin alternatives for the food industry (Karim and Bhat  2008 ), fi sh gelatin 
as an alternative to mammalian gelatin (Karim and Bhat  2009 ), valorization of fi sh 
gelatin from marine by-products (Ferraro et al.  2010 ), and functional and bioactive 
properties of gelatin from alternative sources (Gómez-Guillén et al.  2011 ). 

 Though fi sh gelatin has been highlighted as a better alternative to mammalian 
gelatins from ethical and religious point of views, the production of fi sh gelatin is 
still in its infancy, contributing only about 1 % of the annual world gelatin produc-
tion (Arnesen and Gildberg  2006 ). However, in the last few years, several attempts 
have been made to identify potential sources for the production of fi sh gelatin and 
develop appropriate and optimal extraction methods for the recovery of gelatin with 
desirable functional properties to suit various applications. In this chapter, efforts 
are made to discuss the intricacies of extraction conditions and their infl uence on 
extracted gelatin with respect to its functionality, so that the information generated 
can be directed at the effective utilization of fi sh gelatin. 

 Gelatin is extensively used in the food industry, especially in confectionery, low- 
fat spreads, dairy products, bakery products, meat products, beverages, desserts, and 
ice cream. The suitability of a gelatin for a particular application depends largely on 
the functional properties, such as gel strength, viscosity, and melting point (Stainsby 
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 1987 ). These functional properties depend on the chemical and structural features of 
gelatin, particularly the molecular weight distribution and the amino acid composition 
(Muyonga et al.  2004 ). In turn, these chemical composition and structural features of 
gelatin depend on the extraction process.  

2     Sources of Gelatin 

 The principal sources of gelatin are mainly animal waste. The most abundant 
sources of gelatin are pig skin (46 %), bovine hide (29.4 %), and pork and cattle 
bones (23.1 %). Fish gelatin accounted for less than 1.5 % of the total gelatin pro-
duction in 2007, but this percentage was double that of the market data for 2002, 
indicating that gelatin production from alternative non-mammalian species had 
grown in importance. Apart from the well-known sociocultural and environmental 
aspects, the rising interest in utilizing by-products from the seafood industry for 
economical use is one of the reasons why exploring different species and optimizing 
the extraction of fi sh gelatin has attracted the attention of researchers in the last 
decade (Gómez-Guillén et al.  2002 ; Karim and Bhat  2009 ). However, because of 
the raised health concerns with bovine spongiform encephalopathy (BSE) and the 
religious feelings that some of the population does not consume products from 
cattle and pig sources, there was a search for alternative sources of gelatin. This 
resulted in the extraction of gelatin from poultry and fi sh waste. The results from the 
continuing research effort revealed that gelatin from marine sources could be a 
better alternative to mammalian gelatin. 

 Seafood processing discards, by-catch, and underutilized fi sh species are the 
promising sources for the extraction of fi sh gelatin. Fish processing discards gener-
ally include skin, bones, and scales. Several research groups attempted the extrac-
tion of gelatin from various fi sh and fi sh processing wastes. Gelatin has been 
extracted from the skin and bones of various warmwater fi shes (e.g., tuna, catfi sh, 
tilapia, Nile perch, shark, and megrim), coldwater fi shes (e.g., cod, hake, Alaska 
pollock, and salmon), and cephalopods.  

3     Gelatin from Seafood Processing Waste 

 The utilization of seafood processing waste for the commercial production of gela-
tin is a good waste management practice, along with earning some economic ben-
efi t. Fish processing leads to the generation of a large biomass of fi sh waste (e.g., 
skin, bones, and scales), which is generally discarded (~7.3 million tons/year) 
(Kelleher  2005 ). It has been reported that the solid waste from surimi processing 
constitutes up to 50–70 % of the original raw material, depending on the method of 
meat extraction from the carcass (Morrissey et al.  2005 ). The extraction of gelatin 
from fi sh waste by different methods has been done and attempts are made to 
improve the functional properties of the extracted fi sh gelatin. At present, methods 
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are standardized, which could yield fi sh gelatin that exhibits desirable functional 
properties comparable to mammalian gelatin. 

 The solid waste from surimi processing, which may range from 50 % to 70 % of 
the original raw material (Morrissey et al.  2005 ), could also be the initial material for 
obtaining gelatin or collagen from underutilized fi sh resources. The offal from further 
processing of semi-processed fi sh products, such as skin from salted and marinated 
herring or cold-smoked salmon, has been studied as a source of gelatin (Kołodziejska 
et al.  2008 ). Smoking did not signifi cantly alter the susceptibility of collagen to ther-
mal denaturation, as the resulting gelatin was degraded considerably less and had 
higher gel strength than gelatins from the skin of marinated and salted herrings. 

 Scales, small rigid plates that grow out of fi sh skin to provide protection, are 
biocomposites of highly ordered type I collagen protein and hydroxyapatite (Ikoma 
et al.  2003 ). These scales constitute important fi sh industry residue and may account 
for around 5 % of the material contained in fi sh collagenous waste (Wang and 
Regenstein  2009 ). The degradation of discarded fi sh scales takes a longer time 
owing to their high organic content coupled with their hard and rigid nature, causing 
serious environmental pollution issues. Thus, the preparation of gelatin from these 
by-products has assumed importance, as it increases the economic returns for the 
fi shing industry and decreases the load of environmental pollution. Recently, the 
exploration of fi sh scales as a prospective source of gelatin has been undertaken by 
Wangtueai and Noomhorm ( 2009 ) on lizardfi sh scales and Zhang et al. ( 2011 ) on 
grass carp scales. 

 Squid, one of the largest and most abundant cephalopods, in which only the 
mantle is used for human consumption and the rest of the animal is mostly dis-
carded without any effort directed to their further recovery. Among the squid wastes 
and by-products, around 30 % are rich in collagen, which is the main fi brous com-
ponent of the connective tissue and the most abundant protein in any organism 
(Brinckmann  2005 ). Gelatin extraction from cuttlefi sh was also attempted by Hoque 
et al. ( 2010 ).  

4     Gelatin Production 

 Gelatin is prepared by the thermal denaturation of collagen by using either acid or 
alkali. The conversion of collagen to gelatin takes place due to the cleavage of a 
number of intra- and intermolecular covalent cross-links present in collagen. In 
addition, some amide bonds in the elementary chains of collagen molecules undergo 
hydrolysis (Bailey and Light  1989 ). The extraction process can infl uence the length 
of the polypeptide chains and the functional properties of the gelatin. This depends 
on the processing parameters (extraction temperature, time, and pH), the pretreat-
ment, and the properties and preservation method of the starting raw material. 

 Gelatin production from any source generally involves two main steps:

•    Pretreatment of raw material  
•   Extraction of gelatin    
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4.1     Pretreatment of Raw Material 

 Insoluble native collagen needs to be pretreated before it is converted into a suitable 
form for extraction, which is normally done by hot water. A chemical pretreatment 
will break non-covalent bonds so as to disorganize the protein structure, thus pro-
ducing adequate swelling and collagen solubilization (Stainsby  1987 ). Subsequent 
heat treatment cleaves the hydrogen and covalent bonds to destabilize the triple 
helix, resulting in helix-to-coil transition and conversion into soluble gelatin 
(Djabourov et al.  1992 ; Gómez-Guillén et al.  2002 ). The degree of collagen conver-
sion into gelatin is related to the severity of both the pretreatment and the warm- 
water extraction process, as a function of pH, temperature, and extraction time 
(Johnston-Banks  1990 ). 

 The degree of collagen cross-linking is a key factor in order to decide the pre-
treatment process required for gelatin manufacture, and it is highly dependent on a 
number of factors, such as collagen type, tissue, animal species, etc. In the gelatin 
extraction from mammalian waste, the raw materials are pretreated with either 
dilute acid or alkali. These two production systems generate two types of gelatin. 
Type A gelatin is produced by the acid process and type B gelatin is produced by the 
alkali processing. The type of pretreatment clearly affects the characteristics of the 
extracted gelatin and typical differences between these types are the isoelectric 
point, viscosity, and textural and nanostructural properties. Acidic treatment has 
been found to be the most suitable for the less covalently cross-linked collagens, 
such as pig skin, and alkaline treatment has been found to be the most suitable for 
the complex collagens, such as bovine hides. However, in case of seafood waste, 
the collagen is different from that of mammals, and several studies showed that a 
combination of alkaline and acid pretreatments before extraction was helpful for the 
improvement of yield and functional properties of the extracted gelatin (Grossman 
and Bergman  1992 ; Gudmundsson and Hafsteinsson  1997 ; Zhou and Regenstein 
 2005 ). Further, the combination of an alkaline pretreatment followed by an acid 
pretreatment has been shown to remove the non-collagenous proteins and also to 
provide proper pH conditions for extraction, during which some cross-linkages 
could be further destroyed to yield gelatin in high amounts with good gel properties 
(Zhou and Regenstein  2005 ).  

4.2     Extraction of Fish Gelatin 

 The increasing concern regarding fi sh gelatin production has necessitated the adop-
tion of a variety of alkali, acid, and extraction parameters by researchers all over the 
world for different fi sh species, as well as different sources, such as skin, scales, and 
bones. Though the concept of gelatin production is the same, the procedures have 
slight variations among them. In general, the extraction of gelatin from fi sh skin typi-
cally involves a mild chemical pretreatment of the raw material and mild temperature 
conditions during the extraction process (Fig.  8.1 ). For bones and scales, degreasing 
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followed by demineralization or decalcifying treatment is generally employed prior 
to the acid treatment (Fig.  8.2 ). In this process, the raw material, bones and scales, 
are immersed in chemical compounds such as EDTA, acid, or alkali. Muyonga et al. 
( 2004 ) used 3 % HCl for 9–12 days for Nile perch bones and Arafah et al. ( 2008 ) 
used 4–6 % HCl for 24–48 h for treating snakehead fi sh bones, whereas, Wangtueai 
and Noomhorm ( 2009 ) used low alkaline concentration (0.1–0.9 %) at 30 °C for 1–5 h 
for treating lizardfi sh scales and Duan et al. ( 2010 ) treated carp scales with 0.1 M 
NaOH. Demineralization of fi sh bones has been attempted by different chemicals 
such as butyl alcohol, hexane, etc. (Duan et al.  2010 ; Wang and Regenstein  2009 ).

    Though fi sh waste has been considered a potential source for the production of 
gelatin, mammalian gelatin is usually preferred because of its better functional 
properties (Choi and Regenstein  2000 ; Cho et al.  2005 ), particularly high gelling 
and melting temperatures. Hence, several researchers have investigated various 
approaches to extract fi sh gelatin with improved functionality, several of which are 
illustrated next.  

Fish skin

Washing & cutting

Alkali treatment (with NaOH/Ca(OH)2 1-4%)

Rinsing with water

Acid treatment
(with dilute mineral acid such as hydrochloric acid,
phosphoric acid or sulphuric acid or organic acids

such as acetic acid, citric acid
Desired pH range 3.5-4.5, 10-18hrs)

Extraction with hot water (45-50°C)

Filtration

Drying by Vacuum evaporation

Grinding

Gelatin

  Fig. 8.1    Flow chart for 
gelatin extraction from fi sh 
skin       
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4.3     Method of Grossman and Bergman ( 1992 ) 

 Grossman and Bergman ( 1992 ) followed the same procedure for both fi sh skin and 
bones. In this method, 100 g of fi sh skin or bones are cleaned and washed with tap 
water to remove superfl uous materials. The fi sh skin and bones were soaked in 
0.25 % (w/v) sodium hydroxide for 40 min. After washing out the sodium hydrox-
ide, two successive acid incubations were performed, each for 40 min, fi rst in a 
sulfuric acid (0.25 %, v/v) and then in a citric acid solution (1.1 %, w/v). The acid 
solutions were drained and then samples were washed with cold water till the pH 
was neutral. The fi nal extraction of gelatin was performed in distilled water at 45 °C 
for 18 h. The clear extract obtained was fi ltered in a Buchner funnel with a Whatman 
fi lter paper (No.1), followed by vacuum oven drying and made into powder by pes-
tle and mortar, and packed in an air-tight container.  

Fish scale/bone

Washing & cutting

Demineralization
(with chemicals such as EDTA, HCl, butyl alcohol, hexane)

Alkali treatment (with NaOH/Ca(OH)2 1-4%, pH 11.5-12.5)

Washing or Neutralization
(with mineral acids such as Hydrochloric acid, 

Sulphuric acid till pH reaches 3.0)

Extraction with hot water (45-50°C)

Filtration

Vacuum drying/Spray drying

Grinding

Gelatin

  Fig. 8.2    Flow chart for 
gelatin extraction from fi sh 
scales and bones       
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4.4     Method of Gudmundsson and Hafsteinsson ( 1997 ) 

 The method followed by Grossman and Bergman ( 1992 ) for the extraction of fi sh 
gelatin was modifi ed by Gudmundsson and Hafsteinsson ( 1997 ) with respect to the 
concentrations of NaOH, sulfuric acid, and citric acid. They used this procedure for 
extracting gelatin from cod skin ( Gadus morhua ). Thawed skin was thoroughly 
cleaned and rinsed with excess water to remove superfl uous material and treated by 
soaking with 0.2 % (w/v) sodium hydroxide solution for 40 min. Then, it was soaked 
with 0.2 % (w/v) sulfuric acid for 40 min. This was followed by soaking with 
1.0 % (w/v) citric acid. After each soaking treatment, the skin was washed under 
running tap water until a pH of about 7 was reached. Each soaking and washing 
treatment was repeated three times, with a total time of 2 h for each treatment. The 
ratio of skin to washing liquid used was 1 kg (wet weight of skin) to 7 L of acid or 
alkali solution for each treatment. The skin was then subjected to a fi nal wash with 
distilled water to remove any residual matter. The fi nal extraction was carried out in 
distilled water at a controlled temperature of around 45 °C for 12 h. The ratio used 
was 1 kg (weight of wet skin) to 3 L of distilled water. The clear extract obtained 
was fi ltered, followed by vacuum oven drying and made into powder.  

4.5     Method of Gómez-Guillén and Montero ( 2001 ) 

 Among the several extraction methods described by different authors, the most 
widely adopted method for the extraction of fi sh gelatin is the method developed by 
Gómez-Guillén and Montero ( 2001 ). In this method, the skin and bones of fi sh are 
washed in tap water and 0.8 M NaOH for 35 min at 5 °C, rinsed with plenty of tap 
water and treated with 0.05 M acetic acid for 90 min, and extraction is done with 
distilled water for 12 h at 45 °C. The clear extract obtained is fi ltered, followed by 
vacuum drying. The process involves a mild acid pretreatment for collagen swell-
ing, followed by extraction in water at moderate temperatures. The extracted gelatin 
has been reported to exhibit high gelling capacity.  

4.6     Method of Giménez et al. ( 2005 ) 

 Giménez et al. ( 2005 ) used this method for extracting gelatin from the hoki 
( Macruronus novaezelandiae ) fi sh. The method is similar to that of Grossman and 
Bergman ( 1992 ), until the acid wash stage. In this method, 0.05 M lactic acid was 
used for 18 h at 45 °C instead of citric acid. The clear extract obtained was fi ltered 
in a Buchner funnel with a Whatman fi lter paper (No.1), vacuum dried, powdered 
by pestle and mortar, and then packed in an air-tight container.  
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4.7     Method of Zhou and Regenstein ( 2005 ) 

 Zhou and Regenstein ( 2005 ) extracted gelatin from the Alaska pollock ( Theragra 
chalcogramma ). In this method, the skin and bones were maintained at a tempera-
ture below 10 °C with six volumes (w/v) of 0.2 M Ca(OH) 2  for 1 h. This was fol-
lowed by soaking in six volumes of 0.1 M citric acid at the same temperature for 
3 h. After each soaking treatment at below 10 °C, the skin and bone waste was 
washed with excess cold water until a pH of about 7 was reached. The skin and 
bones were subjected to a fi nal wash with distilled water to remove any residual 
matter. Finally, extraction was done with three volumes of distilled water at 50 °C 
for 3 h. The extract was then fi ltered with cheese cloth and dried in an oven at 90 °C. 
After drying in a tray, the sheet of gelatin formed was reconstituted in distilled 
water, stabilized at 90 °C for 1 h. The reconstituted gelatin was centrifuged at 
3,500 rpm for 15 min, fi ltered and vacuum dried for 12 h at 70 °C, ground to a pow-
der form, and packed in an air-tight container.  

4.8     Method of Liu et al. ( 2008 ) 

 The extraction of gelatin from the channel catfi sh ( Ictalurus punctaus ) was done by 
Liu et al. ( 2008 ). Fish skin was treated with ten volumes (w/v) of 0.1 % calcium 
hydroxide solution for 72 h. The treated skin and bones were washed with distilled 
water and 1 M H 2 SO 4  was used to neutralize calcium hydroxide in the skin and 
bones. Then, the skin was washed again to remove deposits of calcium sulfate. 
Gelatin was subsequently extracted from skin in distilled water at temperatures 
around 45 °C for 6 h. The extracted solution was fi ltered and concentrated with a 
rotary evaporator. The remainders of the concentrated solution were dried until the 
moisture content was less than 10 % and dry gelatin was then ground and packed in 
an air-tight container.  

4.9     Method of Kołodziejska et al. ( 2008 ) 

 This method was followed for the extraction of gelatin from Baltic cod ( Gadus 
morhua ), salmon ( Salmo solar ), and herring ( Clupea harengus ) by the authors. 
Fish skin was stirred with 0.45 M NaCl for 3 min at 4 °C and washed with tap 
water, and extraction continued in distilled water for 60 min at 45 °C. The clear 
extract obtained was fi ltered in a Buchner funnel with Whatman fi lter paper (No.1), 
vacuum dried and made into a powder by pestle and mortar, and packed in an air-
tight container.  

8 Recovery of Gelatin with Improved Functionality from Seafood Processing Waste



154

4.10     Method of Rahman et al. ( 2008 ) 

 The extraction of gelatin from the hoki ( Macruronus novaezelandiae ) fi sh was done 
by this method. In this method, the skin was washed in tap water and 0.5 M NaCl. 
It was then soaked in 0.1 M NaOH for 40 min at 20 °C, rinsed with tap water, and 
extracted in 0.1 M acetic acid for 18 h at 50 °C. The clear extract obtained was fi l-
tered, vacuum dried, powdered, and packed in an air-tight container.  

4.11     Method of Benjakul et al. ( 2009 ) 

 This method was used for extracting gelatin from the skin of big eye snapper 
( Priacanthus tayenus  and  Priacanthus macracanthus ). Initially, the skin was soaked 
in 0.025 M NaOH solution. Then, the mixture was stirred for 2 h at room tempera-
ture, 25–28 °C. The alkaline solution was changed every hour to remove non- 
collagenous proteins and pigments. Alkaline-treated skin was then washed with tap 
water until neutral or faintly basic pH of the wash water was obtained. The skin was 
then soaked in 0.2 M acetic acid with a skin–bone solution ratio of 1:10 (w/v) for 2 h 
with gentle stirring. The acid solution was changed every 40 min to allow swelling of 
the collagenous material in the fi sh skin–bone matrix. Acid-treated skin was washed 
thoroughly, as previously described. After swelling, the swollen fi sh skin was soaked 
in ten volumes (w/v) of distilled water (45 °C) for 12 h with occasional stirring. The 
mixture was then fi ltered using two layers of cheese cloth. The clear extract obtained 
was fi ltered, vacuum dried, powdered, and packed in an air-tight container.  

4.12     Enzyme-Assisted Extraction of Fish Gelatin 

 The enzymatic pretreatment/hydrolysis for the production of fi sh gelatin (Fig.  8.3 ) 
generally comprises the use of enzymes with a combination of alkali and acid treat-
ments. Different researchers have used different protease enzymes for the production 
of fi sh gelatin and the results revealed the advantage of using enzymes for gelatin 
extraction from fi sh in terms of yield, gel strength, etc. Several enzymes, such as 
proteases, which catalyze hydrolytic cleavage of peptide bonds in proteins and poly-
peptides, have been used in the manufacture of gelatin. These include pepsin, trypsin, 
chymotrypsin, collagenases, and pronase. Liu ( 1979 ) determined the optimum con-
ditions for the extraction of gelatin from shark skin treated with proteolytic enzymes 
(papain and pancreatin). It is important to remove traces of enzyme before extraction 
or else extended hydrolysis leads to peptide fragments, resulting in poor functional 
properties. By controlling the different process parameters like pH, time, and enzyme/
substrate ratio, gelatin with the desired functional properties can be obtained.

   Ofori    ( 1999 ) attempted to extract gelatin from shark and salmon skin using citric 
acid along with pepsin at concentrations of 0.01, 0.055, 0.1, and 0.12 % and reported 
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maximum gelatin yields of up to 20 % and 8 % from shark and salmon skins, respec-
tively. Zhang et al. ( 2011 ) used protease A 2G to pretreat grass carp fi sh 
( Ctenopharyngodon idella ) scales and response surface methodology (RSM) was 
adopted for the optimization. The optimal conditions obtained were temperature 
30.73 °C, protease A 2G enzyme 0.22 % (w/w), and hydrolyze time 5.52 h, and the 
resulting gel strength was 276 ± 12 g. In the subsequent year, Jiang ( 2013 ) screened 
different enzymes and, among the selected types of protease (trypsin, neutral prote-
ase, papain, and alkaline protease), alkaline protease was found to be the most effec-
tive enzyme for gelatin extraction by the hydrolysis of fi sh scale collagen. By using 
RSM, the optimum hydrolysis conditions obtained were as follows: reaction time 
6 h, temperature 50 °C, pH 9, and enzyme amount 3 % (w/w), and the gelatin yield 
reached 48.1 %. 

Fish waste

Homogenization and pH adjustment to 7

Enzymatic hydrolysis (Protease)

Enzyme inactivation

(Heating to 100�C for 5 min or pH adjustment to 4.5)

 

Alkali/Acid pre-treatment

 

Extraction (below 55 �C)

Filtration

Drying

Grinding

Gelatin

  Fig. 8.3    Flow chart for 
enzyme-assisted extraction 
of gelatin       
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 Recently, Barve ( 2012 ) fi led a patent with the World Intellectual Property 
Organization (WIPO) claiming that the use of protease enzyme for 4 h followed 
by alkali treatment, acid treatment, and extraction has provided a new and techni-
cally and/or economically signifi cant method of producing gelatin from fi sh parts, 
including skin, bones, and scales, with better yield. By using specifi c enzymes for 
the purpose, the peptide bonds at specifi c locations can be broken, which will yield the 
fi nal product with desirable functional properties. This is a major advantage for 
the food industry for a wide variety of products.   

5     Functionality of Fish Gelatin 

 Functionality has been defi ned as “any property of a food or food ingredient, except 
its nutritional ones, that affects its utilization”. In order to exhibit its functionality, 
the protein must interact with other components of the food system. These interac-
tions may often require that the protein be free to either move throughout the system 
or to alter its structure in such a way to allow interactions with other components. 

 Gelatin exhibits the following functional properties:

•    It is capable of forming and stabilizing hydrogen bonds to form a stable three- 
dimensional gel  

•   It exhibits an emulsifying property because of its amphiphilic nature  
•   It is a good fi lm-forming material, with the potential to produce strong, fl exible, 

edible, and biodegradable fi lms    

5.1     Gelation Behavior of Fish Gelatin 

 The most common use of gelatin in food products is in water gel desserts, due to its 
unique melt-in-the-mouth property. Certain other hydrocolloids also have thermor-
eversible characteristics, but they generally melt at higher temperatures. Gelatin 
desserts made from various gelatins may provide variety in texture and gel melting 
behavior, offering new product development opportunities. The desserts made from 
fi sh skin gelatin were found to be more similar to desserts made from high Bloom 
value mammalian gelatin. Furthermore, the lower melting temperature in gel des-
serts made from fi sh gelatin has been reported to accelerate fl avor release (Zhou and 
Regenstein  2007 ).  

5.2     Emulsifying Capacity of Fish Gelatin 

 The amphoteric nature and the presence of hydrophobic zones on the peptide 
chain enable gelatin to show strong emulsifying and emulsion-stabilizing properties 
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(Cole  2000 ). Consequently, it has been proven that gelatin has the ability to form a 
strong adsorbed layer at the interface to prevent droplet coalescence. Because of this 
property, it is widely used in the manufacture of toffees and water-in-oil emulsions, 
such as low-fat margarines, salad dressings, and whipped creams. A low-fat spread 
was prepared using fi sh gelatin and pectin by Cheng et al. ( 2008 ).  

5.3     Film Formation Ability of Fish Gelatin 

 The fi lm-forming ability of protein can be infl uenced by amino acid composition, 
distribution and polarity, ionic cross-links between amino and carboxyl groups, 
hydrogen bonding, and intra- and intermolecular disulfi de bonds (Gennadios and 
Weller  1991 ). The interconnection of protein molecules during the drying process 
leads to the formation of fi lm matrix and the extension or unfolding of protein mol-
ecule may favor the interaction among the molecules (Hoque et al.  2010 ). Hence, 
the selection of raw material and the extraction method infl uence the fi lm-forming 
ability of the extracted gelatin.   

6     Recovery of Fish Gelatin with Improved Functionality 

 It is a well-known fact that the method of extraction affects the physicochemical prop-
erties of gelatin. The degree of conversion of collagen into gelatin is related to the 
severity of both the pretreatment and the extraction processes, which depends on the 
temperature, time, and pH. Covalent cross-links between alpha chains, hydrogen 
bonds that stabilize the triple helix, and even peptide bonds in the primary structure 
are ruptured during these treatments (Hinterwaldner  1977 ; Ledward  1986 ; Veis  1964 ). 

 A wide range of potential functionality of fi sh gelatin is due to its specifi c structure 
consisting of amino acid composition and the distribution of the molecular weights of 
its polypeptide chains. Fish gelatin is different from mammalian gelatins in their 
properties, such as melting and gelling temperatures and gel strength. The difference 
is due to the different amino acid profi les, especially in respect of the contents of 
proline and hydroxyproline. Hydroxyproline is an imino acid derived from proline. 
Both of them are responsible for the stability of collagen structure. They form hydro-
gen bonds that stabilize the triple-helix structure by sharp twisting of the collagen 
structure. The content of these amino acids distinguishes the different types of gelatin 
sources. The lower the proline and hydroxyproline contents, the lower the melting 
and gelling temperatures of a gelatin (Haug et al.  2004 ). Different types of gelatins 
have different physicochemical characteristics that affect the thermal and rheological 
properties, including melting and gelling temperatures and Bloom strength. 

 The molecular weight distribution of gelatin mainly depends on the production 
process, which usually gives single α-chains, two α-chains covalently cross-
linked to give β-chains, and three covalently cross-linked α-chains, named γ-chains 
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(Haug et al.  2004 ). The average molecular weight of one α-chain has been reported 
to be between 80 and 125 kDa and, for the β-form, from 160 to 250 kDa. The γ form 
has a molecular weight of 240–375 kDa. Large amounts of β-  and γ -chains have 
been shown to negatively affect some of the functional properties of fi sh gelatins, 
such as lowering viscosity, lowering melting and setting points, and resulting in a 
longer setting time (Muyonga et al.  2004 ). 

6.1     Effect of Resource (Cold Water/Warm Water) 
and Season on the Functionality of Fish Gelatin 

 A literature survey shows that gelatin has been extracted from several warmwater 
fi shes, coldwater fi shes, and other marine sources, such as squids (Gudipati  2013 ). 
The data generated on gel strength and melting point clearly demonstrated the varia-
tion of these important functional properties in fi sh gelatin extracted from different 
sources. The skin of warmwater fi shes such as tilapia, yellowfi n tuna, sole, and 
megrim exhibited very high gel strength. On the other hand, coldwater fi shes, for 
example, cod and Alaska pollock, showed low gelling and melting points. 

 The fi lms prepared from coldwater fi sh gelatin have been found to exhibit signifi -
cantly lower water vapor permeability (0.93 gmm/m 2 hkPa) compared to the fi lms 
prepared from warmwater fi sh and mammalian gelatin (1.31 and 1.88 gmm/m 2 hkPa, 
respectively). This was related to increased hydrophobicity due to reduced amounts 
of proline and hydroxyproline in coldwater fi sh gelatins. As expected, the gel 
strength and gel setting temperatures were lower for coldwater fi sh gelatin than 
either warmwater fi sh gelatins or mammalian gelatins. The study demonstrated sig-
nifi cant differences in the physical, chemical, and rheological properties between 
mammalian and fi sh gelatins, which result in the permeability properties of the cor-
responding fi lms. Lower water vapor permeability of fi sh gelatin fi lms can be useful 
particularly for applications related to reducing water loss from encapsulated drugs 
and refrigerated or frozen food systems (Avena-Bustillos et al.  2006 ). 

 Duan et al. ( 2010 ) have studied the effect of season on the functional properties 
of fi sh gelatin by determining the physiochemical (molecular weight distribution 
and amino acid composition) and rheological (viscosity property, gel strength, and 
melting point) properties of gelatins from the skin of carp ( Cyprinus carpio ) caught 
in both winter and summer seasons. The gelatins from winter and summer fi sh skin 
have been extracted at 60, 70, and 80 °C. SDS-PAGE patterns for gelatins extracted 
under the same conditions showed that the degradation of gelatins from winter fi sh 
skin was more severe than that during the summer. The gelatins from summer fi sh 
presented higher melting points and gel strengths, as well as better viscosity proper-
ties than the winter equivalents ( P  < 0.05). A huge difference in the temperature is 
usually observed between the winter and summer seasons in several areas, and, 
based on these results, it can be planned to extract gelatin from fi sh caught during 
the summer, which results in higher melting points and gel strengths.  
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6.2     Effect of Sample Preservation on the Functionality 
of Fish Gelatin 

 The use of by-products from fi sh for gelatin production, as an alternative to mam-
malian gelatin, creates several questions, such as the diversity of aquatic species and 
also the higher susceptibility of this collagen to deteriorate when compared to mam-
mals. Further, after degutting and fi lleting of fi sh, the skin is kept with the rest of the 
by-products and subjected to rapid enzymatic and microbial damage, leading to a 
wide variation with respect to the quality of these gelatins. This problem urges the 
need for appropriate preservation of these by-products and studies to determine the 
quality changes in the gelatin when it is extracted from the skin preserved either by 
freezing or by drying. 

 In a study carried out by Montero et al. ( 1999 ), frozen (−20 °C) collagenous 
material from fi sh skin was shown to have high functional properties. In another 
study, Fernández-Díaz et al. ( 2003 ) investigated the effect of freezing temperature 
on the extracted gelatin. Flounder skin was frozen at −12 or −20 °C, and the result-
ing gelatin preparations were compared with a gelatin extracted from fresh skin. 
The viscoelastic properties of gelatin preparations were studied using cooling and 
heating ramps straight after preparation. The gelatin from frozen skin at −12 °C had 
lower gel strength values when compared to the fresh skin, but showed the highest 
melting point value. SDS-PAGE revealed that gelatin from fresh skin showed some 
high molecular weight aggregates and clear bands corresponding to α-, β-, and 
γ-components. Gelatin from frozen skin showed fewer α- and β-chains but more 
bands corresponding to lower molecular weight fragments; γ-components are less 
evident in both cases, especially in the case of skin frozen at −12 °C. 

 Freezing of fi sh skins affected molecular composition of the resulting gelatins, 
leading to a decrease of the amount of extracted β and γ-components, as well as 
higher molecular weight polymers. This effect was more severe with increased fro-
zen temperature (−12 °C instead of −20 °C), with a concomitant prevalence of low 
molecular weight peptides, which could be easily extracted. The practical absence 
of high molecular weight polymers and γ-component in gelatins from frozen skins 
prevented a correct annealing of protein chains during maturation period, leading to 
decreased gel strength and decreased ulterior renaturation ability. The considerable 
higher amount of small peptides in gelatin from skins frozen at −12 °C led to broader 
thermal transitions curves, and revealed a scarce effect of the maturation time on the 
gel network development, in terms of elastic modulus (G’). This effect, however, 
was not found in gel strength, when compared to gelatin from skins frozen at −20 °C 
(Fernández-Díaz et al.  2003 ). 

 An alternative preservation method could be the drying of fi sh skin. Drying 
would allow a reduction in weight of the fi sh skin and storage at room temperature, 
which, in turn, may decrease transport, distribution, and storage costs when com-
pared to freezing preservation. Drying has been evaluated as a preservation method 
for the storage of Dover sole ( Solea vulgaris ) skin. Fish skin was air dried by using 
ethanol, ethanol–glycerol mixture, and marine salt, and stored at room temperature 
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for 160 days. Gelatin extraction was carried out periodically during the storage 
time, and the quality of the resulting gelatin preparations was evaluated according 
to the molecular weight distribution, viscoelastic properties, gelling and melting 
temperatures, and gel strength. All the drying methods showed a similar effect on 
the gelatin quality characteristics evaluated. Although drying resulted in a slight 
decrease in viscoelastic properties as well as gelling and melting points, great pro-
tein stability was found throughout the storage period (Giménez et al.  2005 ). Drying 
scarcely affected the gel strength and other functional properties, demonstrating the 
suitability of this method for the storage of raw material for longer periods. 
Furthermore, the drying of fi sh skin involves important advantages compared to 
freezing, since dried fi sh skin is able to be preserved at room temperature and its 
weight is largely decreased, which leads to a considerable reduction in transport and 
distribution costs.  

6.3     Effect of Extraction Method on the Functionality 
of Fish Gelatin 

 The effects of 18 different extraction conditions on yield, weight average molecular 
weight, dynamic storage modulus, gelling and melting temperatures, and helix 
recovery were studied by Eysturskard et al. ( 2009 ). Gelatins extracted from saithe 
( Pollachius virens ) skin resulted in an average yield of 8.9 ± 0.8 %. High weight 
average molecular weight gelatins extracted at room temperature have been observed 
to exhibit higher dynamic storage modulus, higher gelling and melting tempera-
tures, and more helix formation compared to highly hydrolyzed gelatins extracted 
under harsher conditions. The storage modulus was increased fi ve times compared 
to commercial coldwater fi sh gelatin. The highest gelling and melting temperatures 
observed for 5 % (w/v) fi sh gelatin were 8 °C and 16 °C, respectively. Their study 
suggests that the dynamic storage modulus, gelling and melting temperatures, and 
helix content are related and increase with increasing weight average molecular 
weight up to about 250 kg/mol. The dynamic storage modulus correlates with the 
helix concentration according to the previously published correlation between 
the dynamic storage modulus and helix concentration, which has been defi ned as the 
master curve for gelatin (Eysturskard et al.  2009 ). 

 The effect of the extraction temperature has been investigated by studying the 
physicochemical properties, functional properties, and antioxidative activities of 
gelatin from the skin of brownbanded bamboo shark (BBS;  Chiloscyllium puncta-
tum ) and blacktip shark (BTS;  Carcharhinus limbatus ) (Kittiphattanabawon et al. 
 2010 ). The α-amino acid group content and surface hydrophobicity of both gelatins 
from both species increased as the extraction temperature increased ( P  < 0.05). Both 
of the gelatins extracted at 60 °C exhibited the highest emulsion activity index 
(EAI), emulsion stability index (ESI), and foam expansion (FE). The lowest foam 
stability (FS) was obtained when gelatin was extracted at 75 °C ( P  < 0.05). The 
antioxidative activities of both gelatins increased with the coincidental increase in 
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α-amino group content as the extraction temperature increased ( P  < 0.05). The BTS 
gelatin generally exhibited higher antioxidative activities compared with the BBS 
gelatin ( P  < 0.05). Gelatin extracted at 60 °C showed the highest interfacial proper-
ties, while those extracted at higher temperature (75 °C) had enhanced antioxidative 
activities. The study, therefore, clearly revealed the infl uence of extraction tempera-
ture in regulating the functional properties.  

6.4     Effect of High Pressure on the Functionality 
of Fish Gelatin 

 Generally, the extraction of gelatin is a time-consuming process requiring several 
hours to days, particularly in the pretreatment stage. Several attempts have been 
made to reduce the time requirement, and one of the successful methods is the appli-
cation of high pressure (Gómez-Guillén et al.  2005 ). The high pressure, at 250 and 
400 MPa for 10 or 20 min, was applied at either of two stages: during pretreatment in 
acid at 10 °C to facilitate destabilization of acid-labile cross-links or during extrac-
tion in water at 45 °C to accelerate collagen hydrolysis. The resulting gelatins were 
evaluated in terms of yield, molecular weight distribution, and viscoelastic proper-
ties. The pressure level and time of treatment were found to induce noticeable changes 
in the molecular weight distribution and, consequently, affected the viscoelastic 
properties. The use of high pressure to extract gelatin from fi sh skin has been recog-
nized as a useful alternative to the conventional procedure. Its utility lies basically in 
shortening the longest phase of the treatment, and making it possible to produce a 
gelatin of high gelling quality within a few minutes (Gómez-Guillén et al.  2005 ).  

6.5     Effect of Bleaching on the Functionality of Fish Gelatin 

 The extraction of gelatin from cuttlefi sh skin has been recognized as an economi-
cally viable activity. However, the presence of pigments in the skin poses a color 
problem, undermining its potential as a raw material the gelatin production. For 
removal of the color, bleaching of the skin prior to gelatin extraction has been 
attempted. Hydrogen peroxide is a potent oxidant that is widely used as a bleaching 
agent in seafood processing (Thanonkaew et al.  2008 ). The functional properties of 
gelatin from the dorsal and ventral skin of cuttlefi sh with and without bleaching by 
H 2 O 2  at different concentrations [2 and 5 % (w/v)] for 24 and 48 h were studied. 
Gelatin from skin bleached with 5 % H 2 O 2  for 48 h showed the highest yield 
(49.65 % and 72.88 % for dorsal and ventral skin, respectively). It has been observed 
that the bleaching not only improves the color of gelatin gel by increasing the L* 
value and decreasing the a* value, but it also enhances the Bloom strength and the 
emulsifying and foaming properties of the resulting gelatin. The gelatin from 
bleached skin contained protein with a molecular weight of 97 kDa and had increased 
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carbonyl content. A Fourier transform infrared spectroscopic study showed higher 
intermolecular interactions and denaturation of gelatin from bleached skin com-
pared to that of the control. These results clearly indicate that hydrogen peroxide, an 
oxidizing agent, induces the oxidation of gelatin, resulting in the formation of gela-
tin cross-links, giving improved functional properties (Aewsiri et al.  2009 ).   

7     Optimization of Extraction Variables for Improved 
Functional Properties 

 The functional properties of the extracted gelatin depend on the type of raw mate-
rial, such as fi sh skin, scale, bone, fi sh species, and its composition, extraction 
method used, etc. Also, the extraction conditions maintained during the hydrolysis 
process, such as extraction temperature, time, pretreatment time, concentration of 
acid or alkali, enzyme/substrate ratio, pH, etc., play a vital role in deciding the qual-
ity of the gelatin. 

 When more than two factors infl uence the process, with different combinations 
of factors, optimization is vital in order to discover the best alternative or combina-
tion among all the possible combinations of factors or variables in the process. 
It reduces the overall cost, time, and effort, as statistically derived experimental 
designs are framed to develop the models. Also, it helps to achieve better and more 
desirable outputs as the outcome of the process or experiment. Zhou and Regenstein 
( 2005 ) and Gudmundsson and Hafsteinsson ( 1997 ) have studied the effect of the 
pretreatment conditions on the resulting yield and observed yields ranging from 7 % 
to 16 % for pollock skins and from 11 to 14 % for cod skins, respectively. This 
indicates that the optimal gelatin with respect to both quantity and quality may be 
found by optimizing both the pretreatment and the extraction conditions. 

7.1     Response Surface Methodology 

 RSM has been an effective tool in the optimization and monitoring of food pro-
cesses (Wangtueai and Noomhorm  2009 ). It is a collection of mathematical and 
statistical modeling techniques that relate product treatment to the outputs and 
establish a regression equation to describe interrelations between input parameters 
and product properties (Cho et al.  2004 ). Various authors have attempted the extrac-
tion of fi sh gelatin from different species of fi sh by using RSM, as listed in Table  8.1 . 
In general, the independent variables involved in the gelatin extraction process are 
extraction temperature, time, pretreatment time, concentration of acid or alkali, 
enzyme/substrate ratio, and pH, and the dependent variables include gelatin yield, 
gel strength, melting point, and other rheological and functional properties. The 
results of the different studies clearly show that improvements in the gelatin yield 
and gel strength could be obtained by optimization using RSM.
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   Sanaei et al. ( 2013 ) used a central composite design, comprising 30 treatments 
including 24 factorial points, six replicates of the central point, and eight axial 
points, for extracting catfi sh bone gelatin. The four independent variables were the 
concentration of HCl, treatment time, extraction time, and extraction temperature. 
The catfi sh bone gelatin yield was improved from 17.52 to 60.54 %, and the gel 
strength was improved to 230.25 g. Similarly, the central composite design was 
adopted in the optimization of gelatin extraction from the dorsal skin of yellowfi n 
tuna by Cho et al. ( 2005 ) and they could achieve a gel strength of 426 g, which was 
found to be higher than the mammalian gelatin (bovine 216 g, porcine 295 g) used 
in their study. 

 Recently, Tabarestani et al. ( 2010 ) used a central composite rotatable design for 
the extraction of rainbow trout skin gelatin. In this study, depending on the pretreat-
ment, gelatin recoveries were in the range of 19.8–99.5 % and the optimum pretreat-
ment conditions were found to be 0.148 N concentration of NaOH, 0.181 N 
concentration of acetic acid, and 2.71 h pretreatment time, which resulted in a gela-
tin recovery of 84.3 %.  Kharyeki et al. (2011)  extracted whitecheek shark 
( Carcharhinus dussumieri ) skin gelatin using RSM by following a central compos-
ite design and the optimum extraction conditions were discovered to be 0.92 N 
NaOH concentration, 0.01 N HCl concentration, and 5.45 h extraction time, by 
which 93.062 (%) crude protein content and 10.208 (mPa.s) viscosity of the extracted 
gelatin was achieved. 

 Wangtueai and Noomhorm ( 2009 ) used RSM as a tool to optimize the extraction 
parameters for the scale gelatin of lizard fi sh and their results showed that the opti-
mum conditions for the highest values of the three responses were as follows: con-
centration of NaOH 0.51 %, treatment time 3.10 h, extraction temperature 78.5 °C, 
and extraction time 3.02 h. The experimental values were 10.6 % extraction yield, 
252 g gel strength, and 7.50 cP viscosity. Kasankala et al. ( 2007 ) extracted gelatin 
from grass carp skin adopting RSM for the optimization and they reported a 19.83 % 
yield and 267 g gel strength by the optimum conditions derived from the experi-
ment: HCl concentration 1.19 %, pretreatment time 24 h, extraction temperature 
52.61 °C, and extraction time 5.12 h. 

 The optimization of gelatin extraction from hoki  (Macruronus novaezelandiae ) 
skin was studied by Mohtar et al. ( 2010 ) and, with the obtained optimum conditions 
of 0.75 M NaCl for 9 min of pretreatment time and hot water extraction at 49.3 °C 
for 60 min, an experimental yield of 17.6 % and a gel strength of 197 g was reported. 
Similarly, different authors worked on the extraction of fi sh gelatin by optimizing 
the process parameters and observed signifi cant improvements in the response vari-
ables, such as gelatin yield, gel strength, melting point, etc. Also, the regression 
models developed have been validated against different species of fi sh, and the 
results revealed the suitability or versatility of the models. 

 Fish gelatin has low gel strength when compared with mammalian gelatin, which 
limits its application in the food and pharmaceutical industry. By using these experi-
mental design tools, the gel strength could be improved considerably, which enables 
fi sh gelatin to be on a par with mammalian gelatin. Thus, it helps make fi sh gelatin 
a better alternative to mammalian gelatin, which is the need of hour right now.   

V. Gudipati and N. Kannuchamy



165

8     Improvement of Functional Properties of Extracted Gelatin 

 The functional properties of gelatins can be enhanced chemically and enzymati-
cally. As discussed in the previous sections, the extraction methods infl uence the 
structural and functional properties of gelatin. Furthermore, the blending of fi sh 
gelatin with other biopolymers, such as κ-carrageenan, chitosan, and pectin (Chen 
et al.  2003 ; Haug et al.  2004 ; Uresti et al.  2003 ) and the addition of plasticizers, such 
as glycerol, sorbitol, sucrose, polyethylene glycol (Tanaka et al.  2001 ), and solutes 
(Fernández-Díaz et al.  2001 ; Haug et al.  2004 ) are a few other approaches available 
to improve the functional properties of fi sh gelatin. The addition of chemical cross- 
linking agents, such as glutaraldehyde, formaldehyde, and glyoxal (Bigi et al.  2001 ; 
De Carvalho and Grosso  2004 ), or enzymes, such as microbial transglutaminase (Yi 
et al.  2006 ), have also been shown to improve the properties of fi sh gelatin. 

 The infl uence of different salts on the melting temperature of mammalian gela-
tins has been known for a long time (Harrington and Von Hippel  1961 ). Following 
this, the effect of sugars on the gel strength of gelatin gels has also been observed 
(Naftalian and Symons  1974 ). In last decade, several reports have been published on 
the improvement of gelatins properties by enzymatic methods. Transglutaminase is 
an enzyme that catalyses an acyl transfer reaction that occurs between γ-carboxamide 
groups of glutamine residues as “acyl donor” and 3-amine groups of lysine residues 
as “acyl acceptor”. The reaction results in the formation of 3-(γ-glutaminyl) lysine 
intra- and intermolecular cross-linking bonds in the proteins (De Jong and 
Koppelman  2002 ). Cross-linked bonding between γ-glutamine and lysine residues 
due to the presence of transglutaminase has been reported to increase the melting 
and gelling temperatures and gel strength, which could lead to the formation of 
products with enhanced rheological and functional properties (Kołodziejska et al. 
 2004 ; Fernández-Díaz et al.  2001 ). 

 The gel strength and melting point of fi sh gelatin could also be increased by fol-
lowing RSM with the incorporation of co-enhancers such as magnesium sulfate, 
sucrose, and transglutaminase (Koli et al.  2011 ,  2012 ). The addition of co- enhancers 
at different combinations as per the Box–Behnken design resulted in gel strength 
and melting point in the ranges 150.5–240.5 g and 19.5–22.5 °C, respectively. 
Based on these results, the mathematical models were developed by following RSM 
to determine the optimal concentrations and predicted maximum gel strength and 
melting point. By the addition of co-enhancers at the optimal concentrations in veri-
fi cation experiments, the gel strength and melting point could be improved from 170 
to 240.89 g and 20.3 to 22.7 °C, respectively. The developed models help to produce 
desirable properties of fi sh gelatin suitable for a wide range of applications in the 
food industry. Further, there is tremendous scope for enhancing the functional prop-
erties of fi sh gelatin extracted particularly from coldwater fi shes, which are known 
to possess low gel strength and melting point. 

 The effect of ultraviolet (UV) irradiation on the viscoelastic properties of fi sh 
gelatin was investigated by exposing the dry gelatin granules to UV light for 30 
and 60 min (Bhat and Karim  2009 ). Irradiated samples exhibited signifi cant 
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improvement in the gel strength, marked reduction in viscosity, with signifi cant 
changes in the melting enthalpy, indicating the prospects of employing UV radia-
tion as a potential method for enhancing the functional properties of fi sh gelatin.  

9     Conclusions 

 In addition to well-known sociocultural advantages and environmental benefi ts, the 
increased interest in utilizing by-products from the seafood industry for economical 
use is another important reason for exploring different species and optimizing the 
extraction of fi sh gelatin. Further, compared to the invariable composition of land- 
based mammalian gelatin, fi sh gelatin can be extracted from the skin, bones, and 
scales of cold- or warmwater fi sh having great variation in composition, particularly 
with respect to amino acid profi le and, accordingly, in their functional and visco-
elastic properties, to fi nd diverse applications in the food, pharmaceutical, and other 
industries. The extraction and evaluation of the functional properties of the extracted 
biopolymer is a continuous process. The development of improved recovery meth-
ods enhancing the desirable functional properties of extracted gelatin would cer-
tainly utilize the vast amount of seafood processing waste to produce fi sh gelatin 
with desirable quality attributes.     
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1            Introduction 

 The agricultural production sector of developing countries has traditionally been 
given considerable attention by planners and policymakers, with relatively little 
focus on the development of agro-industry. Over the years, widespread failure of the 
survival of medium- to large-scale food-processing enterprises in developing coun-
tries has led to growing recognition of the need to foster the development of small- 
scale food industry. The role of the small-scale food processing as a subsector that 
can contribute signifi cantly to the development of the rural economy is increasingly 
being realized (Dietz  1999 ). 
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 Fishery is one of the agricultural sectors and can be regarded as a great and 
 valuable source of proteins for both animal and human nutrition. Fish meal, fi sh 
sauce, surimi, and fi sh silage are traditional protein-based products. The FAO State 
of World Fisheries and Aquaculture report 2008 states that the aquaculture sector 
comprised about 3.06 million tons (or 56.0 %) of the world fi shmeal production and 
0.78 million tons (or 87.0 %) of the total fi sh oil production in 2006. Thus, the total 
amount of fi shmeal and fi sh oil used in aquafeeds is estimated to have grown more 
than threefold between 1992 and 2006, from 0.96 million tons to 3.06 million tons 
and from 0.23 million tons to 0.78 million tons, respectively. Aquafeed manufactur-
ers are increasing their use of fi shmeal and fi sh oil at the expense of all other sectors 
(e.g., human consumption, industrial, and pharmaceutical). 

 Globally, the demand for and use of fi shmeal has increased rapidly, especially in 
some of the emerging aquaculture countries in Asia. China is the single largest user 
of fi shmeal. In 2004, it used 1.6 million tons, with 1.2 million tons being imported 
and the remainder coming from domestic production. Of this total amount, about 
75 % was used for aquaculture production. The Asia-Pacifi c aquaculture sector uses 
about 2.4 million tons of fi shmeal (equivalent to about 10.3 million tons of raw 
material) as a feed source. (GAFTA  2012 ). Fishmeal production in IFFO countries 
increased by 40 % during 2011 as catches in South America returned to normal 
levels. Northern European production fell as a higher percentage of catches was 
taken up by direct human consumption. Fresh fi sh prices in the local market have 
increased recently due to low supplies, particularly of fresh fi sh imported from 
Indonesia. The recent declining catches, escalating operating costs, and growing 
demand in the country of origin have reduced fi sh imports from neighboring 
Sumatra, Indonesia. Malaysia imported around 71 million tons    of fresh fi sh last 
year, mainly from Thailand and Indonesia, a decline by almost 50 % compared with 
the amount imported in 2010 (IFFO  2011 ). 

 Over 6 million tons of fi shmeal is produced worldwide each year from about 
25–30 million tons of industrial fi sh. The demand is increasing with the growth in 
aquaculture and the price has been rising (Klickhardt  2006 ). Fish sauce is produced in 
a quantity of about 0.4 million tons each year (Dissaraphong et al.  2006 ). Fish silage 
is almost entirely used for feed. Norway is the major fi sh silage producer, producing 
about 0.14 million tons per year, mainly from aquaculture by-products (Rustad  2003 ). 

 There are promising opportunities in the upgrading of marine by-products and 
underutilized fi sh by using mild processing techniques to convert them into protein 
and peptide ingredients both to improve yield in traditional seafood and to be used 
as nutraceuticals or in functional foods.  

2     Increase the Value-Added Fish Production 

 About 76 % of the global fi sh supply was used for human consumption in 2002 
(FAO  2004 ). About 40 million tons were used for manufacturing products for direct 
human consumption. But up to 50–70 % of the fi sh may end up as co-products, as 
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the yield in fi lleting operations ranges from 30 to 50 % (Arason  2003 ; Kristinsson 
et al.  2006 ; Mackie  1982 ). About 6 million tons of trimmings and by-products from 
food fi sh processing are processed into fi sh meal (   Fish meal Information Network 
 2007 ) and the rest is used in fi sh silage or as a fertilizer or discarded. 

 Great additional economic, nutritional, and environmental values can obtained 
by increasing the yield of raw material in fi sh fi lleting operations and in utilizing 
fi sh waste for producing by-product as fi sh sauce. 

 The meat, poultry, and fi sh industries in the USA and other parts of the world 
comprise up to 12 % of brine to modify both fresh retail and further processed prod-
ucts. This is done to improve quality, fi rmness, and juiciness, and to meet increasing 
consumers’ demand for convenience food items while at the same time increasing 
yield. The brine is made up of water, salt, phosphates, and sometimes also other 
functional or fl avor ingredients, like sodium lactate, polysaccharide gums, hydro-
lyzed whey, and soy proteins and modifi ed starches (Xiong  2005 ). 

 Technological innovations in fi sh product development by utilizing fi sh waste 
need to be done in order to provide added value to small industries. A prospect 
which is very promising is the manufacture of fi sh sauce with high protein content, 
so that it can be used for the food industry.  

3     Type of Fermented Fish 

 Fermented fi sh is a fi sh curing process done in traditional or modern fashions. In the 
traditional method, processing is done with salt and is left for some time, while in 
the modern approach, biopreservation, lactic acid bacteria is added to the fi sh in 
order for it to be fermented. This produces active antimicrobials such as lactic and 
acetic acid, hydrogen peroxide, and peptide bacteriocins. It can also produce the 
antimicrobial nisin, a particularly effective preservative. 

 In Indonesia, there are many different types of fermented fi sh, such as: (1) dried 
fi sh (jambal fermented fi sh, peda, ikan tungkai); (2) moist fi sh (bekasam, naniura, 
and picungan); (3) lumped pounded fi sh/shrimp (terasi); (4) semi liquid (kecap ikan, 
bekasang, and cincaluk). 

3.1     Dried Fish 

 Peda is processed using mackerel ( Rastrelliger neglectus ) as the raw material. The 
basic method of peda processing is a salting process with two steps. The fi rst salting 
step takes several weeks to develop its characteristic fl avor and texture, and this is 
followed by a maturation phase. Salting is carried out using a 1:3 salt to fi sh ratio. 
Fish and salt are arranged in layers alternately in a salting tank. By the end of the 
process, the fi sh are soaked in saturated brine pickle, with coarse salt remaining at 
the bottom and the top covering the fi sh. This salting process normally takes 3 days. 
Maturation is performed by mixing the fi sh and salt thoroughly. The amount of salt 
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used is a one-third of the fi sh weight. During maturation, the fi sh are kept in bamboo 
baskets, with the process taking around 1–2 weeks (Rahayu  1992 ). Better products 
can be obtained by using eviscerated fi sh (Hanafi ah  1987 ) and without salt addition 
in the second fermentation (Hanafi ah  1987 ; Irianto  1990 ; Irianto and Brooks  1994 ). 
Microbiological studies on peda conducted by Hanafi ah ( 1987 ) revealed that Gram- 
positive cocci predominated and some were identifi ed as lactic acid bacteria. The 
isolation of halotolerant bacteria from peda by Suwandi ( 1988 ) concluded that bac-
terial growth in peda was characterized as Gram-positive cocci, which were non- 
motile, aerobes or facultative aerobes, catalase-positive, non-indole producers, and 
oxidase-negative. They can utilize citrate as the only carbon source, ferment glu-
cose, and show proteolytic activity. Some of them are able to reduce nitrate. These 
bacteria can be classifi ed as mesophiles and require a pH of 6–8. They show varia-
tions in salt tolerance and can be divided on the basis of salt tolerance as weak, 
moderate, and halotolerant bacteria. Idawati ( 1996 ) showed that lactic acid bacteria 
isolated from peda were homofermentative and heterofermentative  Lactobacillus  
sp.,  Leuconostoc  sp., and  Streptococcus  sp. 

 Jambal roti is processed from marine catfi sh ( Arius thalassinus ). In the process-
ing, after being beheaded and eviscerated, the fi sh were washed and soaked in fresh 
water for 24 h and drained. The fi sh are arranged in a basin. Each layer of fi sh is 
sprinkled with salt and the bellies are also fi lled with salt. The total amount of salt 
used for salting is 30–35 % of the fi sh weight and the salting process takes around 
24 h. After salting, the fi sh are freed from excessive salt and washed. Clean fi sh are 
soaked in fresh water for 15–20 min and subsequently split into a butterfl y form. 
The split fi sh is sun dried for 3–5 days. 

 Ikan tukai is a traditional fermented fi sh product which is mostly processed from 
barracuda ( Sphyranea  sp.). The traditional processing method of ikan tukai is 
unique. Barracuda is washed and soaked in 20 % brine for around 2 h. After drain-
ing, the fi sh are dried for a day. Dried fi sh are then wrapped with taro leaves. The 
wrapped fi sh are kept underground for 2 days to allow fermentation and then sun 
dried until dry.  

3.2     Moist Fish 

 Bekasam is a fermented fi sh product processed from freshwater fi sh by mixing with 
chilli and sugar. In bekasam processing, in spite of the salt addition, carbohydrate 
sources are also incorporated to stimulate the growth of lactic acid bacteria by 
decomposing into simpler compounds. Sources of carbohydrate used are cooked 
rice, roasted rice, and sticky rice. 

 A similar product is called naniura. In naniura processing, fi sh are fi rstly soaked 
in lemon juice or 25 % acetic acid solution for 3 h. After that, ground boiled rice is 
added and the fi sh are then packed and allowed to ferment. Another product similar 
to bekasam is picungan. This product is processed using marine fi sh. Picungan 
seeds are used as a carbohydrate source. The seeds are cut into small pieces before 
mixing with fi sh and salt.  
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3.3     Lumped Pounded Fish 

 Terasi is consumed in small quantities as a fl avor. The product is not only for local 
consumption, but is also exported, mainly to the Netherlands and Suriname, in pow-
der form. Terasi is usually made from planktonic shrimp “rebon”  (Atyas  sp. or 
 Mycis  sp.) (Budhyatni et al.  1982 ) or mixing waste shrimp shell and fi sh. Terasi can 
be processed in two ways: (1) with salt and (2) with mixing salt and ingredients. 

 In the processing of terasi with salt, fi rstly, rebon is washed, drained, and dried, 
until half dried. During drying, impurities such as small fi sh, mussel shells, and 
coral are removed. After that, semi dried rebon is sifted to separate sand and other 
undesirable materials. The rebon is then left overnight at ambient temperature and 
pounded the next day. During the fi rst pounding, salt is added (around half of the 
total salt required during processing). The total amount of salt used in terasi pro-
cessing is 2–5 % of the dry weight of rebon, which should be added as solution. 
Pounded rebon is sun dried and subsequently kept in a container at ambient tem-
perature for 2–3 days. The stored rebon is then pounded for a second time, while the 
remaining salt is added. After that, the pounded rebon is sun dried and kept at ambi-
ent temperature for 2–3 days until soft. It is then ground by many passes through a 
meat grinder until it is fi ne. Fine rebon is formed in cubes or cylinders of 1 kg in 
weight and subsequently fermented for a week or more at ambient temperature 
(Yunizal  1998 ). 

 The other processing method of terasi with mixing salt and ingredients is similar 
to the processing method of terasi with salt. The difference is in the second pound-
ing, where the salt solution is mixed with 2.5 % (w/w) coconut sugar and 2 % (w/w) 
tamarind prior to be added to fresh rebon. The additional ingredients accelerate the 
fermentation process (Yunizal  1998 ). 

 Microorganisms in terasi powder during ambient storage are those of 
 Lactobacillus  sp.,  Staphylococcus  sp.,  Bacillus  sp., and  Proteus  sp., but  Salmonella  
sp.,  Clostridium  sp.,  Vibrio  sp., and  E. coli  are not found (Budhyatni et al.  1982 ).  

3.4     Semi Liquid 

 Bekasang is a traditional product processed from the viscera of skipjack ( Katsuwonus 
pelamis ) and waste from cakalang fufu (smoked skipjack). The processing method 
of bekasang is as follows. Skipjack viscera obtained from processed cakalang fufu 
is washed and mixed with salt at a ratio of 2.5:l. The mixture of viscera and salt is 
kept for a week to allow fermentation. After fermentation ceases, the fermented 
viscera are boiled for 2 h and fi ltered using a gauze. 

 Cincaluk is the other traditional fermented fresh shrimp mixed with boiled rice 
and salt in a pan. For 1 kg of shrimp, the rice added is around 200–300 g, while the 
salt quantity is approximately 300 g. The pan is then sealed with the lid to avoid air 
entry and kept for 4 days until liquid release. After that, the mixture is put into 
bottles and eventually sealed tightly. Another method to process cincaluk is by mix-
ing fresh shrimp with a ratio of 20:1:1 for tapioca fl our, salt, and sugar. In its 
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processing, shrimp are descaled and then washed. Tapioca fl our is dissolved in 
water, gelatinized, and allowed to cool. Shrimp are then mixed thoroughly with salt, 
sugar, and gelatinized tapioca fl our. The mixture is placed into washed bottles and 
sealed fi rmly and fermented at ambient temperature for 1–2 weeks. 

 Fish sauce is processed traditionally from oil sardine ( Sardinella lemuru ) by fer-
mentation using high salt concentration.   

4     Fish Sauce Processing 

 Although fermented fi sh sauce itself may not be directly used for a physiological 
functional food because of its high concentration of sodium chloride, the sauce may 
be useful as a source of biologically active substances, traditional food supplements 
in the diet, and are widely used around the world as condiments, as fl avoring, mate-
rial, and sometimes as a substitute for soy bean sauce (Watanabe et al.  2004 ). It was 
concluded that summer capelin may be successfully utilized for the production of 
fi sh sauce without added enzymes. Capelin harvested during the summer season 
was more suitable as a raw material than capelin harvested during the winter season, 
due to its higher proteolytic activity. Reduced salt content in processing may help 
increase the fermentation rate as well as improve nutritional properties by reducing 
the sodium content (Hjalmarsson et al.  2007 ). Many fermented fi sh products are 
prepared in different parts of the world and the method of processing depends upon 
various factors; availability of raw materials, consumers’ preferences, and the cli-
matic conditions of the region. In addition, fi sh sauce is a product that can be made 
cheaply from various fi sh raw materials, which are not normally used for food. 
Also, it is a clear brown liquid hydrolysate from salted fi sh (Amano  1962 ; Beddows 
 1985 ), and is a liquid seasoning commonly used in most parts of Southeast Asia. 
Fish sauce is called by different names, such as patis in the Philippines, shottsuru in 
Japan, budu in Malaysia, nam pla in Thailand, nước mắm in Vietnam, kecap ikan in 
Indonesia, yuilu in China, and ngapi in Burma, and it contains a mixture of amino 
acids and other protein degradation products. (Fukami et al.  2002 ). 

 Different countries have different recipes for making fi sh sauce. Nam pla (Thai 
fi sh sauce), which is the most dominant in the world market, is mainly produced from 
anchovies ( Stolephorus  sp . ), mackerel ( Rastrelliger  sp.), and herring ( Clupea  sp.) 
(Wilaipan  1990 ). 

4.1     Traditional Process 

 There are two major ingredients in fi sh sauce production, fi sh and salt. Traditionally, 
nam pla is produced by mixing one part salt with two or three parts fi sh and ferment-
ing under static atmospheric conditions in an underground concrete tank at ambient 
temperature (30–40 °C) for up to 18 months. The process of salting the traditional 
fi sh processing will result in the loss of fi sh protein by 5 %, depending on the levels 
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of salt and the salting time. It is recommended that the added salt does not exceed 
40 parts by weight of the fi sh. The supernatant from the fermentation tank is fi ltered 
and ripened under the sun for 2–4 weeks (Wilaipan  1990 ). 

 The other process can use marine and freshwater fi sh as a raw material for fi sh 
sauce production. Fish and sea salt are mixed at a weight ratio of approximately 2:1 
for marine fi sh and 3:1 for freshwater fi sh. Traditionally, whole fi sh is dumped on a 
concrete fl oor, and the excess liquid is allowed to drain off. Fish are thoroughly 
mixed with salt. The mixture is then placed into a tank. Another layer of salt is 
spread on top. After 1 week, the fi sh may fl oat and rise to the top of the fermentation 
tank. It is necessary to keep the fi sh immersed at all times, otherwise they will 
become rancid. While the salting progresses, hydrolysis of fi sh tissues by fi sh gut 
enzymes provides the necessary nutrients for bacterial fermentation to begin. The 
time needed for the full fl avor of fi sh sauce to develop varies from 8 to 18 months at 
30–35 °C (Owens and Mendoza  1985 ; Lopetcharat et al.  2001 ;    Fukami et al.  2004 ). 
The fi nished product is a clear dark-brown color, with pH 5.5–5.8 and 20.5–27.4 % 
salt, and has a distinct aroma and fl avor. The fl avor and aroma determine its quality 
and these characteristics develop progressively as the fermentation process advances 
(Lopetcharat et al.  2001 ). 

 The ratio between salt and fi sh is very different, depending on the country, rang-
ing from 1:6 to 1:2 (w/w). In Indonesia, the procedure of fi sh sauce processing is as 
follows. Whole fi sh were washed with 2 % saline solution and then chopped. The 
minced fi sh is inserted into a barrel and mixed with 5 % salt. Whole fi sh were 
washed with 2 % saline solution and then chopped up and put into the tank and 
mixed with 5 % salt. 60 % (v/v) of acetic acid was added to the mixture of salt and 
fi sh to pH 3–4. The addition of vinegar aims to reach medium acidic conditions 
(pH 3–4). Highly acidic conditions will increase the activity of the enzyme protease, 
which would break down proteins in the fi sh tissue. 

 The time required to make fi sh sauce depends on several factors, such as the type 
of acid. From various studies, the time required ranged from 4 to 10 weeks. The addi-
tion of protease enzymes from the outside can reduce the time required. According 
to Gilberg et al. ( 1984 ), the addition of the enzyme pepsin in the manufacture of fi sh 
sauce can reduce the processing time to get good quality fi sh sauce to just 3–6 h. 

 Microorganisms generally increase during the early fermentation stage and then 
decrease gradually as the fermentation time is extended (Saisithi et al.  1966 ; Ijong and 
Ohta  1995 ). Beddows et al. ( 1980 ) reported that budu (Malaysian fi sh sauce) produced 
in the presence of rifampicin does not have the unique aroma of budu. Microorganisms 
such as  Bacillus  and  Staphylococcus , which were isolated from nam pla, kecap ikan 
or bakasang (Indonesian fi sh sauce), and patis (Philippine fi sh sauce), produced a 
signifi cant amount of volatile acids (Saisithi et al.  1966 ; Ijong and Ohta  1995 ). 

 Fermentation takes place in tanks at temperatures slightly above room tempera-
ture for 1–5 days. After fermentation completed, fi ltering for solids separation was 
conducted. During the process of fermentation, competition among microorganisms 
occurs, with bacteria and microorganisms that survive participating in the process of 
fermentation. High amounts of salt causes a long fermentation time and the resulting 
soy products have a very salty taste. To overcome these problems various 
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improvements have been made that is utilize proteolytic enzymes. The enzyme can 
work optimally with reducing concentration of salt and optimal fermentation condi-
tions (Yunizal et al.  1982 ). 

 The liquid fi sh sauce can be added with sodium carbonate for a pH of 6–7 and be 
boiled and seasoned as needed. The product can also be add with a thickening agent 
such as carboxymethyl cellulose (CMC) before being packaged into bottles and 
becoming ready for the market.  

4.2     Enzymatic Process 

 Making traditional fi sh sauce requires a relatively long time. Microorganisms pro-
ducing protease enzyme adaptation takes a long time to be able to live in high salin-
ity environments and other abnormal conditions. 

 During the fermentation process, the fi sh tissue undergoes hydrolysis by enzymes 
produced by microorganisms. The role of these enzymes is bond breaker polypep-
tides, to become simpler bonds. Microorganisms that develop during the fermenta-
tion of fi sh are not fully known. Nevertheless, estimated species of lactic acid 
bacteria such as  Laucosotic mesenterides ,  Pediococccus cerevisiae , and 
 Lactobacillus plantarum  are growing. Some types of yeast are also thought to have 
evolved in the fermentation. 

 The addition of proteolytic enzymes before fermentation can shorten the fermen-
tation time of fi sh sauce processing. In this case, it is no longer necessary to time the 
adaptation of microorganisms to produce enzymes that can hydrolyze proteins. 

 The high price of pure proteolytic enzymes becomes a constraint to produce fi sh 
sauce quickly, easily, and inexpensively. However, by utilizing the sap of papaya 
and pineapple extracts, the role of pure proteolytic enzymes can be replaced. 

 Papaya sap contained in the proteolytic enzyme is called papain. Papain has a 
high activity for hydrolyzing proteins. In the food industry, papain is used for retain-
ing the freshness of beer, softening meat, and removing proteins in food, while in 
pineapples, especially young pineapples, bromelain is another proteolytic enzyme. 
Its ability to hydrolyze proteins is not dissimilar to papain. 

 However, fi sh sauce produced enzymatically has scent and color that are very 
different to the fi sh sauce made traditionally, although it is not very different in 
terms of nutritional content.   

5     Quality of Fish Sauce 

 It is high in protein (as much as 10 %), and this protein is a complete one containing 
all the essential amino acids that the body requires for growth and regeneration. 
Top-quality fi sh sauce also contains a rich supply of B vitamins, particularly B 12, 
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pantothenic acid, ribofl avin, and niacin. Other benefi cial nutrients include calcium, 
phosphorous, iodine, and iron (Table  9.1 ).

   According to Cole et al. ( 1985 ), good fi sh sauce is considered to have a protein 
content of 2.3 % and a pH below 6, but standard fi sh sauce in every country is 
different. 

 Whether fresh water or salt water, fi sh for making fi sh sauce are usually small 
ones that otherwise would have little value for consumption. Among the most com-
mon marine fi sh used are anchovies and a few related species of schooling fi sh, 
from 2 to 5 in. in length, found in plentiful supply in the rich gulf waters. Larger 
varieties of fi sh, such as mackerel and sardines, also make good fi sh sauce, but 
because they are relatively more expensive due to their value as a food fi sh, they are 
seldom used in the commercial production of fi sh sauce. For fi sh sauce to develop a 
pleasant, fragrant aroma and taste, the fi sh must be very fresh. The different types of 
fi sh used showed differences in nutritional value (Table     9.2 ).

   The protein content of fi sh sauce from Petek ( Leiognathus  sp.) is higher than the 
protein content of fi sh sauce from kuniran ( Upeneus sulphureus ), which is caused 
by the different salt contents. Salt is known to inhibit the activity of enzymes in the 
process of breakthrough of the tissue into soluble protein. Some researchers reported 
that, the tissues of fi sh, especially the internal organs, contained a variety of 
enzymes. Some researchers reported that protease enzymes in the body tissues of 
fi sh are most active in acidic conditions (pH 3–4), while others are most active in 
base conditions (pH 7–8). Meanwhile, Cole et al. ( 1985 ) reported that endopepti-
dase enzymes and lipase are active at salt levels up to 15 %, and will decrease in 
activity if the salinity is increased. The results of the amino acid analysis of fi sh 
sauce protein shows there are 19 different amino acids, with the highest content 
being glutamic acid, amounting to 20.57 % of the total protein (Table  9.3 ). The high 
content of glutamic acid in the protein composition showed that fi sh sauce can use 
as a fl avor enhancer.

   During the process of making fi sh sauce, other fl avor ingredients can be added. 
Thus, the created fi sh sauce can be adjusted to suit various tastes and it will increase 
the value of this product.     

     Table 9.1    Nutrient content 
based on the quality of fi sh 
sauce (g/100 g)  

 Component  Quality I  Quality II 

 Salt  28.4  28.4 
 Protein   0.92   1.90 
 Amino nitrogen   5.75   5.58 
 Nitrogen organic   0.62   1.13 

   Table 9.2    Differences in the nutritional values of fi sh sauce on the different types of fi sh used   

 Kind of fi sh used 

 Proximate, (%) 

 Protein  Lipid  Carbohydrate  Water  Salt 

 Petek ( Leiognathus  sp.)  5.57  0.84  0.46  88.07  5.04 
 Kuniran ( Upeneus sulphureus )  5.40  0.77  0.24  87.54  6.04 
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1            Introduction 

 Enzymes are biocatalysts responsible for thousands of chemical reactions in cellular 
systems. Due to their high reactivity and specifi city, they have become an important 
tool for biological as well as industrial reactions. Despite the credit of the pioneer-
ing work on enzymes going to the French chemist Anselme Payen for discovery of 
diastase, the German physiologist Wilhelm Kühne (1837–1900) fi rst used the term 
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“enzyme” to describe biocatalysts (Gutfreund  1976 ). Even though the exact function 
of the enzymes was clear at the time, enzymes have been used since ancient times 
to produce food products, such as cheese, sourdough, beer, wine, vinegar, and for 
the manufacturing of commodities such as leather, indigo, and linen. With the 
advances of knowledge on enzymes and their superior catalytic power, today, 
enzymes have become an integral part of many industrial chemical reactions. Many 
plant- and animal-derived enzymes are currently used in the industrial production of 
various commodities. However, fermentative production of industrially important 
enzymes using selected microorganisms have made it possible to produce a large 
amount of relatively pure enzymes more easily than extraction from plant or animal 
sources and, hence, this has become a popular method for commercial enzyme pro-
duction (Kirk et al.  2002 ). Further, recombinant DNA technology and recent devel-
opments of protein chemistry enabled to develop tailor-made enzymes that have 
high catalytic power and adaptive physical properties (Olempska-Beer et al.  2006 ). 

 A wide range of applications of enzymes in bioindustry has considerably 
increased the global market for enzymes, and the production of industrial enzymes 
has become a cash cow for many companies. However, in general, the use of 
enzymes in industrial processes makes it a costly addition due to its high cost, and 
maintaining the enzyme-specifi c conditions during the process adds considerable 
cost to the production process. Therefore, enzymes with high activity at very low 
concentrations and under mild conditions of pH and temperature are of great inter-
est. Further, the increasing sophistication of commodities, including food products, 
demands a broad variety of enzymes having properties compatible with processing 
conditions as a catalyst in production processes. Thus, there is an increasing demand 
for novel as well as highly reactive and specifi c enzymes. A wide variety of genetic 
material in the marine environment has made marine resources promising for the 
discovery of novel enzymes with properties that could not be found previously (Lee 
et al.  2010 ). Further, the prevailing extreme conditions in the marine environment 
have also contributed to the evolution of novel enzymes in marine resources. In this 
chapter, we aim to discuss the potentials of marine resources for the extraction of 
enzymes for industrial processes, paying specifi c attention to fi sh processing waste 
as a source of enzymes.  

2     Marine Resources as a Source of Enzymes 

 Marine microorganisms, representing over 90 % of the marine biomass, are the 
most fascinating living creatures in the marine environment. It is a well-known fact 
that marine microorganisms play an active part in the mineralization of complex 
organic matter that contributes to the secondary production of the marine environ-
ment. To accomplish these sequenced and complex chemical processes, marine 
microorganisms have been reinforced with a vast array of enzymes. Thus, marine 
microorganisms are a promising source of marine enzymes (Zhang and Kim  2010 ). 
Especially, extremophiles and symbiotic microorganisms are capable of producing 

S.-K. Kim and P. Dewapriya



185

novel enzymes with their habitat-related characteristics, such as salt tolerance, 
hyperthermostability, barophilicity, and cold adaptivity (Trincone  2011 ). In addi-
tion, marine microalgae have also been explored as a source of marine enzymes. 

 Apart from microorganisms, many other marine organisms such as fi shes, 
prawns, crabs, snakes, plants, and algae produce unique marine enzymes that have 
biotechnological potentials. For instance, Zonase X™ is a well-proven exfoliating 
and skin rejuvenation product developed by Aqua Biotechnology using an enzyme 
derived from the hatching fl uid of salmon. Originally, the enzyme degrades the egg 
shell surrounding the fi sh larvae during early embryogenesis. The experimental 
results showed that this enzyme is capable of gently removing the outer dead layer 
of human skin without destroying the skin itself (Sarkar et al.  2010 ). This clearly 
shows the potential of marine-derived enzymes and their applications. It has been 
recognized that fi sh processing leftovers and underutilized marine fi sh species are 
potential sources of different enzymes, such as proteases, lipases, cellulase, and col-
lagenase (Table  10.1 ). Head, skin, viscera, bones, blood, and stickwater, which 
account for as much as 70–80 % of the total catch, could be utilized for the extrac-
tion of enzymes. Particularly, fi sh processing leftovers are a rich source of prote-
ases, which have high commercial value, and, thus, low-cost fi shery leftover has 
gained much attention in the extraction of industrial proteases (Klomklao  2008 ). 
Further, approximately 30 % of the total landing of fi sh is considered as underuti-
lized, bycatch, or unconventional. Even though many conventional approaches have 
been developed to optimize utilization, low income generated through such 
approaches demand novel directions to produce value-added products. Therefore, 
the use of these types of fi sh for commercially important enzyme production brings 
new insight to the world fi shing industry. Moreover, it has been found that marine 
fi sh and invertebrates are common sources of some specifi c enzymes. Polyphenolases 
from lobster and shrimp, urease from fi sh liver, thymidylate kinase from sea urchin, 
and trimethylamine oxide demethylase from gadoid fi sh such as hake and fl ounder 
have been recovered as major enzymes (Shahidi and Janak Kamil  2001 ). Most of 
the enzymes that have been identifi ed from marine fi sh and leftovers also present in 
terrestrial sources, but characteristic differences in the molecular weight, amino 
acid composition, optimum pH, optimum temperature, stability, and catalytic power 
of the enzymes have brought a unique value to those of marine origin. In this chap-
ter, we mainly focus on different types of marine fi sh and fi shery leftover-derived 
enzymes, their unique features, and industrial applications.

3        Enzymes from Fish and Processing By-products 

3.1     Digestive Enzymes 

 As mentioned earlier, proteases are the most common enzymes present in marine 
animals. Table  10.1  is a summary of digestive enzymes identifi ed from marine fi sh 
and fi sh leftover. Proteases of marine animals are polyfunctional enzymes which 
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catalyze the hydrolytic degradation of proteins. This type of protein is commonly 
found in the digestive system of marine animals. Interestingly, the distribution and 
catalytic activity of the same enzyme varies depending on the organ and the species. 
Mainly, pepsin, gastricsin, trypsin, chymotrypsin, collagenase, elastase, carboxy-
peptidase, and carboxyl esterase are common digestive enzymes of marine animals. 
All digestive enzymes of marine animals are classifi ed based on the same criteria 
applied to other protein classifi cations (Haard and Simpson  2000 ). Based on the 
proteolytic nature of the digestive enzymes, proteases belong to two main classes: 
exopeptidases and endopeptidases or proteinases. Endopeptidases are responsible 
for the cleavage of polypeptide chains at peptide bonds of non-terminal amino 
acids, whereas exopeptidases hydrolyze one amino acid from the N-terminus (amino 
peptidases) or the C-terminus (carboxypeptidases) (Fig.  10.1 ) (Klomklao  2008 ). In 
addition, based on the nature of the catalytic site, proteases are classifi ed into four 
main groups: acid or aspartate proteinases, serine proteinases, thiol or cysteine 
 proteinases, and metalloproteinases.

3.1.1       Pepsin 

 Pepsin, belonging to the aspartic endopeptidase group, is one of three principal pro-
tein-degrading enzymes found in the fi sh stomach. The catalytic activity of pepsin 
greatly depends on the pH where pepsin is active and is most stable at acidic condi-
tions. Based on the optimal pH, fi sh-derived pepsin is categorized into two groups, 
pepsin I and pepsin II. Several pepsin and pepsin-like enzymes have been isolated 
from fi sh, including cold- and warmwater fi sh. The temperature of the natural habitat 
of some of the fi sh was below 4 °C. Some of them were found at around 600–1,500 m 
depth. Hence, pepsin extracted from such fi sh species (such as  Pectoral rattail ) shows 
great catalytic power under high-pressure processing conditions at low temperature 
than enzymes extracted from warm-blooded animals (Klomklao et al.  2007 ). Despite 
pepsin being composed of a single polypeptide chain of 321 amino acids with a 
molecular weight of 35 kDa, pepsins derived from marine animals show molecular 

  Fig. 10.1    Action of endopeptidases and exopeptidases in protein breakdown       
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weights ranging from 27 to 42 kDa. Pepsin is used for a variety of applications in the 
food manufacturing and pharmaceutical industries, making use of the advantage of 
the strong biochemical digestive action of pepsin. Commercially, pepsin is extracted 
from the glandular layer of hog stomachs. With the high demand for pepsin and high 
cost associated with hog pepsin, considerable attention has been directed in order to 
fi nd substitutes. Many reports have showed that marine fi sh viscera-derived pepsin is 
a competitive option in the substitution of hog pepsin.  

3.1.2     Trypsin and Chymotrypsin 

 Trypsin (EC 3.4.21.4) and chymotrypsin (EC 3.4.21.1) are members of the serine 
protease family of enzymes, which are commonly found in juice from the pancreas. 
Trypsin catalyzes the hydrolysis of peptide bonds, breaking down proteins into 
smaller peptides, which could be further degraded by other proteases. Chymotrypsin 
has the ability to break down both proteins and polypeptides, but its catalytic power 
is relatively low (Klomklao  2008 ). Trypsin and trypsin-like proteolytic enzymes 
have been purifi ed and characterized from the viscera of several fi sh species. Even 
though trypsin from marine animal fi sh species resembles mammalian trypsin with 
respect to their physical characteristics, some reports have shown that marine tryp-
sin is more stable under harsh conditions (high temperature and pH) and in the pres-
ence of surfactants or oxidizing agents. Generally, the optimum pH of marine-derived 
trypsin varies from 6 to 11.5, while their optimum temperature for hydrolysis ranges 
from 35 °C to 65 °C (Freitas-Júnior et al.  2012 ). Interestingly, Atlantic cod-derived 
trypsin III is better adapted to lower temperatures than any other known trypsin. 

 Trypsin and chymotrypsin have various commercial uses, especially as a dietary 
supplement in the food industry and in substitutive therapies for patients with pan-
creatic diseases. In addition, trypsin is commonly used in biomedical experiments as 
a cell detacher and has been successfully used in the detergent enzyme industry, as 
they are capable of removing protein stains like blood, eggs, dairy products, juices, 
juice, etc. It has been shown that these enzymes can maintain around 80 % of their 
catalytic activity even after 1 h of incubation with chemical detergent (Espósito et al. 
 2009 ). With this signifi cant industrial importance, pure trypsin and chymotrypsin 
have gained high commercial demand. Cod-derived trypsin is already used in several 
industries like food and cosmeceuticals. Further, trypsin derived from Pacifi c and 
Atlantic cod has successfully been used as a catalyst in enzymatic peptide synthesis 
(Gudmundsdóttir and Pálsdóttir  2005 ). The pyloric caeca, intestine, and spleen of 
fi sh are popular sources for the extraction of marine trypsin. However, lipids in the 
tissues have created several diffi culties in extracting, preparing, and purifying tryp-
sin from fi sh leftover. A recent research has shown that supercritical carbon dioxide 
could be used as an effective defatting agent in the extraction of trypsin from fi shery 
by-products and it is an effective alternative for common defatting agents such as 
chemical solvents (Chun et al.  2011 ). Even though less attention has been paid to 
marine-derived chymotrypsin, it has been revealed that fi shery waste material is a 
promising source for the extraction of chymotrypsin. Further, many reports suggest 
that fi shery leftovers are a competitive alternative for expensive fresh cattle or swine 
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pancreas-derived chymotrypsin. Zhou et al.  2011  have comprehensively reviewed 
the extraction, purifi cation, and characterization of fi sh chymotrypsin and its com-
mercial applications related to its unique physical properties.  

3.1.3     Chymosins 

 Chymosin or rennin (EC 3.4.23.4) is generally produced by ruminant animals in the 
lining of the abomasum. It is responsible for the breaking down of peptide bonds 
between phenylalanine and methionine in casein. Therefore, this property of chy-
mosin is used to coagulate milk. As the active enzyme found in rennet that is exten-
sively used in the milk industry, chymosin has great commercial value. Generally, 
rennet is commercially extracted from slaughtered young claves or in recombinant 
 Escherichia coli  and  Aspergillus  spp. (Chitpinityol and Crabbe  1998 ). However, 
considerable attention has been focused on fi nding a suitable alternative for calf 
rennet with its high associated cost. Many reports have shown that some marine 
animals produce chymosin and chymosin-like enzymes. Chymosin has been 
extracted from carp and harp seal stomach (Shahidi and Janak Kamil  2001 ). Further, 
some recent research has pointed out that proteolytic and peptidase extracted from 
some crustaceans could be used for the production of cheese, and cheddar-type 
cheeses manufactured using the enzymes extracted from the crustacean  Munida  
show improved physical and sensory qualities compared to cheese produced from 
traditional chymosin (Rossano et al.  2005 ,  2011 ).  

3.1.4    Lipases 

 Lipase is an enzyme that catalyzes the hydrolysis of ester bonds in various sub-
strates such as triglycerides (TGs), phospholipids, cholesteryl esters, and vitamin 
esters. Lipases are present in most living organisms and play a critical role in the 
digestion of lipids. Traditionally, lipases have been used for the preparation of milk 
products. Owing to the hydrolysis of milk fat, lipases contribute to fl avor enhance-
ment in cheese, cream, and many other milk products. Recently, lipases have been 
involved in many industrial processes, such as baking and laundry detergents manu-
facturing (Reetz  2002 ). The ability of lipase to remove lipid stains more effi ciently 
than conventional cleaning chemicals has reduced the environment chemical load. 
Further, lipases have been successfully used as biocatalysts in various synthesis 
processes. Different kinds of surfactants/emulsifi ers could be economically pro-
duced using lipases, particularly microbial lipases. The industrial values of lipases 
have been discussed and reviewed in many reports (Hasan et al.  2006 ). 

 Commercially, lipases are extracted from the pancreas and serous glands of rumi-
nants, especially from young calves and pigs. With the many advantages of micro-
bial lipases, the production of industrial lipases using numerous species of bacteria, 
yeasts, and molds has received increased attention (Hasan et al.  2006 ). In addition 
to that, oilseeds, oily fruits, and cereal grains are used for the extraction of plant 
lipases. During the past decade, aquatic animals also emerged as a prospective 
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source of lipases. In an investigation of different tissues which could be used as a 
source of lipases, Nayak et al.  2003  found that fi sh intestine and liver could be a 
potential source. It has been noticed that the quantity and catalytic activity of lipases 
vary with origin and fi sh species. Active fi shes such as mackerel and scup lipase 
show relatively high activity, and fi shes whose diets contain high amounts of phos-
pholipids and wax esters show high amounts of lipase in extraction. Several recent 
studies have shown that sardine (Smichi et al.  2010 ), carp (Görgün and Akpınar 
 2012 ), gray mullet (Aryee et al.  2007 ), and salmon and hoki (Kurtovic et al.  2010 ) 
(Table  10.1 ) are good sources for the extraction of fi sh lipases. All of the isolated 
enzymes have shown unique physicochemical characteristics. Lipases extracted 
from salmon and hoki were stable in several water-immiscible solvents. Further, 
Rivera-Pérez et al.  2011  reported that some crustaceans could also be used to extract 
digestive lipases. Owing to the unique characteristics of fi sh-derived lipases, 
Kurtovic et al.  2011  revealed that fi sh lipases show similar activity to commercially 
available lipases in terms of fatty acid release and fl avor and odor development in 
dairy cream. Further, the study demonstrated the potential for fl avor enhancement in 
dairy products using fi sh lipases. Another interesting application of lipases is the 
production of ω-3 polyunsaturated fatty acids (PUFAs) concentrate using marine 
oils (Kahveci et al.  2010 ). Due to the high substrate specifi city of lipases, commer-
cially available lipases are not suitable for the production of ω-3 concentrates using 
long-chain PUFAs. However, it has been found that the fi sh lipase-immobilized sys-
tem works well in concentrating PUFAs with long-chain PUFAs. In addition to the 
fi sh digestive lipases, fi sh tissue localized lipases have also been isolated. Lipases in 
red muscle, adipose tissue, and liver have been identifi ed as potential tissues for the 
extraction of tissue lipases (Nayak et al.  2003 ; Kurtovic et al.  2009 ).   

3.2     Collagenase from Fish 

 Collagen is a group of naturally occurring proteins that is commonly found in the 
connective tissues of animals. Usually, collagen is found in a triple-helix structure 
that often consists of glycine, proline, and hydroxyproline in a sequenced manner. 
Inter- and intramolecular cross-links formed by hydrogen bonds stabilize the unique 
structure of collagen. Among the different collagens, types I and III are the most 
abundant. Interestingly, only very few enzymes are capable of breaking down col-
lagens. Few kinds of collagenolytic enzymes could be found in animals. Elastase is 
the well-studied collagenolytic enzyme that belongs to the serine protease enzyme. 
It is responsible for the breakdown of the connective tissue protein elastin. Cathepsin 
K is the most potent mammalian collagenase and this enzyme breaks down collagen 
type I in an acidic medium. All the other collagenolytic enzymes are classifi ed 
under the group of metalloproteinases. These types of collagenase can act in neutral 
pH conditions and characteristically differ from the serine protease family of col-
lagenases due to differences in their catalytic sites. Generally, metalloproteinases 
hydrolyze types I, II, and III tropocollagens (Daboor et al.  2010 ). 
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 Collagenases have been identifi ed from both vertebrates and microbial sources. 
Bacterial collagenases differ from vertebrate collagenases in their substrate speci-
fi city and catalytic power. It has been found that microbial collagenase can break 
down almost all collage types. Traditionally, collagenases are prepared from 
 Clostridium histolyticum  culture supernatants, but several other animal sources 
have also been identifi ed as sources of extractable collagenases. Collagenase has 
considerable commercial value as a proteolytic enzyme. Different kinds of collagen 
have been used in the tannery and fur industries. In the processing of squid, collage-
nases are used as skinning agents. Collagenase is often used as a stabilizer and clari-
fi er in the food industry. Further, collagen is used as medicine and as a chemical 
agent in biomedical research (Daboor et al.  2012 ). 

 The isolation and characterization of collagenases from fi sh sources has been an 
interesting topic, and various types of collagenases have been identifi ed from marine 
animals. Marine as well as freshwater fi sh species such as carp, catfi sh, Atlantic 
cod, and rayfi sh have been studied for extractable collagenases (Shahidi and Janak 
Kamil  2001 ). Recently, interest has re-emerged with the high commercial demand 
for proteolytic enzymes and increasing attention for the effective utilization of fi sh-
ery leftovers. Murado et al.  2009  revealed that overcooled acetone precipitation is a 
simple and sustainable method to partially purify collagenase from rayfi sh viscera. 
A decade ago, the same technique was applied by Park and his research team to 
isolate collagenases from mackerel,  Scomber japonicus . Kim et al.  2002  showed 
that ammonium precipitation followed by chromatographic purifi cation could also 
be used for the isolation of collagenase from fi sh waste. Recently, collagenases 
belonging to the group metalloproteinases have been isolated from a mixture of fi sh 
waste (haddock, herring, groundfi sh, and fl ounder) using a similar procedure 
(Daboor et al.  2012 ). Not only digestive collagenases but also tissue collagenases 
have been isolated from marine fi sh waste. Collagenase, particularly cathepsin B, 
present in fi sh tissue is mainly responsible for the quality deterioration of fi sh. It 
hints that fi sh muscle waste, which has high vulnerability to degrading quickly, 
could be a promising source for the extraction of collagenases (Sovik and Rustad 
 2006 ). Cathepsin L, which has optimal pH and temperature at 5.5 °C and 55 °C, 
respectively, has been purifi ed from the skeletal muscle of blue scad ( Decapterus 
maruadsi ) (Zhong et al.  2012 ). Moreover, gelatinolytic proteinases, which have 
potent ability to hydrolyze native type I collagen even at 4 °C, have been isolated 
from common carp (Wu et al.  2008 ). All these fi ndings suggest that fi sh processing 
waste, internal organs, digestive tissues, and cutoffs are potential sources for the 
extraction of commercially valuable collagenases.  

3.3     Chitinase 

 Chitinases are hydrolytic enzymes that have the ability to break down glycosidic 
bonds in chitin polymer. However, some lysozymes also possess chitinolytic activ-
ity. True chitinases are categorized into chitinase and chitobiase based on the end 
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product of the enzymes. These types of enzymes are generally found in organisms 
that either need to reshape their own chitin or digest chitinous substances ingested as 
food. Especially, animals that ingest worms and arthropods as their main food use 
chitinases for the digestion of their food. Many microbial species are also capable of 
producing chitinases and, hence, they act as pathogenic organisms of arthropods. 
Several kinds of chitinases have been isolated and characterized from the digestive 
systems or related organs of marine fi sh (Gutowska et al.  2004 ; Ikeda et al.  2009 ). 
However, the origin of the fi sh chitinases has become questionable with some 
research fi ndings. Some fi ndings have suggested that gastrointestinal chitinases of 
marine fi sh are from gut microfl ora. Many recent reports have shown that marine fi sh 
species are capable of producing chitinases, and the production of chitinases varies 
with depth distribution, origin, and the fi sh species. Chitinase extracted from the 
stomach of deeper living fi sh has shown greater activity than intestinal chitinases. 
Fish species that consume more crustaceans as food produce high amounts of chitin-
ase. In cobia, a highly prized food fi sh, crustaceans account for 78 % of the stomach 
contents and over 34 % of carbohydrates are utilized for nutritional requirements. 
Fines and Holt  2010  have found that this fi sh species produces high amounts of both 
chitinase and chitobiase. Further, their fi ndings suggested that fi sh use both chitinase 
and chitobiase to digest and absorb nutrients from chitin food. Using chitinase and 
chitobiase, chitin food is degraded to soluble and absorbable N-acetyl- glucosamine 
(Molinari et al.  2007 ). With the interesting fi ndings on the biological activities of 
chitin and chitosan oligomers, chitinolytic enzymes have gained great attention, and 
fi sh chitinase could be used for the production of a range of chitin- derived health 
products. Further, due to the inconsistent physicochemical properties of chitin prod-
ucts produced with acid or alkyl hydrolysis, cheap chitinolytic enzymes with 
improved catalytic power are continuously in demand. In this regard, marine fi shery 
waste is a potential source for extracting chitinases with high catalytic power.   

4     Applications of Fish Enzymes 

 Enzymes have become an indispensable component of food, pharmaceutical, and 
cosmeceutical production processes with their great catalytic power. In addition, 
some enzymes have healing properties or can be used as therapeutic agents in dis-
ease conditions in which the endogenous enzyme activity is reduced. Therefore, 
enzymes have great commercial value. Table  10.2  summarizes some of the potential 
applications of fi sh waste-derived enzymes. Among the different applications of 
enzymes, fi sh-derived enzymes could be used as a processing aid for many seafood 
products. With the high availability of fi sh waste in their own processing plants, 
these enzymes could be effectively used at a lower cost compared to other applica-
tions. Enzymatic pealing is a popular application of enzymes in the food as well as 
cosmetic industries. Some enzymes are capable of dissolving only the outer layer of 
muscles, without damaging the original muscle tissue, taking advantage of the bio-
chemical differences between the skin and muscle cells. This type of enzyme is 
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applied in the formulation of skin-peeling agents in the cosmetics industry. Moreover, 
peeling enzymes are commonly used in the removal of undesirable parts from many 
economically valuable marine fi sh species, such as tuna, skate, fi lefi sh, squid, and 
many other shellfi sh. In addition to that, the descaling of fi sh skin and purifi cation of 
fi sh roe are other potential applications for these enzymes (Kandasamy et al.  2012 ). 
Enzymes derived from fi sh and shellfi sh have been applied for several production 
processes of the dairy industry. Particularly, fi sh digestive enzymes could be used as 
a cheap and alternative source for cheese production. In addition to this, many indus-
trial applications of fi sh-derived enzymes have been reported (Shahidi and Janak 
Kamil  2001 ). The ability of the fi sh enzymes to work at low temperature and high 
pressure are the main characteristic features that have brought about their great 
potential to be used as a competitive alternative for traditional enzymes.

5        Concluding Remarks 

 In addition to the above-mentioned enzymes that have been isolated and identifi ed 
from fi sh processing waste, many more novel enzymes with signifi cant catalytic 
power have been reported. Due to the high availability of fi sh processing waste and 

   Table 10.2    Potential application of fi sh-derived enzymes   

 Enzyme  Area of application  Application 

 Pepsin  Pharmaceutical, 
cosmeceuticals 

 Collagen extraction, therapeutic agents, fi sh hydrolysate, 
and bioactive peptide production 

 Dairy  Cheese production 
 Fishery  Fish silage, caviar production, descaling of fi sh 
 Leather  To remove hair and residual tissue 

 Trypsin  Food, fi shery  Production of seafood fl avorant, extraction of caroteno-
protein, fi sh sauce 

 Dairy  Cheese production 
 Paint  Production of pearl essence 
 Pharmaceutical  Therapeutic agents, wound healing, veterinary medicine 

 Chymotrypsin  Food processing  Meat tenderizing, improving food nutritional value, 
protein hydrolysate production 

 Fishery  Bone protein removal 
 Dairy  Cheese production 
 Leather  Dehairing, bating, and soaking 
 Detergent  Decontaminating agent, cleaning agent 

 Collagenase  Fishery  Squid peeling and softening, surimi processing, fi sh 
ripening, production of protein hydrolysates 

 Food processing  Stabilizer and clarifi er 
 Lipase  Detergent  As a cleaning agent 

 Food  Flavor enhancer of cream 
 Chitinase  Pharmaceutical, 

nutraceutical 
 Production of chitin and chitosan oligomers, glucosamine 

production 
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the high industrial value for enzymes, the utilization of fi sh processing waste would 
be an ideal option to overcome the drawbacks associated with traditional fi sh pro-
cessing by-products. Moreover, this could be a cheap way to produce industrially 
important enzymes. But to make this dream come true, there are many hurdles that 
need to be overcome. Even though different kinds of fi sh enzymes have been iso-
lated from processing waste, their physicochemical properties such as pH, thermal 
stability, enzyme turnover, substrate specifi city, inhibition of activity, etc. must be 
fi nalized. Further, the optimization of extraction and purifi cation processes of the 
enzymes is vital in order to run this business as a profi table one. On the other hand, 
extensive research should be conducted to optimize the use of these enzymes in dif-
ferent applications to make the use of fi sh processing waste-derived enzymes an 
economically viable approach, because conventional processing parameters cannot 
be applied to the habitat-related characteristics of fi sh enzymes.     
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1            Introduction 

 One-third of fi sh harvest is discarded annually as processing by-products. Fish is 
processed into fi llets, canned, and surimi, where it results in an immense quantity of 
by-products, which include trimmings, belly fl aps, heads, frames, fi ns, skin, and 
viscera. However, the nutrient contents in these by-products are not lower compared 
to the consumed fi sh parts. Moreover, discarding these by-products would largely 
contribute to environmental pollution. Therefore, the need to develop effi cient by- 
product recovery systems has both economic and environmental benefi ts (Kim and 
Mendis  2006 ; Wilson et al.  2011 ). The amount of fi sh by-products discarded as 
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waste is enormous enough to generate raw materials for the development of other 
large-scale processing units. The utilization of by-products is both environmentally 
and commercially favorable practice. Among fi sh processing by-products, fi sh skin 
accounts for around 30 % (Jamilah et al.  2011 ). Fish skin is largely processed to 
produce proteins and fi sh oil. 

 As a main macronutrient in foods, protein provides essential amino acids to ful-
fi ll basic nutritional requirements. For a long time, proteins have been rated and 
categorized based on their composition and biological value. Nevertheless, certain 
proteins exert physiological signifi cance infl uencing human well-being, mainly in a 
benefi cial way, beyond their nutritional values. Further, specifi c degradation of 
basic proteins results in biologically active protein hydrolysates and peptides, which 
possess a broad spectrum of health-promoting abilities. Since seafood is considered 
a worldwide prime source of proteins with high biological value, fi sh processing 
waste is an ideal and cheap source for the extraction tremendously valuable ingredi-
ents, especially fi sh skin generated from commercial fi sh fi lleting, which is nutri-
tionally valuable and easily digestible, with a well-balanced amino acid composition 
(Harnedy and FitzGerald  2012 ). Collagen and gelatin are the main proteins extracted 
from fi sh skin and, apart from their uses as gelling agents, functional properties of 
fi sh skin-derived proteins have been discovered. This chapter focuses on the func-
tional materials isolated from fi sh skin and their effect on human well-being.  

2     Fish Collagen and Gelatin 

 Collagen, the most abundant protein of animal origin, has earned much interest as a 
biomaterial in medical applications due to its biodegradability and weak antigenic-
ity. Type I, out of the 28 types of collagen, is the most naturally abundant collagen 
in animals and is found in skin, tendons, vascular ligature, organs, and bone. 
Collagen is composed of three similarly sized triple-helix polypeptide chains, which 
consist of around 1,000 amino acids residues. Gelatin is a structurally different form 
of the same macromolecules that make up collagen and, particularly, a hydrolyzed 
form of collagen. Common sources of collagen and gelatin include bovine hide, pig 
skin, or chicken waste; they have, however, recently faced several constraints related 
to biological contaminants and religious issues (Aberoumand  2010 ). This is the 
main reason why an alternative source for collagen and gelatins for commercial 
purposes is sought. Raw materials from fi sh waste have received considerable atten-
tion in recent years as an alternative for collagen and gelatin extraction, due to its 
unique features. Fish skin and bones mainly used for collagen extraction and three 
main extraction methods, neutral salt solubilization, acid solubilization, and enzyme 
solubilization, are used based on the characteristics of the waste and end products. 
During the extraction of collagen, triple-helix structure, which contributes its unique 
properties, has to be secured. Generally, extracted collagen is solubilized with hot 
water treatment by breaking down the hydrogen and covalent bonds of the triple- 
helix, resulting in helix-to-coil transition and conversion into soluble gelatin 
(Gómez-Guillén et al.  2011 ). 
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2.1     Biomedical Applications of Collagen and Gelatin 

 Several unique applications of collagen and gelatin derived from fi sh by-products 
have been reported, due to the enriched properties of fi sh collagen (Table  11.1 ). The 
high hydroxyproline content of collagen plays a role in reducing pain in osteoarthri-
tis patients supplemented with collagen/gelatin hydrolysate (   Moskowitz  2000 ). 
Moreover, collagen also shows great advantages as a carrier molecule of drugs, 
proteins, and genes through long-term maintenance of the concentration and con-
trolled release at target sites. Further, collagen serves as a main scaffold for biotech-
nological applications. Detailed studies revealed that collagen type I, with selective 
removal of its telopeptides, exhibit characteristic features of bioscaffolds for bone 
regeneration. The experimental data confi rm that collagen and gelatin derived from 
fi sh by-products have inherent properties of collagen and can be used as an alterna-
tive to mammalian products (Senaratne et al.  2006 ). Collagen is mainly extracted 
from the skin of cod, haddock, and salmon. Moreover, tilapia fi sh scales are also 
being used as a source of low molecular weight collagen (around 1,000 KDa) (Lee 
et al.  2011 ). In addition, the enzymatic hydrolysis of fi sh collagen and gelatin pro-
duces small peptides, which have potent biological activities. The repeated Gly-Pro- Ala 
sequence of gelatin peptides has reinforced the peptide with high antioxidant and 
antihypertensive properties. Numerous studies have been conducted to reveal the 
biological activity of peptides derived from fi sh collagen and gelatin.

3         Fish Protein Hydrolysates 

 After removal of the valuable portion, the remaining fi sh skin and muscles are solu-
bilized by means of several chemical and physical methods to obtain hydrolyzed 
fi sh proteins. Although fi sh protein hydrolysate (FPH) has classically been used for 
agricultural purposes, advanced technological developments have made it possible 
to apply these FPHs as functional ingredients in food and pharmaceuticals. Likewise, 
the hydrolysate is also a rich source of biologically active small peptides that have 

   Table 11.1    Biomedical potentials of fi sh collagen and gelatin   

 Fish source 
 Waste 
material  By-product  Biochemical potentials  Reference 

 Rohu and  Catla catla   Scale  Type I collagen  High thermal stability  Pati et al. ( 2010 ) 
 Nile tilapia  Skin  Collagen drink  Attenuate UVA damage  Kato et al. ( 2011 ) 
 Nile tilapia  Scale  Peptide  Free radical scavenging  Ngo et al. ( 2010 ) 
 Alaska pollock  Skin  Peptide  ACE inhibition  Byun and Kim ( 2001 ) 
 Pacifi c cod  Skin  Peptide  Antioxidant 

and ACE inhibition 
 Ngo et al. ( 2011 ) 

 Unicorn leatherjacket  Skin  Gelatin fi lm  Antimicrobial  Ahmad et al. ( 2012 ) 
 Chum salmon  Skin  Peptide  Memory enhancement  Pei et al. ( 2010 ) 
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been proved for various therapeutic potentials. The hydrolysis of protein is achieved 
through acids, alkalis, or enzymes mediated breakdown of parent proteins in the 
waste into smaller protein fractions, peptides, and free amino acids. Acid hydrolysis 
makes the product unpalatable due to tryptophan destruction and the formation of 
sodium chloride after the neutralization. Alkaline hydrolysis produces several toxic 
compounds which are undesirable for human consumption. Among protein hydro-
lyzing methods, enzymatic hydrolysis offers several advantages over others 
(Kristinsson and Rasco  2000 ). 

 Proteolytic enzymes come from several sources, such as plants (papain, fi cin, 
bromelain), animals (trypsin, pancreatic enzymes), or microbials (pronase, alcalase), 
and are employed for hydrolysis, depending on the type of processing waste and the 
desired functionality of the end product. In the conventional enzymatic method, 
commercial enzymes are directly applied under predefi ned conditions such as pH, 
temperature, incubation time, and enzyme/substrate ratio (Bhaskar et al.  2008 ). The 
fermentative approach for producing fi sh protein hydrolysates is not a novel concept. 
Proteases producing microbial strains are used as starter culture and incubated in 
preferred conditions to grow microbes on fi sh processing waste. Physicochemical as 
well as functional properties of enzymatic hydrolysate vary with the degree of 
hydrolysis, which determines the size of protein fractions. Overhydrolysis may 
impair some functional properties of food proteins or cause the development of off-
fl avors in hydrolysates (Balti et al.  2010 ). Further, improvements in the functional 
properties and therapeutic value of protein hydrolysates have been obtained through 
a selective molecular weight cutoff. An ultrafi ltration membrane system equipped 
with a molecular cutoff has been identifi ed as an effective method to purify protein 
hydrolysates based on the molecular weight of protein factions (Jeon et al.  1999 ). 
Serial enzymatic digestions in a system consisting of a multistep recycling mem-
brane reactor combined with an ultrafi ltration membrane system have been devel-
oped to produce protein hydrolysates with the desired molecular weights while 
preserving expensive photolytic enzymes (Byun and Kim  2001 ). 

3.1     Biological Properties of Fish Protein Hydrolysates 

 The main goal of the preparation of FPHs, i.e., improving the functional properties 
of fi sh proteins, is accompanied with advanced health-promoting abilities due to the 
improvement in functionality achieved through the high amount of polar groups and 
the solubility of hydrolysate and bioavailability. Thus, dozens of studies have been 
carried out to prove various kinds of biomedical applications of FPHs (Table  11.2 ). 
Particularly, FPHs possess potent antioxidant activity, which attenuate oxidative 
damages that take place in the body where the endogenous antioxidant defense 
mechanism is not good enough. As an economically viable product, FPHs seem to 
be good candidates to combat the production of superoxide anion (O 2− ) and hydroxyl 
(OH 1−)  radicals, which are considered as causative agents for the initiation of 
chronic diseases such as heart disease, stroke, arteriosclerosis, diabetes, and cancer 
(Perera and Bardeesy  2011 ). The highlighted advantage of the product is in 
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providing protection against oxidative damage while providing additional nutri-
tional value. Additionally, protein hydrolysates generated from fi sh processing 
waste reduce the risk of cardiovascular diseases (CVD) by triggering several key 
associated processes, including blood clot and platelet formation, angiotensin 
1-converting enzyme activity, and cholesterol metabolism. Moreover, a recent study 
(Cudennec et al.  2012 ) has demonstrated that FPHs derived from blue whiting sup-
press appetite via the enhancement of cholecystokinin (CCK) and glucagon-like 
peptide-1 (GLP- 1) secretion in in vitro STC-1 cells as well as in vivo experiments. 
The biological effects of CCK and GLP-1 stimulation lead to promising effects on 
body weight reduction, which has gained much attention in developed countries. All 
these fi ndings clearly indicate that FPHs have potential for use in disease risk reduc-
tion. Thus, the identifi ed potential sources are currently used in the production of 
biologically active FPHs in the form of nutraceutical and functional food.

4         Bioactive Peptide Isolation from Fish Skin 

 In an attempt to demonstrate the biological consequence of FPHs and gelatin hydro-
lysates, it was found that small peptides present in the hydrolysates mediate bio-
chemical pathways to exert defi ned health properties of the hydrolysates. Detailed 
studies revealed that small protein fragments show this potent activity. Most of the 
bioactive peptides are 2–20 amino acids long. The amino acid composition of the 
sequence plays a critical role in its bioactivity. At present, there is an increasing 
interest in the utilization of food-derived biologically active peptides as nutraceuti-
cals or nutritional supplements. Bioactive peptides exert physiological hormone- 
like effects on humans beyond their nutritional value (Himaya et al.  2012   a ,  b ; 
Erdmann et al.   2008 ). Generally, the bioactive peptides remain latent within the 
parent protein molecule and are released by hydrolysis. 

 It is popularly known that the protein hydrolysis method and types of protein-
ase employed are crucial factors affecting the biological activity of the peptide. 
The ultrafi ltration membrane system has been identifi ed as a useful tool to purify 
active peptides based on molecular weight. Sequential enzymatic digestions with 
several different enzymes are employed to achieve the desired functionality of 

   Table 11.2    Biomedical potentials of fi sh protein hydrolysates   

 Fish source  Method of hydrolysis  Bioactivity  Reference 

 Blue whiting  pH shift extraction  Antiproliferative  Picot et al. ( 2006 ) 
 Pacifi c hake  Autolysis  Antioxidant  Samaranayaka and Chan ( 2008 ) 
 Round scad  Flavourzyme hydrolysis  Antioxidant  Thiansilakul et al. ( 2007 ) 
 Brownstripe red snapper  Pyloric caeca proteases  Antioxidant  Khantaphant et al. ( 2011 ) 
 Ornate threadfi n bream  Pepsin hydrolysis  Antioxidant  Nalinanon et al. ( 2011 ) 
 Cod  Enzyme hydrolysis  ACE inhibitory  Jeon et al. ( 1999 ) 
 Yellowfi n sole  Enzyme hydrolysis  Anticoagulant  Rajapakse et al. ( 2005 ) 
 Blue whiting  Enzyme hydrolysis  Satiating effect  Cudennec et al. ( 2012 ) 
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peptides (Kim et al.  2007 ). The biological activities of peptides derived from fi sh 
skin range from simple antioxidant activity to the prevention and cure of serious 
chronic diseases. 

 Several studies have reported that peptides derived from fi sh skin showed antihy-
pertensive activity inhibiting the activity of angiotensin I-converting enzyme (ACE), 
which plays a vital role in the regulation of blood pressure. ACE participates in the 
body’s renin–angiotensin system by converting inactive angiotensin I into an active 
vasopressor angiotensin II. This conversion increases blood pressure, triggering the 
function of the blood vessel dilator bradykinin (Huang et al.  2005 ). After the discov-
ery of the critical role of ACE in blood pressure regulation, several commercial 
ACE inhibitors, such as captopril, enalapril, alacepril, and lisinopril, were synthe-
sized and employed to treat hypertension and heart failures. Among the natural 
ACE inhibitors that have been isolated from various food and natural sources, ACE 
inhibitors derived from fi sh processing by-products is of great interest due to the 
preferred sequence of peptides for the potent inhibition of ACE (Lee et al.  2010 ). 
In addition, several peptides which cause a signifi cant impact on the causative 
agents of chronic disease have been isolated. 

 Gelatin isolated from fi sh skin has been used as a common source of biologically 
active peptides. The scheme of gelatin extraction and hydrolysis for peptide produc-
tion is shown in Fig.  11.1 . Most of the peptides derive from fi sh skin gelatin act as 
effective antioxidant and antihypertensive agents in both in vitro and in vivo models 
(Table  11.3 ). The biological activities of these peptides are attributed to their unique 
amino acid composition.

    The factor determining the activity of a peptide is the type of amino acids present 
in its sequence. It has been found that the binding of inhibitory peptide to the ACE 
is strongly supported by the presence of hydrophobic amino acids at the carboxy 
terminal and branched-chain aliphatic amino acids at the amino terminal (Cushman 
and Cheung  1971 ; Qian et al.  2007 ). Furthermore, it has been suggested that proline, 
lysine, or arginine are the preferred amino acids at the C-terminal for increased ACE 

  Fig. 11.1    Process of extracting gelatin from fi sh skin for hydrolysis on the laboratory scale. The 
resulting gelatin could be hydrolyzed with enzyme, chemical, or physical means using optimal 
conditions depending on the method of hydrolysis       
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inhibitory potency of the peptide (Meisel  1997 ). For a peptide to have potent anti-
oxidant activity, the molecular weight should be around 500–1,500 Da. Peptides 
with molecular weights in this range are more potent antioxidants compared to pep-
tides with molecular weights above 1,500 Da and below 500 Da (Li et al.  2008 ). 
Increased hydrophobicity of the peptide enhances its antioxidant activity, as it 
allows the peptide to reach hydrophobic targets, such as cell membranes (Hsu  2010 ). 
Furthermore, the positioning of Leu at the N-terminal of the sequence is thought to 
be important for its antioxidant activity (Ranathunga et al.  2006 ).  

5     Concluding Remarks 

 Commercial fi sh processing generates ample amounts of waste materials annually, 
which demands an effective disposal method to minimize environmental and eco-
nomic concerns. Thus, the utilization of fi sheries waste materials for the develop-
ment of by-products is an effective method for the sustainable use of aquatic 
resources while minimizing environmental issues. Although various kinds of fi sh 
processing by-products have been developed, their commercial value is compara-
tively low and, thus, discourage the use of waste materials. The identifi cation of 
biologically active materials and their potential application in growing fi elds such as 
biomedical, nutraceutical, and functional food has brought new insight to fi sh pro-
cessing by-products. Thus, comprehensive studies on identifi ed potential ingredi-
ents from fi sh skin, especially collagen and gelatin, to develop commercially viable 
materials would facilitate a successful use of fi sh processing by-products in the 
biomedical fi eld.     

   Table 11.3    Biologically active peptides isolated from fi sh skin gelatin hydrolysates   

 Source  Peptide sequence  Activity  Reference 

 Alaska pollock skin gelatin  Gly-Pro-Leu  ACE inhibitory activity  Byun and Kim ( 2001 ) 
 Alaska pollock skin gelatin  Gly-Pro-Hyp  Antioxidant activity  Kim et al. ( 2001 ) 
 Jumbo squid skin gelatin  Phe-Asp-Ser-Gly-Pro-

Ala-Gly-Val-Leu 
 Antioxidant activity  Mendis et al. ( 2005 ) 

 Asn-Gly-Pro-Leu-
Gln-Ala-Gly-
Gln-Pro-Gly-
Glu- Arg    

 Hoki skin gelatin  His-Gly-Pro-Leu-
Gly-Pro-Leu 

 Antioxidant activity  Mendis et al. ( 2005 ) 

 Japanese fl ounder skin 
gelatin 

 Gly-Gly-Phe-Asp-
Met-Gly 

 Antioxidant activity  Himaya et al. ( 2012b ) 

 Pacifi c cod skin gelatin  Thr-Cys-Ser-Pro  Antioxidant and ACE 
inhibitory activity 

 Ngo et al. ( 2011 ) 
 Thr-Gly-Gly-Gly-

Asn-Val 
 Pacifi c cod skin gelatin  Leu-Leu-Met-Leu-

Asp- Asn-Asp-
Leu-Pro-Pro 

 Antioxidant and ACE 
inhibitory activity 

 Himaya et al. ( 2012a ) 
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1            Introduction 

 Collagen is defi ned as a fi brous protein of connective tissue and bones that yield 
gelatin on boiling, derived from the Greek word  kolla  for glue (Grant  2007 ). 
However, there is no agreed defi nition for a collagen. Gelse ( 2003 ) described the 
name “collagen” as a generic term, which can form a typical triple helix of three 
polypeptide chains. Also, all members of the collagen family can form those supra-
molecular structures in the extracellular matrix, despite their considerably varying 
size, function, and tissue distribution. The main formation of collagen molecules is 
constituted by three polypeptide chains (α-chains) and at least one domain com-
posed of repeating Gly-X-Y sequences in each chain (Myllyharju  2004 ). Gelatin is 
defi ned as a product obtained by the partial acid/alkaline hydrolysis (type A and 
type B gelatin, respectively) of collagen derived from skin, bone, and cartilage 
(Johnston-Banks  1990 ; Zarai et al.  2012 ). 

 Collagen from animal sources is the most abundant protein, accounting for 
approximately 30 % of the total animal protein, which is generally found in skin, 
bone, and other connective tissues (Dong et al.  2008 ; Liu et al.  2007 ; Ogawa et al. 
 2004 ). Gelatin, derived from a cheap and resourceful meat and fi sh by-product col-
lagen, is widely used as a food additive to improve the texture, water-holding capac-
ity, and stability of several food products (Jongjareonrak et al.  2005 ). 

 Gelatin from plant sources does not exist, and there is no chemical action between 
gelatin and other materials considered as vegetable gelatin, like seaweed extracts 
(GMIA  2012 ; Karim and Bhat  2008 ,  2009 ). There are more than 19 types of colla-
gen, named types I to XIX. All connective tissue, including bone and skin, contains 
type I – a heteropolymer of “two 1 chains and one 2 chain”. Among them, types I, 
II, III, and V are the fi brous collagens (Aberoumand  2010 ,  2012 ; Palpandi et al. 
 2010 ). In contrast, Brinckmann ( 2005 ) and Veit ( 2005 ) reported that 28 types of 
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collagen consisting of at least 46 different polypeptide chains have been identifi ed 
in vertebrates. Furthermore, Myllyharju ( 2004 ), Pataridis et al .  ( 2008 ), Schreiber 
and Gareis ( 2007 ), and Schumacher    ( 2006 ) have reported at least 27 collagen types 
with 42 distinct polypeptide chains, at least 20 additional proteins with collagen-
like domains, and about 20 isoenzymes of various collagen-modifying enzymes. 

 A signifi cant amount of collagen and gelatin is used in the food, pharmaceutical, 
and photographic industries, as well as for various technical uses (Jung et al.  2006 ; 
Pati et al.  2010 ). Especially in the food industry, gelatin is utilized as emulsifi ers, 
foaming agents, colloid stabilizers, biodegradable fi lm-forming materials, and 
microencapsulating agents, coinciding with the growing trend to replace synthetic 
agents with more natural ones (Gómez-Guillén et al.  2011 ). 

 The development of new industrial applications stimulates the increasing con-
sumption of collagen and gelatin (Woo et al.  2008 ). Collagen and gelatin from 
livestock organs such as bovine and porcine skin and bone have been widely used. 
However, the outbreak of mad cow disease or bovine spongiform encephalopathy 
(BSE), transmissible spongiform encephalopathy (TSE) (Wangtueai and 
Noomhorm  2009 ), foot-and-mouth disease (FMD) (Jongjareonrak et al.  2005 ), 
and avian infl uenza (Nagai  2010 ) resulted in panic among the consumers regard-
ing collagen and its related products obtained from land animals (Jongjareonrak 
et al.  2005 ; Nagai  2010 ). 

 In addition, in many countries, the collagen derived from bovine and porcine skin 
or bone is forbidden to be used as a component of some foods due to esthetic and 
religious concerns (Herpandi et al.  2011 ; Kołodziejska et al.  2004 ). Sikhs and Hindus 
cannot take collagens obtained from bovine sources, while Muslims and Jews cannot 
have porcine collagen (Xuan et al.  2007 ). Moreover, collagen peptide from bovine 
and porcine and other land animals may cause a food allergen (Shon et al.  2011 ). 

 An alternative to the mammalian gelatin, which is not likely associated with 
infections such as BSE, TSE, FMD, infl uenza A virus, and accepted as a food 
additive by those religious groups or an allergenic source, is the aquatic animal 
(Nagai  2010 ), which is abundant around the world. Collagen and gelatin, espe-
cially when extracted from the by-products of aquatic animals, such as skin, bone, 
or scale, can help reduce harmful environmental effects (Haug    et al.  2004a ,  b ; 
Shon et al.  2011 ). Therefore, the utilization of alternative sources has attracted 
increasing attention, especially by-products of aquatic animals, to produce colla-
gen and gelatin (Gómez- Guillén et al.  2011 ; Herpandi et al.  2011 ; Karim and Bhat 
 2009 ; Xuan et al.  2007 ).  

2     Gelatin Production from Fish 

 The most common raw materials for collagen and gelatin extraction are skins or 
hides, bones, tendons, and cartilage (Gómez-Guillén et al.  2011 ; Herpandi and 
Adzitey  2011 ). The fi rst raw material used for the manufacturing of gelatin in the 
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1930s was pig skin, and it continues to be the most important material for large- scale 
industrial production (Karim and Bhat  2009 ). Fish raw materials have received con-
siderable attention recently, but their price is higher than mammalian gelatins, due 
to their limited production (Gómez-Guillén et al.  2011 ; Gómez-Guillén et al.  2009 ). 
The intrinsic characteristics of fi sh species gelatin raised the interest of the scientifi c 
community in optimizing the extracting conditions, characterizing the yields, and 
ensuring physicochemical and functional properties of the resulting gelatins obtained 
from the skin, scale, fi ns, offal, and solid waste from surimi processing species 
(Aberoumand  2010 ; Aewsiri et al.  2009 ; Ahmad et al.  2010 ; Gómez- Guillén et al. 
 2009 ; Karim and Bhat  2008 ,  2009 ). 

 A large amount of skin was used to extract gelatins, including bigeye snapper 
( Priacanthus macracanthus ) (Benjakul et al.  2009 ), bigeye snapper ( Priacanthus 
tayenus ) (Sukkwai et al.  2011 ), bigeye snapper ( Priacanthus hamrur ) (Binsi et al. 
 2009 ), cuttlefi sh ( Sepia pharaonis ) (Aewsiri et al.  2009 ), greater lizardfi sh ( Saurida 
tumbil ) (Taheri et al.  2009 ), hoki ( Macruronus novaezelandiae ) (Mohtar    et al. 
 2011 ), blacktip shark ( Carcharhinus limbatus ), and giant catfi sh ( Pangasianodon 
gigas ) (Jongjareonrak et al.  2010 ). Others species that have been studied as a source 
of gelatin include coldwater fi sh like, cod, Atlantic salmon, haddock, Alaska pollock, 
or hake, tropical or subtropical species, for example black or red tilapia, Nile perch, 
yellowfi n tuna, channel catfi sh, sin croaker, shortfi n scad, grass carp, and skate, and 
fl at species like megrim and Cephalopods species like giant squid (Aberoumand 
 2012 ; Aewsiri, et al.  2009 ; Benjakul et al.  2009 ; Binsi et al.  2009 ; Jongjareonrak 
et al.  2010 ; Mohtar et al.  2011 ; Taheri et al.  2009 ; Zúñiga and Aguilera  2009 ; 
Zhou et al.  2006 ). 

 Scales from different species are used to extract collagen or gelatin, including 
sea bream and red tilapia (Ikoma et al.  2003 ), black drum and sheep’s head (Ogawa 
et al.  2004 ), sardine (Nomura et al.  1996 ), Asian (Silver) carp (Wang and Regenstein 
 2009 ), and lizard fi sh (Wangtueai and Noomhorm  2009 ). Precooked fi ns from 
canned tuna processing (Aewsiri et al.  2008 ), solid waste from surimi processing 
(Jongjareonrak et al.  2005 ; Morrissey et al.  2005 ), and offal from further process-
ing, such as the skin from salted and marinated herring or cold-smoked salmon and 
bones (Kołodziejska et al.  2008 ), have also been studied as a source of gelatin. 

 True comparisons are diffi cult since methodologies may differ considerably 
from one work to another. Coldwater fi sh gelatins generally have low gelling (~4–
12 °C) and melting (<17 °C) temperatures, in contrast to warmwater species with 
higher values of gelling (~18–19 °C) and melting (~24–29 °C) temperatures 
(Aberoumand  2012 ). Similarly, comparable gel strength and shear viscosity values 
for coldwater species are relatively lower than 100 g and 2 MPa, respectively, 
whereas those from warmwater species normally have higher gel strength and vis-
cosity values of up to 487.61 g for tilapia and 5.24 MPa for catfi sh, respectively 
(Gómez-Guillén et al.  2009 ; See et al.  2010 ). 

 The skin of striped catfi sh ( Pangasianodon hypophthalmus ) contains acid- 
soluble collagen and pepsin-soluble collagen. Based on the wet weight of skin, the 
yields of acid-soluble collagen and pepsin-soluble collagen were 5.1 % and 7.7 %, 
respectively, and 12.8 % in total. Both collagens had the highest solubility in acidic 
conditions. They comprise two different α-chains (α1 and α2) are characterized as 

C. Wang et al.



211

type I, which contain imino acids of 206 and 211 imino acid residues/1,000  residues, 
respectively. There were slight differences in composition and structure between 
acid-soluble collagen and pepsin-soluble collagen, which led to slightly different 
properties (Singh et al.  2011 ). 

 In another study, when acid-soluble collagen and pepsin-soluble collagen were 
extracted from Nile tilapia skin by the two methods of Noitup and Ogawa, the bio-
chemical properties and thermal stability were compared. The amino acid profi les of 
two collagens obtained from both methods were similar. Except for the lower yield 
obtained from the Ogawa method, there were no differences in the molecular weight, 
denaturation temperature, and amino acid composition between acid- soluble colla-
gen and pepsin-soluble collagen acquired from both methods (Potaros et al.  2009 ). 

 When gelatin was extracted from dried cobia skin ( Rachycentron canadum ), the 
yield was higher than that of frozen skin. There were signifi cant differences in the 
contents of protein, ash, and fat. This gelatin was snowy white in color, with bright 
appearance and gave higher gel strength, while that of frozen skin was darker. 
However, there was no signifi cant difference in the gelling temperature and amino 
acid composition between both gelatins. The results showed that drying could be a 
better method for preserving cobia skin compared to freezing, prior to gelatin 
extraction (Amiza and Siti  2011 ). The same results were obtained from fresh and 
sun-dried seawater fi sh skin (Pranoto et al.  2011 ). 

 Unlike skin, scales are rich in calcium phosphate compounds such as hydroxy-
apatite and calcium carbonate. Therefore, the pretreatment removal of Ca from fi sh 
scales is critical in order to obtain a better gel strength of the gelatin (Wang and 
Regenstein  2009 ). Decalcifi cation of more than 90 % resulted from pretreatment 
with 0.2 mol/L EDTA, with a gelatin yield of 22 % and gel strength of 152 g, which 
are considerably higher than those obtained with 0.20 mol/L HCl or 1.2 g/L citric 
acid (Wang and Regenstein  2009 ). 

 Precooked tuna caudal fi n, an important waste product from canned tuna pro-
cessing in Thailand, has been proposed as a promising source for gelatin extraction, 
but its yield was low (1.99 %) (Aewsiri et al.  2008 ). Tuna fi n gelatin (TFG) contains 
a high protein content of 89.54 %, with a hydroxyproline content of 14.12 mg/g. 
However, TFG presented an ash content as high as 40 %; consequently, an exhaus-
tive demineralization step was needed. Furthermore, during the steam heating in 
precooking, the collagen might have undergone denaturation somewhat, in terms of 
damage to the yield and the properties of the extracted gelatin, which exhibited 
inferior gelling, emulsifying, foaming, and fi lm-forming properties in comparison 
to those of commercial pig skin gelatin. 

 Solid fi sh waste constitutes 50–70 % of the original raw material in surimi pro-
cessing (Jongjareonrak et al.  2005 ; Morrissey et al.  2005 ). This waste consisted of 
skin and bones with high collagen content. They might be the initial material for 
obtaining gelatin or collagen from underutilized fi sh resources and help to eliminate 
harmful environmental impacts (Gómez-Guillén et al.  2009 ). Moreover, refi ning 
discharge from the Pacifi c whiting surimi process represented around 4–8 % of 
whole fi sh, consisting of muscle (95 %), skin (2.1 %), bone (2.9 %), and trace 
amounts of scale fragments (Kim and Park  2005 ). Crude collagen from refi ner dis-
charge, extracted in the form of acid-soluble collagen or recovered in a simpler way 
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as partially purifi ed collagen, was found to present higher functional properties 
(emulsifying activity, cooking stability, water and oil absorption capacity) com-
pared with the other by-products (skins and frames) generated in the same manufac-
turing process (Kim and Park  2004 ,  2005 ). 

 The acid-soluble collagen from Alaska pollock surimi refi ning discharge has a 
thermal denaturation temperature slightly higher than that for Alaska pollock skin 
(Park et al.  2007 ). Three solid by-products (skin, frame, and refi ner discharge) from 
Pacifi c whiting surimi manufacturing are a good resource for collagen extraction 
due to their total protein concentrations and other biochemical properties. The dena-
turation temperature of acid-soluble collagen was 23.3 °C, 21.7 °C, and 20.6 °C for 
refi ner discharge, skin, and frame, respectively. Acid-soluble collagen was consid-
ered as the best on the basis of functional properties and showed potential to be an 
ingredient in food processed manufacturing (Kim and Park  2004 ). 

 Moreover, fi sh collagen has gained considerable attention for their potential as 
an ingredient in processed functional food manufacturing and cosmetic, biomedi-
cal, and pharmaceutical applications. The extraction and functional characterization 
of acid- and/or pepsin-soluble collagen has been reported for different fi sh species, 
such as Pacifi c whiting (Kim and Park  2004 ), plaice ( Pleuronectes platessa ) 
(Montero et al.  1995 ), squid ( Illex coindetii ) (Ruiz-Capillas et al.  2002 ), Alaska pol-
lock (Park et al.  2007 ), deep-sea redfi sh (Lin et al.  2008 ), threadfi n bream (Nalinanon 
et al.  2008 ), walleye pollock (Yan et al.  2008 ), brownstripe red snapper (Jongjareonrak 
et al.  2005 ), or unicorn leatherjacket ( Aluterus monoceros ) (Ahmad et al.  2010 ).  

3     Collagens Structure and Composition 

 Collagens exist in the form of the collagen fi bril or collagen fi ber in vivo. The basic 
institutional units of collagen are protocollagens, whose relative molecular weight 
is 2.85 × 10 5 . Generally, collagen consists of three helical polypeptide chains, while 
every collagen chain is a left-handed helical. Collagen is characterized as repeating 
Gly-X-Y sequences (Canty  2005 ; Myllyharju  2004 ). Every three amino acid has 
glycine residue. Frequently, proline is found in the X position and hydroxyproline 
in the Y position. The amino acid composed of collagen is considerably different 
from the typical globular protein. The major components of collagen molecules are 
glycine, proline, and hydroxyproline. They cannot form α-helix and β-folding, but 
can shape the characteristic triple-helical structure that is coiled by three chains 
called α-chains (Kadler et al.  2007 ), which is a right-handed super helical cable, 
making the fi nal structure a rope-like rod. 

3.1     Nomenclature and Classifi cation 

 Generally, collagen molecules are substantially enormous groups. So far, 28 different 
types of collagen have been found (Friess  1998 ; Pace et al.  2003 ). Among them, 
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collagen I is the largest, which comprises more than 90 % of the content of the total 
collagen protein. Collagen is classifi ed according to the formation of collagen fi bril 
with periodic lateral cuts and can be divided into two kinds, archetypal fi brillar 
collagen protein and no archetypal fi brillar collagen protein, respectively. The former 
contains types I, II, III, IV, V, and XI (Ricard-Blum  2010 ; Djabourov et al.  1992 ). 
Types I, II, III, IV, and V collagens are easily separated and their production is rela-
tively high. The others are contained in the no archetypal fi brillar collagen protein. 
However, the latter are further divided into six kinds. They are FACT collagens, mesh 
collagen protein, moniliform fi bril collagen, anchor fi bril collagen, and transmem-
brane collagens, in proper the order. No fi brillar collagen proteins have non-triple-
helical domains at their N- and C-termini. These domains are called ‘non-collagenous’ 
(NC) domains, but also triple-helical domains, which are regarded as collagens 
domains (Kadler et al.  2007 ). Collagen proteins are also sorted into two kinds on the 
base of dissolving capacity. The fi rst kind is soluble collagen protein, while another 
kind is dissoluble collagen protein. Nevertheless, the former is classifi ed into acidic 
soluble collagen protein, basic soluble collagen protein, and neutral soluble collagen 
protein. In addition, gene recombination collagen protein is included.  

3.2     Vertebrate Collagens Are Classifi ed by Function 
and Domain Homology 

3.2.1     Fibril-Forming Collagens 

 According to complex structure diversity, the collagen protein family, which has 
about 21 members, is divided into collagen fi ber, basement membrane collagen, 
microfi ber collagen, anchor collagen, six-side mesh collagen, non-fi ber collagen, 
transmembrane collagen, basement membrane collagen, and others. Most of the 
collagen family comprises fi bril-forming collagens. Fibril-forming collagens con-
tain the widely distributed types I, III, and V, types II and XI, especially in cartilage 
and eye, and the newly discovered types XXIV and XXVII (Boot-Handford  2003 ; 
Koch  2003 ). All of the 12 fi bril-forming α-chains share a long continuous collage-
nous domain fl anked by N- and C-terminal non-collagenous propeptides. The 
α-chains assemble into at least 12 type-specifi c protomers, characterized as homo- 
and heterotrimers. The terminal propeptides are further cleaved by specifi c prote-
ases, which support oligomerization and fi bril formation (Khoshnoodi et al.  2006 ). 

 Fibril-forming collagens are synthesized as procollagens containing N- and 
C-propeptides at each end of the triple-helical domain. Cleavage of the C-propeptides 
is required for fi brillogenesis. The C-propeptides are cleaved by procollagen 
C-proteinases, which are identical to the BMP-1/tolloid proteinases (Greenspan 
 2005 ). In the case of collagen V, the pro-α1 (V) chain is cleaved by furin to release 
the C-propeptide. The N-propeptides are cleaved by procollagen N-proteinases, 
which are identical to the ADAMTS 2, ADAMTS 3, and ADAMTS 14 proteinases 
(Colige et al.  2005 ). The pro-α1 (V) chain of collagen V is the exception, which is 
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cleaved by BMP-1 (Greenspan  2005 ). Cleavage of the propeptides exposes 
 telopeptide sequences that are short, non-triple-helical extensions of the polypep-
tide chains. The telopeptides contain binding sites for fi brillogenesis (Prockop and 
Fertala  1998 ). The fi brillar collagens are stabilized by non-reducible covalent cross-
links that involve residues in the triple helix and in telopeptides (Eyre et al.  1984 ). 
The cross-links are indispensable for the normal mechanical properties of collagen- 
containing tissues (Kadler et al.  2007 ).  

3.2.2     Fibril-Associated Collagens with Interrupted Triple Helices (FACITs) 

 The FACIT collagens include types IX, XII, XIV, XVI, XIX, XX, XXI, and XXII. 
Collagen IX is composed of three α-chains, which is characterized by short collage-
nous domains interrupted by several NC domains (Ricard-Blum  2010 ). The protomer of 
collagen IX is a heterotrimer, while all others are homotrimers, accounting for at least 
nine distinct protomers. Unlike the fi bril-forming collagens, the FACITs have signifi -
cantly shorter C-NC domains: 75 residues for collagen XII and fewer than 30 resi-
dues for collagen IX, whereas those of fi brillar collagen include about 260 residues.  

3.2.3     Network-Forming Collagens 

 Collagen IV is the typical network-forming collagen. It forms a connected network 
in basement membranes, where it has an important molecular fi ltration function. 
Collagen IV is comprised of a third chain (α3) together with the two classical chains 
(α1 and α2). The α3 (IV) chain exists within the same triple-helical molecule together 
with the α1(IV) and α2 (IV) chains and/or within a separate triple-helical molecule, 
exclusive of α1 (IV) and α2 (IV) chains, but connected through the NC1 domains to 
the classical triple-helical molecule comprised of α1 (IV) and α2 (IV) chains (Than 
et al.  2002 ). Collagen VIII is one of the two α-chains. The gene product is a short-
chain collagen and a major component of the basement membrane of the corneal 
endothelium. The type VIII collagen fi bril can be either a homo- or a heterotrimer. 
Alternatively spliced transcript variants encoding the same isoform have been 
observed. Type VIII collagen may be unique among the collagens for its tissue dis-
tribution and biosynthetic properties. It was fi rst detected and designated endothelial 
cell collagen in biosynthetic studies of bovine aortic endothelial cells and rabbit 
corneal endothelial cells, but not all endothelial cells synthesize type VIII collagen, 
as the protein is restricted to the vascular endothelium (Stephan et al.  2004 ).  

3.2.4     Transmembrane Collagens 

 Transmembrane collagens are often used as matrix components and cell surface 
receptors, which have long interrupted triple-helical extracellular domains and a 
short cytosolic N-terminal domain (Franzke et al.  2005 ). They contain types XIII, 
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XVII, XXIII, and XXV and other collagen-related proteins, such as the macrophage 
scavenger receptor and the MARCO receptor (Elomaa et al.  1998 ). 

 All transmembrane collagens are trimers of identical polypeptides, called 
α-chains, whose protomer is a homotrimer. The longest α-chains commonly have 
1,497 amino acids, for example, collagen XVII, while the shortest only has 135 
amino acids, like isoform of ectodysplasin A. The α-chains include a single trans-
membrane stretch, an N-terminal intracellular domain, and a large extracellular 
C-terminus. The extracellular linker subdomain has an α-helical coiled coil, which 
can prompt the trimerization and the folding of the triple-helical domain. Some 
researchers have suggested that the N-NC domains of collagens XIII and XVII are 
essential for triple helix formation (Snellman et al.  2000 ). Furthermore, nucleation 
of the triple helix usually appears in the N-terminal region and proceeds in an N- to 
C-terminal direction (Snellman et al.  2000 ). Collagen XIII has been confi rmed to 
have a short sequence of 21 residues at the juxtamembrane linker subdomain and a 
putative identifi cation site for trimerization (Khoshnoodi et al.  2006 ).  

3.2.5     Endostatin-Producing Collagens 

 Collagen XV is a basement membrane collagen of a subfamily of multiplexins with 
multiple triple-helix domains and interruptions. It can form a great variety of oligo-
meric assemblies and bridge adjacent collagen fi brils near the basement membranes 
(Amenta et al.  2007 ). Besides, collagen XVIII has also been recently discovered in 
some basement membranes (Marneros and Olsen  2005 ). The cleavage of part of the 
NC1 domains of collagens XV and XVIII can release endostatins, which will reduce 
tumor growth in animals, inhibit the migration of endothelial cells, and control neu-
ronal guidance (Marneros and Olsen  2005 ).  

3.2.6     Anchoring Fibrils 

 Anchoring fi brils have been discovered in the subbasal lamina fundamental epithe-
lia of some outside tissues (Chen et al.  2002 ). They are indispensable for functional 
integrity and are also essential to the dermoepidermal junction. They could fortify 
the attachment of the epidermis to the dermis from their appearance. This hypoth-
esis could be enhanced by the observational results that anchoring fi brils were 
diminished, abnormal, and absent from individuals with malnourished epidermoly-
sis bullosa. Consequently, the molecular constituents of anchoring fi brils and their 
interactions with other dermal components and basement membrane might result in 
gene defects, at least some forms of epidermolysis bullosa. 

 Recently, collagen VII has been regarded as the major protein constituent of the 
anchoring fi brils, which are confi ned to the basement zone under the stratifi ed squa-
mous epithelia (Woodley et al.  2007 ). In general, collagen VII has three identical 
α-chains, including a collagenous domain of 1,530 residues, which has 19 interrup-
tions fl anked by C-NC and N-NC domains (Christiano et al.  1994 ).  
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3.2.7     Beaded-Filament-Forming Collagen 

 The prototypal beaded-fi lament-forming collagen is collagen VI, which can be 
found in most tissues, where it can form structural links with cells. The primary 
fi brils of collagen VI assemble within the cell to antiparallel, overlapping dimers, 
which then cross link into tetramers. These tetramers can aggregate into long 
molecular chains known as microfi brils with a beaded repeat of 105 nm (Kadler 
et al.  2007 ). Collagen VI has three different α-chains (α1, α2, α3) with short triple- 
helical domains, while the protomer is a α-chains heterotrimer. The α1- and 
α2-chains are very similar in size and include one N-NC domain and a C-NC 
domain. However, the α3-chain is nearly as twice as long as the other two chains for 
large C- and N- terminal globular domains. For example, the N-NC domain has ten 
subdomains and fi ve C-NC subdomains (Lamande et al.  2006 ). Those extended 
domains will undergo comprehensive posttranslational processing and alternative 
mosaicing, both inside and outside the cell. Some related reports have interpreted 
that the α3-chain involves sequences necessary for the formation of protomers and 
the association of chains (Khoshnoodi et al.  2006 ; Lamande et al.  2006 ).    

4     Physical and Chemical Properties of Collagen and Gelatin 

 Collagen is a hydrophilic colloid of an aqueous form, and is also an important insol-
uble fi ber protein in an extracellular form. Normally, collagen is a brittle solid, 
which is almost tasteless, odorless, and vitreous, and its specifi c gravity is about 
1.3–1.4 (GMIA  2012 ; Saranjit et al.  2002 ). Gelatin is a kind of modifi ed product 
derived by acid treatment, alkali treatment, high-temperature treatment, or enzy-
molysis of collagen, contains 18 different amino acid radicals like collagen, but has 
no biological activity and could dissolve in aqueous solutions of polyhydric alco-
hols such as glycerol and propylene glycol (Midorikawa et al.  2012 ). Many factors, 
such as pH, temperature, ash content, and method of manufacture and concentra-
tion, can infl uence the behavior of gelatin solutions (Gómez-Guillén et al.  2002 ; 
Songchotikunpan et al.  2008 ). Gelatin can be used not only as a natural nutrient 
food thickener with high protein and no fat and cholesterol, but also as aspic, addi-
tives, and candy in the food fi eld and plywood, gauze, and sandstone in industry. 
Beyond that, it can be used in medicine, for example, hard and soft capsule, surgical 
dressing, and hemostatic sponge. 

4.1     Amphoteric Properties 

 Collagen can produce chemical reactions with acid, alkali, and salt for different 
amino acid characteristic, as it is a typical protein which acts as both an acid and a 
base (Jongjareonrak et al.  2005 ; Saranjit et al.  2002 ). Gelatin contains relatively few 
ionizable groups that can be titrated, while the imidazolium of histidine, the 
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carboxyl groups of aspartic and glutamic acids, and the guanidinium of arginine 
produce several ionizable groups (GMIA  2012 ). In addition, there are terminal 
amino and carboxyl groups (Saranjit et al.  2002 ). 

 Gelatin with acidic solutions is positively charged and migrates in an electric 
fi eld as a cation (type A gelatin), while gelatin with alkaline solutions is negatively 
charged and migrates as an anion (type B gelatin). Type A gelatin has a broad 
 isoelectric range (pH 3.8–6.0; isoelectric point 6–8), while type B has a narrower 
isoelectric range (pH 5.0–7.4; isoelectric point 4.7–5.3) (GMIA  2012 ; Johnston-
Banks  1990 ; Saranjit et al.  2002 ; Zarai et al.  2012 ). There is no non-colloidal ion in 
gelatin  solution other than the known isoionic gelatin, such as H + and OH-, whose 
pH is known as the isoionic point (pI). The ion exchange resins may possibly use 
these solutions (GMIA  2012 ).  

4.2     Chemical Derivatives 

 Chemical treatments can bring about signifi cant changes in the physical and chemi-
cal properties of materials, such as gelatin and collagen, showing different proper-
ties. These changes could cause structural modifi cations and/or chemical reactions 
(Ren et al.  2009 ). For improving the biocompatibility and mechanical properties of 
gelatin, chemical modifi cations usually include acylation, esterifi cation, cross- 
linking reagent, and deamination of the amino group (Ren et al.  2009 ; Zarai et al. 
 2012 ; Zhu et al.  2012 ).  

4.3     Gel Strength 

 Gel usually refers to mixture, whose particle size is between 1 and 10 Å. Gelatin has 
an important property regarding the formation of thermoreversible gels in water 
(Brenner et al.  2009 ; Tosh and Marangoni  2004 ; Chiou et al.  2006 ). When a polymer 
solution is cooled, thermoreversible gels form. When gels are reheated, they melt 
(Tosh and Marangoni  2004 ). This phenomenon is due to the low-energy interactions 
that stabilize the gel network (Brenner et al.  2009 ). 

 When an aqueous solution of gelatin concentration greater than approximately 
0.5 % is cooled to approximately 35–40 °C, fi rst, its viscosity increases and it then 
forms a gel later. So, the gelatin concentration can decide the rigidity or strength of 
the gel, i.e., the intrinsic strength of the gelatin (Brenner et al.  2009 ).  

4.4     Viscosity 

 Gelatin is a polyampholyte, based on the structural protein collagen by hydrolysis 
(Zarai et al.  2012 ). Like other polymers, gelatin increases the solution viscosity. 
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Although gelatin solutions are gel at low temperatures, they are Newtonian at higher 
temperatures (typically  >  40 °C) (Gómez-Guillén et al.  2009 ). In general, gelatin is 
adsorbed at charged or hydrophobic surfaces in water, imparting steric effects and 
charge stability to colloidal particles, in addition to increasing the effective volume 
occupied. Due to these properties, the viscosity of a suspension of hydrophobic or 
charged colloidal particles in aqueous gelatin can have a greater viscosity than the 
same suspension with a shortage of gelatin (Hone and Howe  2002 ). The suspension 
rheological property depends on several factors, including concentration, size of the 
colloidal particles, and molecular weight of the gelatin used (Hone and Howe  2002 ).  

4.5     Protective Colloidal Action 

 Gelatin is a typical hydrophilic colloid which can stabilize a variety of hydrophobic 
materials. The effi ciency of gelatin as a protective colloid is proved by its gold num-
ber, which is the lowest of any of the other colloids. This property is especially 
important in the photographic industries (GMIA  2012 ).  

4.6     Coacervation 

 Complex coacervation is a liquid–liquid phase separation phenomenon that occurs 
when mixing oppositely charged polyelectrolyte solutions. Proteins and polysac-
charides are commonly used for complex coacervation for entrapping targeted 
materials in the concentrated polymer phase (Kizilay et al.  2011 ; Klemmer et al. 
 2012 ). In particular, gelatin is widely used in combination with polyanions, such as 
gum acacia (Mayya et al.  2003 ), sodium dodecyl sulfate (Li et al.  2009 ), and chito-
san (Kim et al.  2006 ) to produce high-potential microencapsulation systems.  

4.7     Color 

 The color of gelatin relies on the properties of the crude materials extracted and 
whether the gelatin is further extracted. Gelatins are usually faintly yellow in color 
(Saranjit et al.  2002 ). In general, the color does not affect the characteristics of the 
gelatin or reduces its advantages (GMIA  2012 ).  

4.8     Ash 

 The content of ash in gelatin varies depending on the kinds of crude materials used 
and the production techniques. Unlike skin, the high concentration of calcium 
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phosphate compounds, such as hydroxyapatite and calcium carbonate in scales, 
made the pretreatment removal of calcium from fi sh scales necessary, which is 
extremely important in order to achieve the desired fi nal yield, purity, and gel 
strength of the gelatin (Wang and Regenstein  2009 ).   

5     Functional Properties of Collagen and Gelatin 

 The gel properties, such as construction, gumminess, and texture, are closely related 
with each other, while they are determined mainly by the structure, molecular size, 
and temperature of the organization. Collagen and gelatin are different forms of the 
same macromolecule; however, they are often confused by non-specialists. Actually 
the gelation mechanism of gelatin, along with the formed gel network structure, 
differ signifi cantly from that of collagen. 

5.1     Gelling and Water-Binding Properties 

 During the process of in vitro self-assembly, which leads to collagen gelatin, the 
size of the fi brils, their chemical interactions, along with the resulting microstruc-
ture, are regulated by three main experimental conditions: pH, ionic strength, and 
temperature (Achilli and Mantovani  2010 ). For the period of collagen gelatin, the 
process of collagen molecule accumulation and fi bril creation takes place at the 
same time. They are prompted by changes in the ionic strength, pH, and also tem-
perature. Throughout the collagen gelatin procedure, there is an interval stage where 
the primary combinations (dimers and trimers of collagen molecules) are nucleated. 
Then, microfi brillar aggregation starts with the adjacent aggregation of subunits 
until equilibrium has been reached. The self-assembly procedure of type I collagen 
from vertebrates occurs when the gelatin temperature is raised from 20 °C to 28 °C 
(Widmer et al.  2012 ; Yang et al.  2010 ). In contrast, the rudimentary mechanism of 
gelatin is related to the converse coil-to-helix transition activated by cooling solu-
tions below 30 °C. During this process, the helices are created, like the collagen 
triple helix. Because of this, no equilibrium is reached. The gelation process for 
both collagen and gelatin is thermoreversible, although in opposite directions: col-
lagen gels melt by lowering the temperature, while gelatin gels melt by raising the 
temperature (Gómez-Guillén et al.  2011 ). 

 Because gelatin can melt quickly in the mouth, it is widely used in water gel 
sweets. Though other hydrocolloids have this property, they commonly melt at higher 
temperatures. Sweets made from various gelatins can offer diversities in texture and 
gel melting behavior, resulting in developing all kinds of food. By increasing gelatin 
concentrations or by using gelatin mixtures (of coldwater and warmwater fi sh), des-
serts made from fi sh skin gelatin were found to be more similar to desserts made 
from high-Bloom pork skin gelatin (Karim and Bhat  2009 ). What’s more, the lower 
melting temperature in gel sweets made from fi sh gelatins can speed up fl avor release. 
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 Gelatin can offer plenty of fl exibility in terms of textures and forms for product 
development, in which they introduce a gas phase into gelatin-gel-based products, 
such as fruit jellies. In addition, the distributed air makes portions less calorie-rich, 
by reducing the energy consumed per unit volume. The combination of gas (air, 
nitrogen, or helium) in the form of bubbles can weaken the construction of gelatin 
gels to obtain some unique mechanical properties and an opaque white appearance 
(Zúñiga and Aguilera  2009 ). Among the three gases tested, air-fi lled gels offered 
the lowest densities, the largest bubble diameters, and the weakest structures in 
comparison with the other gas-fi lled gels. 

 Gelatin or collagen cables in solution can link to form matrices capable of swell-
ing in the presence of aqueous solutions, creating what are commonly known as 
gelatin hydrogels. Hydrogels have the ability to swell to an equilibrium volume 
while preserving their shape because they are hydrophilic and insoluble in water. 
The chemical cross-linkers used may be either polyfunctional macromolecules or 
relatively small bifunctional molecules, for example, glutaraldehyde (Deiber et al. 
 2009 ). Presently, because natural polyampholyte hydrogels have the ability to 
absorb large quantities of water, it is widely used in applications such as gelatin cas-
ings. Such a property is becoming more important in the fi elds of medicine, phar-
macy, agriculture, and biodegradable food packaging. Gelatin is very popular in 
forming hydrogel packaging because it is comparatively cheap and eco-friendly. 
The properties of gelatin–pectin hydrogels have been shown to depend strongly on 
the pH in the reaction mixture and on the charge balance (determined by the gela-
tin–pectin ratio), which will infl uence the degree of electrostatic associations and 
ionic interactions in the gelling system (Farris et al.  2009 ). 

 The properties of gelatin hybrid hydrogels, such as super-swelling produced by 
mixing with synthetic polymers, have been exhaustively revised, particularly with 
reference to their swelling capacity, degradation rate, and controlled release of drugs 
(Zohuriaan-Mehr et al.  2009 ). Transglutaminase (TGase) can be used to prompt 
enzymatic cross-linking. TGase can catalyze an acyl transfer reaction between the 
ε-amine group of lysine residues of peptide chains and the γ-carboxamide group of 
glutamine residues (Karim and Bhat  2009 ). Actually its concentration, incubation 
time, and degree of enzyme heat inactivation may control the thermoreversibility of 
the gelatin gel. Increasing the concentration of TGase could increase the elasticity 
and raise the melting temperature and cohesiveness of megrim skin gelatin gels, but 
because of excessively rapid gel network formation, there was a lowering of the gel 
strength and hardness (Gómez-Guillén et al.  2001 ). The addition of TGase has differ-
ent effects on different gelatins. For gelatin extracted from Baltic cod skin, the addi-
tion of TGase effectively produced stable gels at room temperature, as well as after 
heating in boiling water for a period of less than 30 min (Kołodziejska et al.  2004 ). 

 Though  k -carrageenan and/or gellan (Haug et al.  2004a ,  b ), or hydroxypropyl 
methylcellulose (Chen et al.  2009 ) are different polysaccharides, they have the same 
functions, i.e., increase fi sh gelatin gel strength, setting time, and thermostability, 
with the aim of enhancing their cold and thermal gelation properties. In this, they can 
lead to a non-thermoreversible character. Similarly, gelatin or hydrolyzed collagen 
materials could be hardened by reaction with chemically modifi ed polysaccharides, 
such as dialdehyde starch (Langmaier et al.  2008 ). 
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 Fish gelatin as an Alaska pollock surimi processing additive was used to improve 
water retention in heat-set gels. Expressible moisture was improved when 7.5–15  g/
kg of fi sh gelatin was contained in Alaska pollock surimi gels. However, when add-
ing 15 g/kg, the effect was destructive. It indicated that a high concentration of fi sh 
gelatin is unfavorable to the textual properties of the gel, more so when using the 
highest quality surimi. (Hernández-Ledesma et al.  2007 ). By adding gelatin (0.5 %) 
from bigeye snapper skin, the gel-forming ability of threadfi n bream ( Nemipterus 
japonicus ) mince was clearly improved (Binsi et al.  2009 ). In contrast, gelatin addi-
tions of 5 % and 10 % reduced the elastic modulus (G’) values signifi cantly, possibly 
owing to the fact that water molecules were unavailable for protein gelatin because 
of their entrapment by high gelatin concentrations. Accordingly, gelatin has little or 
no interaction between fi ller particles and gel matrix, and was considered to be an 
inactive binder. However, when chicken myosin and pork skin gelatin mixtures were 
heated from 25 °C to 80 °C, the G’ values were markedly higher than those of pure 
myosin. It indicated that an interaction, possibly electrostatic nature, between myo-
sin and gelatin had caused higher gel elasticity. Therefore, there is an advantage in 
using this gelatin in restructured (chicken) meat products (Yang et al.  2007 ).  

5.2     Surface Properties 

 The surface properties of collagen and gelatin are on the base of the charged groups 
in the protein side chains and on some parts of the collagen sequence concluding 
either hydrophilic or hydrophobic amino acids. Both hydrophobic and hydrophilic 
parts tend to migrate towards surfaces, such that weakening the surface tension of 
aqueous systems and forming the required identically charged fi lm around the com-
ponents of the gel formation can additionally strengthen the dispersed phase 
(Schreiber and Gareis  2007 ). 

 In a relatively high isoelectric point (pI = 7.0), type A gelatins used as a treatment 
of animal raw material with dilute acid are more suitable for creating oil-in-water 
emulsions with a positive charge over a wider range of pH values compared with 
conventional protein emulsifi ers, such as soy, casein, or whey proteins (Dickinson 
and Lopez  2001 ). In the aspect of gelling properties, the emulsion capacity of gela-
tin from fi sh species is generally lower than that from mammalians. Besides the 
distribution of charge, gel fi rmness is a signifi cant criterion in selecting a suitable 
gelatin type. At the same temperature and concentration, the gel-like protective 
sheath around the oil droplets is increased as the gel fi rmness is strengthened 
(Schreiber and Gareis  2007 ). For both types of gelatin, the emulsion capacity is 
strengthened by increasing the protein concentration from 2 to 5 %, with high pro-
tein concentrations facilitating more protein adsorption at the surface. It is reported 
that the value of emulsion capacity becomes higher with increasing gelatin concen-
trations (0.1 % and 0.2 %), because a higher degree of polypeptide is unstretched 
during the shearing involved in the emulsifying stage (Binsi et al.  2009 ). 

 Apart from the protein concentration, the molecular weight could be a key factor 
infl uencing the ability of gelatin to form and stabilize oil-in-water emulsions. 
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For example, the emulsion of low molecular weight fi sh gelatin (~55 kDa) had more 
large droplets and greater oil destabilization compared with high molecular weight 
fi sh gelatin (~120 kDa) (Sun et al.  2009 ). 

 Being an insoluble protein, it is of little signifi cance to presume that collagen as 
is emulsifi er, as isolating or partially purifying collagen needs to be in a soluble 
form in order to display its surface-active properties. Acid-soluble collagen is the 
best in terms of the immediate emulsifying activity, while pepsin-soluble collagen is 
the best regarding emulsion stability. The acid-soluble collagen from Pacifi c whit-
ing surimi refi ner discharge was found to be higher compared with both acid- soluble 
collagen from skin and the commercial emulsifi er Tween-80 (Kim and Park  2004 ). 

 Soluble collagen and gelatin exhibit suitable foaming properties, even without 
gelling, since they can weaken the surface tension at the liquid–air interface by 
enhancing the viscosity of the aqueous phase (Schreiber and Gareis  2007 ). The char-
acteristics of the raw material have a great infl uence on the foaming properties. For 
adsorption at the air–water interface, molecules should contain hydrophobic regions 
which become more exposed upon protein unfolding, thus facilitating foam forma-
tion and stabilization (Townsend and Nakai  1983 ). It is found that the foam capacity 
of gelatin from farmed giant catfi sh was higher than that from calf skin, because the 
former contained a higher content of hydrophobic amino acid residues. It had almost 
four times greater viscosity than that of calf skin (Jongjareonrak et al.  2010 ).  

5.3     Film-Forming Properties 

 Gelatins are used to develop biodegradable fi lms as an outer covering instead of syn-
thetic plastic materials for the characteristics of not only environmental protection 
but also protecting foodstuffs against drying, light, and oxygen (Gómez-Guillén et al. 
 2009 ; Zaman et al.  2012 ). In addition, gelatin is one of the fi rst materials used as a 
carrier of bioactive components. Compared to fi lms from other resources, most fi sh 
gelatins are observed to have great fi lm-forming properties, such as being transparent, 
nearly colorless, water soluble, and highly extensible. However, gelatin fi lms cannot 
resist liquid and, hence, physical damage. The mechanism of forming strong mechan-
ical and waterproof gelatin fi lms is a challenge faced by the food industry. 

 Casting and extrusion are the two dominant edible fi lms-processing methods 
(Hernandez-Izquierdo and Krochta  2008 ). The casting method involves dissolving 
the biopolymer and blending it with plasticizers and/or additives to obtain a fi lm- 
forming solution, followed by casting onto plates and drying. The extrusion method 
would be the better choice when dealing with the thermoplastic behavior of proteins 
at low moisture levels. Films can be produced by extrusion followed by heat pressing 
at temperatures that are ordinarily higher than 80 °C (Gómez-Guillén et al.  2009 ). 

 The amino acid composition and molecular weight distribution could be the 
main factors affecting the physical properties of fi sh gelatin and then fi sh gelatin 
fi lms (Gómez-Guillén et al.  2002 ). Specifi cally, the amino acid composition results 
mainly from the species of resources, while the molecular weight distribution results 
mainly from the fi lms-processing conditions. 
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 Obviously, the various amino acid compositions from various fi sh species may 
result in the differences between the properties of fi lms. Low molecular weight frag-
ments correspond to weak and deformable fi lms, due to the protein heat degradation 
during the water extraction step or during the evaporation step (Muyonga et al. 
 2004 ; Carvalho et al. 2008). Besides, fi lms made using a gelatin of lower molecular 
weight were found to be more plasticized, as a result of the higher plasticizer 
biopolymer molar ratio (Carvalho et al. 2008). 

 A large amount of scientifi c literature has been published indicating that fi lms 
can be enhanced to obtain better mechanical and water resistance properties by 
blending other biopolymers, which includes lipids (Bertan et al.  2005 ; Pérez-Mateos 
et al.  2009 ), biopolymers like soy protein isolates (Cao et al.  2009 ; Denavi et al. 
 2009 ), polysaccharides like gellan (Lee et al.  2004 ), chitosan (Arvanitoyannis et al. 
 1998 ), pectins (Farris et al.  2009 ), konjac glucomannan (Li et al.  2006 ), and plasti-
cizers (Cao et al.  2009 ), synthetic polymers like poly (vinyl) alcohol (Carvalho et al. 
 2009 ) and polyethylene (Haroun and Migonney  2010 ), and cross-linking agents like 
glutaraldehyde (Bigi et al.  2001 ) and TGase or 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) (Kołodziejska and Piotrowska  2007 ). 

 Adding natural antioxidants and antimicrobial substances to fi sh gelatin fi lms 
can make a great contribution to extend the functional properties of an active pack-
aging biomaterial. Apart from this, plant extracts as natural sources of polyphenolic 
compounds have captured people’s attention more and more, and fi lms blended with 
plant extracts seem “natural” and are welcomed. Studies have been published about 
the performance advantages of rosemary ( Rosmarinus offi cinalis ) and oregano 
( Origanum vulgare ) (Gómez   -Estaca et al.  2009a ,  b ), aqueous extracts from the 
leaves of murta ( Ugni molinae ) (Gómez-Guillén et al.  2007 ), and water/alcohol 
extract from borage ( Borago offi cinalis ) seeds (Gómez-Estaca et al.  2009a ,  b ).  

5.4     Microencapsulation 

 Microencapsulation is produced by fi rstly refi ning liquid, solid, or gas, and taking the 
droplets (particles) as the core, making the composition fi lm-forming material (wall 
material) deposited on the core, then coating it to form a thin fi lm, which packages 
the heart droplets (particles) (Yan et al.  2008 ). It is interesting that gelatin coacer-
vates can combine with anionic polymers in the form of microcapsules because of 
their ability to destroy functional components in a carrier and provide protection 
against oxidation or degradation in the process of storage. Furthermore, encapsula-
tion can control the release of functional components from the food product or the 
bioactive packaging when ingested. Coacervates are made when a mixed dilute solu-
tion of gelatin and an anionic polyelectrolyte are brought to a certain pH, under the 
condition that polyelectrolytes have opposite net charges (Schreiber and Gareis 
 2007 ). Under these conditions, the microencapsulation formed. 

 The complex systems and natural cross-linkers have been used as a means of 
reinforcing gelatin microcapsules (Gómez-Guillén et al.  2011 ). Under oxidizing 
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conditions to form covalent cross-links, plant-derived polyphenols and fl avonoids 
(contained in instant coffee and grape juice) have been shown to react with gelatin–
pectin-based microparticular coacervates, which result in presenting a structure 
with greater mechanical strength and thermal stability, and less capacity to expand 
and absorb water. Furthermore, a complex coacervation microcapsule system has 
been applied in frozen baked foods, as they can encapsulate baking fl avor oil in a 
gelatin gum Arabic system (Yeo et al.  2005 ). Besides, the incorporation of probiotic 
bacteria in functional food products has become an increasingly overwhelming 
trend due to their ability to exert benefi cial effects on the intestinal microfl ora 
(Gobbetti et al.  2010 ). 

 In addition, on the incorporation of bioactive compounds, encapsulation technol-
ogy could contribute to the development of active packaging materials. Apart from 
protecting the active potential of the natural extract and invoking its release into the 
covered food product, encapsulation may be used for the purposes of taste and odor 
masking, because vegetal extracts often have very strong fl avors (Gómez-Guillén 
et al.  2011 ). As a fi rst step in the development of new material with applications in 
the biomedical fi eld, a gelatin/poly ( L -lactide) (PLLA) composite has been sug-
gested for producing homogeneous and well-shaped nanofi bers by electrospinning, 
using gelatin extracted from channel catfi sh skin (An et al.  2010 ).   

6     Applications of Fish Collagen and Gelatin 

 Fish gelatin has been widely used in the industry; it has been produced by acid 
extraction since 1960. Gelatin has been extracted from the skin and bones of various 
coldwater and warmwater fi sh (Karim and Bhat  2009 ). 

 Coldwater fi sh gelatin can be used in frozen or refrigerated products that are 
consumed quickly following removal from the fridge or defrosting (Karim and Bhat 
 2008 ,  2009 ) because the gelatin produced from the skin of fi sh living in cold waters 
does not gel at room temperature – its gelling temperature is below 8–10 °C (Gómez- 
Guillén et al.  2009 ). Gelatins with low melting points could also be used in dry 
products (Gómez-Guillén et al.  2011 ). In recent years, small volumes of fi sh gelatin 
have been used to make soft-gel capsules. The use of fi sh gelatin soft capsules is the 
most common in nutrition supplements (Karim and Bhat  2009 ). 

 The low gelling temperature of gelatin from coldwater fi sh can be used for the 
light-sensitive coatings, which are signifi cant to the electronics trade (Karim and 
Bhat  2009 ). As a protein, gelatin is low in calories, but melts in the mouth to give 
brilliant sensory properties resembling fat, so it is ideal for use in low-fat products. 
Owing to a good pricing structure, a large volume of fi sh gelatin is considered by 
manufacturers. 

 Warmwater fi sh gelatin has a Bloom value of 200–250 g. For example, tuna is a 
good source, but the skin has a lot of fat, while gelatin must be fat-free. Tuna or tilapia 
gelatins have a melting point of 25–27 °C. Consequently, these gelatins should be 
stored at low room temperatures. These gelatins more closely resemble bovine or pig 
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gelatin, which melts at 32–35 °C. A sensory study on gelatin gel desserts 
 recommended that fi sh gelatin with lower gel melting temperatures had a better 
release of aroma and offered a stronger fl avor (Choi and Regenstein  2000 ). By 
increasing the concentration of gelatin, desserts made from fi sh gelatins would be 
more comparable to desserts made from high-Bloom pork skin gelatin (Zhou and 
Regenstein  2007 ). 

 Enzymatically cross-linked fi sh gels did not melt during heating in a boiling 
water bath (Kołodziejska et al.  2004 ). Fish gelatin could be used as a gelling com-
ponent of sterilized products if the gel structure is not destroyed at higher tempera-
ture. Combinations of fi sh gelatin with other common hydrocolloids can extend the 
application of fi sh gelatin as a food ingredient. For instance, fi sh gelatin and pectin 
have been used to make a low-fat spread (Chen et al.  2009 ). An increase in bulk 
density, fi rmness, compressibility, adhesiveness, elasticity, and meltability is due to 
a decrease in the fi sh gelatin to pectin ratio. Fish gelatin has also been used in phar-
maceutical products. It can be used for hard capsules (Park et al.  2007 ). Owing to 
the low gelling temperature property of fi sh, TGase can be used for cross-linking, 
which circumvented the problems of gelatin. Fish gelatin (Bloom value higher than 
100) can also be used as an ingredient in drug tablets. 

 Gelatins can be used to establish harmlessness and latent functionality in food 
packaging applications, such as making edible fi lms (Núñez-Flores et al.  2013 ). As 
gelatins have special texture and melt-in-the-mouth perception, it is one of the most 
versatile gelling agents. In addition to the food industry, gelatin can also be applied 
to the pharmaceutical and photographic industries (Haug et al.  2004a ,  b ).  

7     Bioactive Properties of Fish Gelatin Hydrolysates 

 Bioactive peptides can be used as food-derived components (genuine or generated) 
because of their nutritional value, which exert a physiological effect on the body 
(Ryan et al.  2011 ). Bioactive peptides from meat sources could be produced by 
using all kinds of proteases of bacterial, animal, and plant origin (Jang et al.  2008 ; 
Jang and Lee  2005 ; Liu et al.  2008 ). Bioactive peptides in the parent protein are 
inactive or latent, but they can display an active form after proteolytic digestion 
(Korhonen  2009 ). Digestive enzymes (Hernández-Ledesma et al.  2007 ), bacterial 
proteases (You et al.  2009 ; Zhu et al.  2006 ), and following microbial fermentation 
(Hayes et al.  2006 ; Tsai et al.  2008 ) are put into use in the proteolytic digestion of 
parent proteins, including hydrolysis. Dietary gelatin from a multitude of animals, 
especially fi sh gelatin, are a source of biologically active peptides, which are inactive 
in the parent protein sequence but can be liberated during gastrointestinal digestion, 
food processing, or fermentation (Erdmann et al.  2008 ; Gómez-Guillén et al.  2011 ; 
Nagpal et al.  2011 ; De Noni et al.  2009 ). Once they are released, bioactive peptides 
are considered to promote numerous physiological functions, such as opioids, mineral 
binding, immunomodulatory, as well as antimicrobial, antioxidative, antithrom-
botic, hypocholesterolemic, and antihypertensive activity (Guan et al.  2007 ; 
Hajirostamloo  2010 ; Sharma et al.  2011 ; Kittiphattanabawon et al.  2012 ). 
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7.1     Production of Bioactive Peptides 

 Due to promising health benefi ts for nutritional or pharmaceutical applications, col-
lagen and gelatin have been considered as an important source of biologically active 
peptides (Gómez-Guillén et al.  2011 ). Aquatic animals, including freshwater and 
marine fi sh and mollusks as fi sh processing by-products, including heads, skin vis-
cera, blood, offal, and tails, as well as seafood shells, coupled with their ready avail-
ability, are used to produce the mammalian hydrolysates and peptides with bioactive 
properties, which is accepted as a food additive by religious groups and for aller-
genic reasons (Chen et al.  2009 ; Haug et al.  2004a ,  b ; Shon et al.  2011 ). The isola-
tion of peptides from other aquatic animals with important biological activities 
includes collagen and gelatin obtained from sources like freshwater rotifers 
( Brachionus calycifl orus ), jellyfi sh, bullfrog, or sea cucumber, and chum salmon 
( Oncorhynchus keta ) (Sai et al.  2012 ; Qian et al.  2008 ; Lee  2010 ; Liang et al.  2010 ; 
Zhuang et al.  2009 ). 

 Gelatin and collagen-derived hydrolysates and peptides are generally acquired 
by means of enzymatic proteolysis. A number of commercial proteases have been 
used for the production of these hydrolysates and peptides, including trypsin, chy-
motrypsin, pepsin, alcalase, fl avourzyme, properase E, pronase, collagenase, bro-
melain, and papain (Kim and Mendis  2006 ; Yang et al.  2008a ; Haug et al.  2004a ,  b ; 
Kechaou et al.  2009 ; Jongjareonrak et al.  2005 ; Pihlanto  2006 ). Besides commercial 
proteases, enzymatic extracts from fi sh viscera have been used to obtain bioactive 
hydrolysates from the skin and bones of different fi sh species (Herpandi and Adzitey 
 2011 ; Yang et al.  2008b ; Gómez-Guillén et al.  2011 ; Nalinanon et al.  2011 ). The 
biological activity of the hydrolysates is affected by size, amount, free amino acid 
composition, peptides, and their amino acid sequences of protease (Cuerrier  2005 ; 
Santos et al.  2009 ). Fish protein is hydrolyzed effi ciently according to proteases 
such as alcalase and fl avourzyme (Safari et al.  2012 ; Dumay et al.  2006 ; Kristinsson 
and Rasco  2000 ; Normah et al.  2005 ), which have broad specifi city and a high 
degree of hydrolysis is achieved in a relatively short time under optimum conditions 
(40 °C, 60 min, pH 8–9) (Cigić and Zelenik-Blatnik  2004 ; Kamara et al.  2011 ). 
These enzymes manifested extensively proteolytic activity during the hydrolysis of 
gelatin from tuna skin, muscle of brownstripe red snapper, Korean rockfi sh, cod 
( Gadus morhua ) backbones, and pyloric caeca extract from bigeye snapper for pro-
ducing hydrolysates with high antioxidant activity and inhibitory capacity which 
exhibited low average molecular weight (Kim et al.  2011 ; Khantaphant and Benjakul 
 2008 ; Khantaphant et al.  2011 ; Nalinanon et al.  2011 ; Phanturat et al.  2010 ). 

 The biological properties of protein hydrolysates are seriously affected by their 
average molecular weight (Gómez-Guillén et al.  2011 ; Šližytė et al.  2009 ). Peptide 
fractions from protein hydrolysates may be different in their effectiveness for a 
given biological activity. An ultrafi ltration membrane system that could obtain pep-
tide fractions with a desired molecular size and a higher bioactivity is a useful and 
industrially advantageous method (Ajibola et al.  2011 ; Picot et al.  2010 ). 

 A majority of the studies regarding collagen and gelatin-derived peptides is 
related to their mineral binding, opioid, antimicrobial, antioxidative, inhibitory, 
immunomodulatory, antithrombotic, hypocholesterolemic, and antihypertensive 
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activity (Kim and Mendis  2006 ; Gómez-Guillén et al.  2011 ; Guan et al.  2007 ; 
Hajirostamloo  2010 ; Sharma et al.  2011 ). The unique Gly-Pro-Hyp sequences have 
been repeated in their structure for these peptides, and this unique amino acid com-
position played an important role in the antioxidative and antihypertensive proper-
ties of these peptides (Kim and Mendis  2006 ). 

 With the hydrolysis of the protein substrate, various bioactivities are assayed 
from the hydrolysates. After the bioactivity of the crude protein hydrolysates was 
detected, ultrafi ltration is used to separate the hydrolysates by peptide size 
(Iroyukifujita et al.  2000 ; Kim et al.  2001 ; Li et al.  2004 ). Individual peptides are 
obtained by means of purifying the hydrolysate fraction with the highest bioactivity 
using different techniques, most notably, reverse-phase high-performance liquid 
chromatography (RP-HPLC) or gel permeation chromatography (Hernández- 
Ledesma et al.  2007 ; Pihlanto et al.  2008 ; Qian et al.  2007 ). The combined tech-
niques of mass spectrometry and protein sequencing are used to identify individual 
peptide fractions. Finally, a combining version of the peptide is synthesized, while 
its bioactivity is verifi ed by repeating the assay (Saiga et al.  2006 ; Tsai et al.  2008 ; 
Rutherfurd and Gill  2000 ).  

7.2     Antihypertensive Peptides 

 Antihypertensive peptides are peptide molecules which may lower blood pressure 
when ingested via the inhibition of vasoactive enzymes such as the angiotensin- 
converting enzyme (ACE). ACE can transfer angiotensin I to angiotensin II, which 
can constrict blood vessels and inactivate bradykinin, which is a vasodilator 
(Anthony et al.  2010 ). Therefore, ACE plays an important role in the regulation of 
blood pressure by means of the rennin–angiotensin system, while the inhibition of 
this enzyme is considered to be a useful therapeutic approach in the treatment of 
hypertension (Li et al.  2004 ; Liu et al.  2012 ; Wijesekara and Kim  2010 ). 

 Synthetic ACE inhibitors such as captopril have emerged at the right moment. 
Moreover, captopril and other synthetic ACE inhibitor drugs often cause various 
side-effects, such as coughing, skin rashes, and taste disturbances (Pihlanto  2006 ; 
Vermeirssen et al.  2002 ). Hypertension, a disease affecting one-third of the Western 
worlds’ population, is often called a “silent killer” because people with hyperten-
sion are often asymptomatic for years (Gao et al.  2010 ). Thus, it is recognized as a 
risk factor for developing cardiovascular disease, which has motivated the ongoing 
exploitation of food-derived antihypertensive peptides, and those peptides are usu-
ally considered as antihypertensive components in nutraceuticals and functional 
foods (López-Fandiño et al.  2006 ; Vermeirssen et al.  2002 ). 

 Collagen and gelatin from marine sources such as fi sh skin (Byun and Kim  2001 ; 
Kim et al.  2011 ), scales (Fahmi et al.  2004 ), squid tunics (Alemán et al.  2011 ), and 
sea cucumbers (Zhao et al.  2007 ) have been shown to be good sources of antihyper-
tensive peptides by enzymatic digestion. However, collagen and gelatin from marine 
sources have been studied less extensively compared to those from other sources. 
The peptide sequences identifi ed from collagenous materials are shown in Table  12.1 .
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   Table 12.1    Antihypertensive peptides derived from marine collagen and gelatin fi sh by-products   

 Source  Characteristics  References 

 Lampern ( Lampetra fl uviatilis ) 
 Brain, gill, gonad, gut, heart, liver, 
skeletal muscle, skin, kidney, and 
plasma 

 (Cobb et al.  2004 ) 

 Alaska pollock ( Theragra 
chalcogramma ) 

 Skin, bronchial heart, gill, kidney, 
duct, liver, whole brain, and gut 

 Gly-Pro-Leu  (Byun and Kim  2001 ) 
 (Cobb et al.  2004 ) 

 Sea bream 
 Scale  Gly-Tyr, Val-Tyr, 

Gly-Phe, and Val-Ile-Tyr 
 (Fahmi et al.  2004 ) 

 Sardinelle ( Sardinella aurita ) 
 Heads and viscera  Phe, Arg, Gly, Leu, 

Meth, Hist, Try 
 (Bougatef et al.  2008 ) 

 Grass carp fi sh ( Ctenopharyngodon 
idella ) 

 Scale  (Zhang et al.  2009 ) 
 Tilapia 

 Fillet  (Raghavan and 
Kristinsson  2009 ) 

 Tuna 
 Frame proteins  Gly-Asp-Leu-Gly-Lys-Thr-

Thr-Thr- Val-Ser-Asn-
Trp-Ser-Pro- Pro-Lys-Try-
Lys-Asp-Thr- Pro  

 (Lee  2010 ) 

 Shrimp ( Pandalopsis dispar ) 
 Shells, tails, and heads  Tyr, Phe, Leu, Ile, 

Val and Lys 
 (Cheung and Li-Chan 

 2010 ) 
 Squid ( Dosidicus eschrichitii 

Steenstrup ) 
 Skin  (Lin et al.  2012 ) 

 Atlantic salmon ( Salmo salar ) and 
wild caught cod ( Gadus morhua ) 

 Muscle, skin, frame, brain, eye, heart, 
gill, kidney, stomach and/or intestine, 
pyloric caeca, bile, liver, spleen, 
sperm, eggs, and blood 

 (Gu et al.  2011 ) 
 (Dragnes et al.  2009 ) 

 Cuttlefi sh ( Sepia offi cinalis )  Tyr-Ala-Pro, Val-Ile-
Ile-Phe and Met-Ala-Trp 

 Muscle  (Balti et al.  2010 ) 
 Freshwater clam ( Corbicula 

fl uminea ,  Müller ) 
 Muscle  Val-Lys-Pro and Val-Lys-Lys  (Tsai et al.  2006 ) 

 Bullfrog ( Rana catesbeiana Shaw )  Gly-Ala-Ala-Glu-Leu-Pro-
Cys-Ser- Ala-Asp-Trp-Trp 

 Muscle  (Qian et al.  2007 ) 

C. Wang et al.



229

7.3        Antioxidant 

 Uncontrolled production of free radicals with increased production of reactive oxy-
gen species (ROS) that attack macromolecules such as membrane lipids, proteins, 
and DNA may lead to many health disorders, such as cancer, diabetes mellitus, and 
neurodegenerative and infl ammatory diseases, with severe tissue injuries (Erdmann 
et al.  2008 ). Additionally, the oxidation of lipids or rancidity can result in the forma-
tion of undesirable secondary lipid peroxidation products that can eventually cause 
the deterioration of some foods (Kim and Wijesekara  2010 ). 

 Antioxidants can protect the human body against molecules known as ROS, 
which have an adverse affect on membrane lipids, protein, and DNA. This, in turn, 
can be a causative factor in many diseases, such as cardiovascular disease, diabetes, 
cancer, and Alzheimer’s disease. The deterioration of food quality and a reduction in 
the shelf life of a food product are caused by lipid oxidation, while people have vari-
ous diseases, such as cancers, diabetes, and cardiovascular disease, after consuming 
foods containing lipid oxidation (Giménez et al.  2009 ; Waris and Ahsan  2006 ). 

 Many synthetic antioxidants, including butylated hydroxyanisole (BHA), butyl-
ated hydroxytoluene (BHT), tert-butylhydroquinone (TBHQ), and propyl gallate 
(PG), have been extensively used to minimize the hazards brought about by lipid 
oxidation in foods. However, synthetic antioxidants in vivo can lead to potential health 
risks. Therefore, the exploitation of natural antioxidants in foodstuffs has aroused 
researchers’ interests (Moure et al.  2001 ; Pihlanto  2006 ; Vercruysse et al.  2009 ). In 
the past several years, antioxidant peptides extracted from livestock and poultry have 
been the focus of much research. However, due to the outbreak of animal diseases 
(Wangtueai and Noomhorm  2009 ; Jongjareonrak et al.  2005 ) and esthetic and reli-
gious objections (Shon et al.  2011 ), an alternative to mammalian gelatin in the form 
of aquatic animals has been considered and further processing to yield collagen can 
help reduce harmful environmental effects (Haug et al.  2004a ,  b ; Shon et al.  2011 ). 

 Recently, a number of studies have demonstrated that peptides derived from dif-
ferent marine collagen and gelatin hydrolysates act as potential antioxidants and 
have been isolated from marine organisms such as jumbo squid (Mendis et al.  2005 ; 
Rajapakse et al.  2005 ), oyster (Qian et al.  2008 ), blue mussel (Rajapakse et al.  2005 ), 
hoki (Je et al.  2005 ; Kim and Mendis  2006 ; Mendis et al.  2005 ), tuna (Je et al.  2007 ), 
cod (Šližytė et al.  2009 ), mackerel (Wu et al.  2003 ), Alaska pollock (Je et al.  2005 ; 
Jia et al.  2010 ), yellowstripe trevally (Klompong et al.  2009 ), mackerel muscle pro-
tein (Wu et al.  2003 ), conger eel (Ranathunga et al.  2006 ), squid skin gelatin (Mendis 
et al.  2005 ; Rajapakse et al.  2005 ), fi sh skin gelatin (Mendis et al.  2005 ), tuna back-
bone (Je et al.  2007 ), tuna cooking juice (Hsu et al.  2009 ), cobia ( Rachycentron 
canadum ) (Yang et al.  2008b ), microalgae (Sheih et al.  2009 ), and sole (Giménez 
et al.  2009 ), as well as from several squid species, such as giant squid ( Dosidicus 
gigas ) (Rajapakse et al.  2005 ), jumbo fl ying squid ( Dosidicus eschrichitii Steenstrup ) 
(Lin and Li  2006 ), or squid ( Todarodes pacifi cus ) (Giménez et al.  2009 ). 

 The benefi cial effects of marine collagen and gelatin peptides are well known in 
scavenging free radicals and ROS or in preventing oxidative damage by interrupting 
the radical chain reaction of lipid peroxidation (Mendis et al.  2005 ; Qian et al.  2008 ; 
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Rajapakse et al.  2005 ). Bioactive peptides isolated from collagen and gelatin from 
jumbo squid exhibited the inhibitory activity in lipid peroxidation, and its activity 
has been determined using a linoleic acid model system, which was much higher 
than a-tocopherol and close to that of BHT (Mendis et al.  2005 ). The hydrophobic 
amino acids in the peptide mostly play a vital role in these antioxidant activities 
(Mendis et al.  2005 ). In addition, the bioactive antioxidant collagen and gelatin 
peptides Leu-Lys-Gln-Glu-Leu-Glu-Asp-Leu-Leu-Glu-Lys-Gln-Glu, isolated from 
oyster ( Crassostrea gigas ), showed a stronger inhibitory activity against polyun-
saturated fatty acid peroxidation than a-tocopherol (Qian et al.  2008 ). 

 Radicals formed during peroxidation, metal-chelating ability, or oxygen- 
containing compounds can be eliminated by antioxidant peptides. Furthermore, 
peptides derived from marine fi sh collagen and gelatin peptides have greater anti-
oxidant properties than a-tocopherol in different oxidative systems (Jung et al. 
 2005 ; Rajapakse et al.  2005 ). Peptides derived from marine gelatin can exhibit 
higher antioxidant activities compared to other antioxidant peptides sequences, due 
to the higher emulsifying ability, which is attributed to the abundance of hydropho-
bic amino acids (Mendis et al.  2005 ). 

 The antioxidant collagen and gelatin peptides have been considered as lipid per-
oxidation inhibitors, free radical scavengers, and chelators of transition metal ions. 
However, there are no published studies reporting the exact mechanism underlying 
the antioxidant activity of collagen and gelatin peptides (Gómez-Guillén et al. 
 2011 ). Gelatin peptides can show a higher inhibitory ratio of lipid peroxidation 
compared to other antioxidative peptides sourced from many other proteins (Gómez- 
Guillén et al.  2011 ). The challenge for the development of antioxidant peptides is to 
create novel functional foods and medicines without the undesired side effects (Ngo 
et al.  2012 ).   

8     Conclusions and Future Outlook 

 Because of its unique physiological function and physical and chemical characteris-
tics, collagens are widely used in value-added products such as medicine, food, and 
cosmetics. The consumption of fi sh collagen and gelatin has increased with the devel-
opment of new industrial applications. Extracting collagens or collagen peptides 
from aquatic products is gradually becoming a hot worldwide research topic. Because 
of several animal diseases, as well as esthetic and religious objections, developing 
collagen from new raw materials has increasingly aroused the interest of researchers 
and manufacturers alike. With the development of fi shery, researchers and manufac-
turers have paid more attention to aquatic comprehensive utilization. Collagen is rich 
in fi sh processing by-products such as skin, bone, scales, and fi ns. Therefore, the 
waste from fi sh processing is an excellent raw material for preparing collagen. 

 In the pharmaceutical industry, due to its good biological characteristics and low 
immunogenicity, collagen can be used in the medical areas of cells, tissue, trauma, 
or even organ repair. 
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 In the fi eld of cosmetics, collagen has a very safe record for nutritional repair, 
moisturizing, compatibility, and other features. For example, collagen can increase 
its nutritional moisturizing effect by adding in cosmetic emulsion, it can be used as 
a raw material for the production of cosmetic fi llers, and the condensation of oleoyl 
chloride production of the anionic surfactant can be modifi ed for shampoos. 

 In the food industry, collagen is mainly used in the healthy production of food 
packaging, meat additives, nutritional food, and so on. At present, fi sh gelatin has 
been widely used in canned drinks, dairy products, meat products, fruit wine thick-
eners, emulsifi ers, stabilizers, and clarifying agents. 

 However, the undesirable physicochemical properties of fi sh gelatin, including 
the temperature in the formation of fi sh gelatin, higher economic cost, and lower 
yield compared to mammal gelatin, severely limit its large-scale production. 

 The development of lower cost and higher quality fi sh gelatin with minimal or 
even no contaminants (chemical or microbial) is at the top of the agenda.     
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     Acronyms 

   ASEAN    Association of Southeast Asian Nations   
  DANIDA    Danish Development Assistance Program   
  FAO    Food and Agriculture Organization   
  MFRD    Marine Fisheries Research Department   
  MT    Metric tons   
  SE    Southeast   
  SEAFDEC    Southeast Asian Fisheries Development Center   

1           Introduction 

 Bycatch is one of the greatest and most pervasive threats to marine life and a major 
problem in fi sheries management. Fisheries activities, whether on a large industrial 
scale or a small artisanal scale, create vast amounts of bycatch. The amount of 
bycatch has been increased tremendously after the development of bigger and low- 
cost fi shing gear, faster boats, and thousands of kilometers of nets and lines during 
last ~50 years. This modern fi shing gear effi ciently catch fi sh as they cover an exten-
sive area; however, many other creatures are also caught in addition to the target 
species, hence, they can be considered as highly unselective and detrimental for a 
considerable part of marine resources. Poor management practices and non- 
implementation of fi sheries policies, like legal bans on fi shing, has also been a cause 
of bycatch landings and discards. Bycatch includes dolphins, marine turtles, sea-
birds, corals, starfi sh, sharks, juvenile fi sh, and small fi sh with little or no commer-
cial value. Billions of unwanted animals are caught all over the world by fi shing 
boats, which are discarded back into the ocean, dead or alive. Due to bycatch, valu-
able natural resources are being wasted, resulting in dramatic declines in the popu-
lations of many marine species (Gulf of Mexico Fishery Management Council 
 2006 ). The bycatch of endangered and threatened species is of particular concern 
for biologists and conservationists. In some fi sheries, bycatch kills wildlife at such 
a scale that it may affect the structure and function of marine systems at all levels; 
that is, population, community, and ecosystem (Alverson et al.  1994 ). Bycatch may 
be defi ned as incidental catch which is not targeted but is still retained and mar-
keted, along with the discarded and released catch (Clucas  1997 ). The term 
“bycatch” has a different meaning and defi nition to different scientists and fi shery 
managers. Alverson et al .  ( 1994 ) stated that a range of bycatch defi nitions has been 
put forward by different groups, as given below:

    1.    The capture of non-target species (and discarded juveniles of target species) in 
fi shing gear (WWF, World Wildlife Fund).   

   2.    Discarded catch of any living marine resource plus retained incidental catch and 
unobserved mortality due to direct encounter with fi shing gear (NOAA, National 
Marine Fisheries Service; McCaughran  1992 ).   
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   3.    Fish or other fauna (e.g., birds or marine mammals) that are caught during fi shing, 
but which are not sold or kept for personal use. In commercial fi shing, these 
include both fi sh discarded for economic reasons (economic discards) and 
because regulations require it (regulatory discards). Fish released alive under 
catch-and-release fi shery management programs are not normally considered as 
bycatch (Review of Fisheries in OECD Countries: Glossary, February 1998).   

   4.    Bycatch generally refers to unintended catch that is taken of non-target species 
and also the target species that are under a desirable size (International Sea Food 
Sustainability Foundation).   

   5.    The TOTAL CATCH is that quantity taken by the fi shing gear which reaches the 
deck of the fi shing vessel. DISCARD is the portion thrown away at sea (for one 
reason or another). The remainder is the LANDED CATCH or RETAINED 
CATCH (i.e., which is brought ashore) that can further be subdivided into 
TARGET CATCH and INCIDENTAL CATCH, bearing in mind the volume, 
value, incidence of species caught, and nature of the fi shing operations. The 
same species can move from one category to another depending on size, market 
demand, season, or other criteria; at the same time, other species may be undesir-
able or of limited value (FAO  1996 ).    

  These precise defi nitions of bycatch are not accepted by all scientists and the term 
has caused confusion generally due to two different opinions; anything that is caught 
and discarded at sea (including fi sh that were targeted by the fi shing trip, but are 
discarded because they are unmarketable due to being damaged or being too small); 
or anything that is caught and taken back to port, but that was not the target of the 
fi shing trip (these are known as “non-target” species); or a combination of both. 
According to Davies et al. ( 2009 ), the term needs to be redefi ned as a consistent defi -
nition that establishes what should be considered as bycatch. He put forward a new 
defi nition as, “bycatch is the catch that is either unused or unmanaged”. Applying 
this defi nition to the global marine fi sheries data, bycatch represents 40.4 % of global 
marine catches, exposing systemic gaps in fi sheries policy and management (Davies 
et al .   2009 ). There are at least four different ways in which the word “bycatch” is 
used in fi sheries (FAO Technical guidelines for Responsible Fisheries  2009 ).

•    Catch which is retained and sold but which is not the target species for the 
fi shery  

•   Species/sizes/sexes of fi sh which fi shermen discard (Karp et al .   2011 )  
•   Non-target fi sh, whether retained and sold or discarded (OECD  1997 )  
•   Unwanted invertebrate species, such as echinoderms and non-commercial crus-

taceans, and various vulnerable species groups, including seabirds, sea turtles, 
marine mammals, and elasmobranchs (sharks and their relatives).    

 The discrepancies in the defi nitions of bycatch has been felt globally and it has 
also been depicted in the Technical Guidelines for Responsible Fisheries (FAO 
 2009 ) that “it is not possible to develop a standard international defi nition of bycatch 
because of the very diverse nature of the world’s fi sheries, historical differences in 
how bycatch has been defi ned nationally, ambiguities associated with bycatch 
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related terminologies and choices of individual fi shers on how different portions of 
their catch will be used”. Scientists paid attention to the issue of bycatch and dis-
cards only during the last 40–50 years, and the matter has been taken as the under-
utilization of some stocks or the overexploitation of others (Bricklemyer et al .  
 1989/1990 ; Saila  1983 ). The bycatch and discard issues have surfaced during the 
early 1990s as high-priority fi sheries management issues in developing and devel-
oped countries and an international law was designed to address the discard prob-
lems (Burke et al .   1993 ; Perra  1992 ). A plethora of studies has later been directed 
towards discards and associated economic (Queirolo et al.  1995 ) and biological 
losses (Chan and Liew  1986 ; Harris and Poiner  1990 ; Hall  1996 ; Hall et al.  2000 ), 
and considerable efforts have been made to examine management strategies and 
technological solutions to reduce incidental harvests of discards of overfi shed and 
threatened species and allow small, juvenile fi sh to survive to become a part of the 
fi sh harvest. The latest international guidelines on bycatch management and reduc-
tion of discards were developed and adopted by FAO technical consultation. These 
are intended to assist states and regional fi sheries management organizations in the 
management of bycatch and reduction of discards in conformity with the FAO Code 
of Conduct for Responsible Fisheries ( 2009 ). On the other hand, Australian 
Government legislation for the organization for economic cooperation and develop-
ment on policy options for fi sheries bycatch, where the bycatch has immediate or 
potential commercial value, is unavoidable in the course of fi shing and does not 
include marine wildlife species subject to separate nature conservation legislation, 
or utilization does not undermine broader management arrangements, it should be 
fully utilized (Truelove  1997 ; FAO Code of Conduct for Responsible Fisheries 
 2009 ). A substantial reduction in discards have been observed and documented in 
recent years, globally. The associated factors are the reduction in unwanted catch 
and increased utilization of bycatch. The improvement in processing technologies 
and expanding market opportunities for low-value species has increased the utiliza-
tion of bycatch for human and animal food. A “no-discards” approach to fi sheries 
management is a key feature and the need for a balance between bycatch reduction 
and bycatch utilization have considerably reduced the losses to fi sheries and, in 
turn, to the fi shermen communities. 

 Certain measures have been suggested to reduce the volume of bycatch by adopt-
ing technical changes to fi shing operations and through management measures to 
make their capture less likely, such as species/time/area restrictions. Proven solu-
tions do exist, such as modifying fi shing gear and mesh size regulation to prevent 
the catch of undersize fi sh (Armstrong et al .   1990 ; Dawson  1991a ,  b ,  c ; Caddy 
 1989 ; DeAlteris    et al .   1990 ) so that either fewer non-target species are caught or 
non-target species can escape. In many cases, these modifi cations are simple and 
inexpensive, with the best innovations usually coming from the fi shers themselves. 
The recent reduction in bycatch is largely a result of the use of more selective fi sh-
ing gear, introduction of bycatch and discard regulations, and improved enforce-
ment of regulatory measures. The National Oceanic and Atmospheric Administration 
Fisheries Service (NOAA) formulated the Bycatch Reduction Engineering Program 
(BREP). The mission of the BREP is to develop technological solutions and 
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investigate changes in fi shing practices designed to minimize bycatch of fi sh 
(including sponges and deep-sea and shallow tropical corals) and protected species 
(including marine mammals, seabirds, and sea turtles), as well as minimize bycatch 
injury and mortality (including post-release injury and mortality). 

 Alverson et al .  ( 1994 ) estimated an amount of 27 million tons of global discards 
annually. The share of Asian countries represented 47 % of the global discards. 
A revised estimation of global discards of 6.8 million tons was published by 
(Kelleher  2005 ). There is still no reliable discard estimation globally. The reason for 
this is the chaotic defi nitions of the terms used, such as “bycatch” and “discards” 
(Matsuoka  2008 ). The bycatch/discards further increased tremendously for some 
countries (Table  13.1 ) as per the redefi nition of bycatch by Davies et al. ( 2009 ), who 
estimated 40 % discards, that is, 38,505,242 t out of the total global marine landings 
of 95,231,270 t.

2        Status of Bycatch in Asia 

 Asia dominates the fi shery industry in quantities of both capture and aquaculture. 
The number of people employed and the number of vessels in operation is the high-
est. Over 85 % of all fi shers and fi sh farmers in 2008 were Asian, as were six of the 
top ten producer countries in capture fi shing. These are China, Indonesia, Japan, 
India, Philippines, and Myanmar (FAO  2010 ). Other important fi shing nations of 
Asia are Malaysia, Thailand, Bangladesh, and Vietnam. In Asian countries, marine 
fi sheries production is based almost exclusively on trawl net and a huge amount of 
bycatch is not unusual. Trawling, purse seining, and gillnetting are fi shing methods 

        Table 13.1    Estimates of total and percentage bycatch in Asian countries   

 Country  Total catch (t)  Bycatch (t)  Year  Bycatch rate (%) 

 1.  Bangladesh  1,261,600  1,207,000  2000–2003  95.7 a  
 2.  China  7,300,000  5,000,000  1999  68.5 
 3.  India  4,000,000  2,250,000  2000  56.3 
 4.  Indonesia  7,031,000  4,392,000  2000–2003  62.6 
 5.  Japan  6,900,000  900,000  1997  13.0 
 6.  Malaysia  1,283,000  718,480  2004  56.0 
 7.  Myanmar  1,790,000  870,000  2000–2003  48.6 
 8.  Pakistan  320,000  192,000  2003  60.0 
 9.  Philippines  1,300,000  406,000  2000–2003  31.2 

 10.  Sri Lanka  140,000  72,000  2000–2003  51.4 
 11.  Thailand  2,600,000  1,664,000  2000–2004  64.0 
 12.  Vietnam  1643,000  930,000  1999–2004  80 a  

  Source: Data derived from Davies et al. ( 2009 ) 
  a The estimates have been made as per the defi nition of all undersize catch and, in case of Vietnam 
and Bangladesh, the entire trawl fl eet is geared to catch very small shrimp and immature fi sh in 
ways that fail to conform to the regulation minimum net mesh size  
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considered as destructive and indiscriminate, renowned for the generally high 
percentage of bycatch they produce. The most recent estimates of bycatch have 
been made by Davies et al. ( 2009 ), according to which the bycatch comprises 
31–90 % of the total landings (Table  13.1 ), depending on the fi shing area, fi shing 
gear, and fi shing season. This has also been accepted at regional forums that SE 
Asia had the greatest achievements in the utilization of bycatch and, hence, reduced 
the losses due to discards (James  1998 ; Clucas and Teutscher  1999 ). It is notewor-
thy that, in most of the developing Asian countries, there is full catch utilization and 
little discarding of fi sh, for example, Myanmar, Philippines, Thailand, etc. The rea-
sons for the low discards in the SE Asian region include the fact that trash fi sh is still 
used for direct human consumption, such as in Indonesia, Philippines, Thailand, 
and Myanmar. Many studies have been conducted by international and regional 
fi shery organizations, such as FAO/DANIDA, SEFDEC-MFRD, ASEAN, and 
Asia-Pacifi c Fishery Commission, for the utilization of bycatch to provide technical 
assistance to fi sher folk (Min  1998 ; James  1998 ; Clucas and Teutscher  1999 ; 
Pangsorn et al .   2007 ). The MFD–SEAFDEC conducted a project from 2002 to 2005 
on maximizing the utilization of fi sh catch from both marine and freshwater envi-
ronments under the ASEAN–SEAFDEC Special Five-Year Program (MFRD  2005 , 
 2006 ). In addition, great contributions have been made by the organizations and soci-
eties on a national level, particularly in India, where several seminars, workshops, and 
symposia have been organized and research fi ndings have been disseminated in the 
form of proceedings and books (Ghadi et al.  1976 ; Govindan  1985 ; Basu et al .   1987 ; 
Gopakumar  1989 ,  1991 ,  1992 ,  1997 ; Venugopal and Shahidi  1995 ; Sen  2005 ) and a 
large number of individual publications are referred in this document.  

3     Bycatch Composition and Utilization 

 In Asian countries, bycatch is characterized by its rich biodiversity and a large num-
ber of species of fi sh, shrimp, crab, squid, cuttlefi sh, and paste shrimp have been 
identifi ed. The number of fi sh species ranged from 30 to more than a hundred. The 
large number of fi sh species represented in the bycatch belongs to a small number 
of families; some of the families are common to the bycatch in many parts of the 
world. The most common families that occur in the bycatch of shrimp trawlers 
throughout the topical world are Ariidae (catfi sh), Carangidae (jack), Clupeidae 
(herring, shad, sardines, menhaden), Gerreidae (mojarras), Sciaenidae (croakers), 
Synodontidae (lizardfi sh), Nemipteridae (threadfi n), Bothidae (lefteye fl ounder), 
Dasyatidae (ray), and Trichiuridae (ribbonfi sh). Most of these species mature at 
sizes under 20 cm and weighing less than 100 g (Alverson et al .   1994 ). Table  13.2  
presents the species composition of bycatch in Asian countries.

   Previously, in shrimp trawl fi sheries of the tropics, anything other than shrimp 
was considered as bycatch and was usually discarded. However, later socioeco-
nomic factors forced the fi shers to make use of the bycatch as direct food, value- 
added products, feeds, and fertilizers, hence reducing the discards in order to obtain 
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         Table 13.2    Bycatch species composition in Asian countries   

 Country  Species composition in the bycatch 

 1.  Bangladesh  Indian salmon, pomfret, catfi sh, jewfi sh, shark, ray, Bombay duck, and 
other marine fi sh 

 (source: Clucas and Teutscher (eds)  1999 ) 
 2.  South China Sea  Cephalopods, crab, spiral shell, fi shes of Stromateidae, 

Periopthalmidae, Nemipteridae, and Cynoglossidae,  Collichthys 
lucidus ,  Coilia grayii ,  Odontamblyopus rubicundus ,  Harpodon  
spp.,  Anchoviella heteroloba ,  Argyrosomus  spp. 

 (Lin  1999 ) 
 3.  India  Carangid, anchovy, ribbonfi sh, Clupeidae, Bombay duck, croaker, 

Gobiidae,  Squilla , shrimp, crab, soles, drift fi sh, puffer fi sh, 
lizardfi sh,  Acetes ,  Solenocera  

 4.  Indonesia  Out of 72 species from bycatch, the predominant ones are:  Leiognathus 
decorus ,  Sardinella lemuru ,  Trichiurus lepturus ,  Caranx bucculen-
tus ,  Nemipterus isacanthus ,  Psettodes erumei ,  Upeneus sulphureus , 
 Austronibea oedogenys , and  Johnius coitor  

 (Chasana  1999 ) 
 5.  Japan 
 6.  Malaysia   Rastrelliger brachysoma ,  Apogon  spp.,  Secutor insidiator ,  Kowala 

macrolepis ,  Stolephorus andhraensis ,  Pellona  spp.,  Pennahia 
macrocephalus ,  Trichiurus haumela ,  Triacanthus brevirostris , 
 Siganus oramin ,  Thrissocles  spp.,  Leiognathus  spp.,  Selar kalla , 
 Secutor ruconius  

 (Clucas  1997 ) 
 7.  Myanmar  Lizardfi sh, terapon, hammerhead shark, stingrays, sawfi sh, guitarfi sh, 

trevally, scad, shad, sardine, sole, anchovies, spadefi sh, fl utefi sh, 
mojarras, Bombay duck, ponyfi sh, moonfi sh, threadfi n, angelfi sh, 
whiting, croakers 

 (Aye and Pyo  1998 ) 
 8.  Pakistan   Sardinella longiceps ,  S. sindensis ,  S. gibbosa ,  S. tumbil ,  Liza subviri-

dis ,  Sphyraena barracuda ,  Rastrelliger kanagurta ,  Otolithus ruber , 
 Sillago cheme ,  Scomeroides ,  Charonutoll ,  Nematolosa nasus , 
 Harpodon nehereus ,  Lepturacanthus savala ,  Upeneus vittatus , 
 Hilsa kelee ,  Terapon jarbua ,  Euthynnus affi nis ,  Lactarius lactarius , 
 Rhinobatos granulates ,  Arius thalassinus ,  Thryssa malabarica , 
 Billegoi scheme ,  Caranx dussumieria ,  Mugil cephalus ,  Himantura 
uarnak ,  Nemipterus japonicas ,  Squilla , shrimp, crab, squid, 
octopus 

 (Source: Shakir and Bano  1999 ) 
 9.  Philippines  Shrimp, crab,  Squilla  spp.,  Apogon  spp.,  Dactyloptena orientalis , eel, 

shellfi sh, sea cucumber, octopus [out of about 80 species listed, 
only those species making up more than 1 % of the total catch 
(shrimp trawl bycatch)] 

  Platycephalus  spp.,  Leiognathus  spp.,  Saurida  spp.,  Bothidae , 
 Priacanthus hamrur ,  Nemipterus  spp., Mellidae, Gerridae, 
Lutjanidae, Carangidae (otter trawl bycatch) 

 (Source: Legaspy  1999 ) 

(continued)

13 Bycatch Utilization in Asia



250

additional income (Kelleher  2005 ). These former discards are no longer considered 
as bycatch; rather, it is treated as multispecies fi sheries by the fi shers. According to 
Murawski ( 1992 ), “yesterday’s bycatch may be tomorrow’s target catch”. However, 
from a management viewpoint, such slogans cannot single-handedly change the 
defi nition of bycatch and are not in accordance with the principles of sustainable 
fi sheries management. 

 The Code of Conduct for Responsible Fisheries (FAO  1995 ) suggests that states 
should improve the use of bycatch as long as doing so is consistent with responsible 
fi sheries management, and this is considered as an option in many deliberations 
concerning policy on fi sheries management and mitigation of the discards problem. 
The utilization is indispensible to an extent which is consistent with responsible 
fi sheries management practices. 

 In Asia, the utilization of bycatch varies from country to country, due to social, 
cultural, and religious differences, though there are a few common products, such as 
frozen fi llet and dried and salted dried fi sh. Salted dried fi sh is the most commonly 
and widely used method in Asian countries due to the convenience of the processing 
methods, which do not need sophisticated machinery and storage facilities; hence, 
it is practiced as a small-scale household business.

 Country  Species composition in the bycatch 

 10.  Sri Lanka 
 11.  Thailand   Therapon  spp.,  Mene maculata ,  Priacanthus ,  Diodon  spp.,  Aluterus  

spp.,  Alepes  spp.,  Leiognathus  spp.,  Gazza minuta ,  Muraenesox  
spp.,  Congresox  spp.,  Ablennes  spp.,  Tylosurus  spp.,  Xiphocheilus  
spp.,  Saurida ,  Thysanophrys  spp.,  Nemipterus  spp.,  Alectis  spp., 
 Upeneus ,  Psettodes  spp.  Gymnocranius elongates ,  Parupenaeus  
spp.,  Parapercis xanthozona ,  Siganus  spp.,  Aurelia  spp., 
 Paraplagusia  spp.,  Apogonichthys  spp.,  Stolephorus  spp., 
 Lagocephalus  spp.,  Sardinella  spp.,  Epinephelus  spp.,  Cociella 
cordelia ,  Plotosus lineatus ,  Trichiurus lepturus ,  Lutjanus  spp., 
 Chiloscyllium punctatum ,  Dasyatis  spp.,  Scomberomorus  spp., 
 Otolithes  spp.,  Eleutheronema  spp.,  Sphyraena  spp.,  Ogcocephalus  
spp.,  Rastrilliger  spp.,  Scorpaena  spp.,  Dactyloptena  spp.,  Lutjanus 
lineolatus ,  Uranoscopus  spp.,  Chirocentrus dorab ,  Lutjanus 
fulvifl amma ,  Selar boops ,  Pterocaesio  spp.,  Gerres  spp., 
 Anodontostoma chacunda  ,   Oratosquilla  spp.,  Thenus  spp., shrimp 
juveniles,  Loligo  spp.,  Sepia  spp.,  Portunus pelagicus ,  Thalamita  
spp. (Source: Kungsuwan  1999 ) 

 12.  Vietnam   Cantherines modestus ,  Trichiurus lepturus ,  Paramonacanthus  spp., 
 Leiognathus  spp.,  Decapterus kurroides ,  D. maruadsi, Selaroides 
leptolepis ,  Saurida undosquamis ,  Decapterus macrosoma ,  Saurida , 
 Tumbil ,  Trachinocephalus myops ,  Upeneus sulphureus ,  U. bensasi , 
 Priacanthus macracanthus ,  Dasyatis  spp.,  Evynnis cardinalis , 
 Pristotis jerdoni ,  Pristipomoides microdon ,  Acropoma japonica , 
 Ariomma indica ,  Lutjanus sanguineus ,  Apogon  spp.,  Loligo  spp. 

 (Source: MOFI/DANIDA  1998 ) 

Table 13.2 (continued)
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      Generally   , a major part of the bycatch is utilized for the production of animal 
and aquaculture feeds in East Asia (China), value-added/novel products in SE Asia, 
and as fresh fi sh, traditional products, and animal feeds in South Asia. In SE Asia, the 
product development is based on the availability of bycatch species. Small pelagic 
fi sh like sardines, scads, and croakers are often salted, dried, and marketed widely 
as a low-cost source of protein. Minced fi sh meat with low gel strength is also used 
in a variety of indigenous products, usually as a binder in deep-fried fi sh cakes, 
rolls, etc. It has been well recognized that SE Asia has achieved the greatest suc-
cess in utilizing the bycatch and discard, and the previous bycatch species have 
attained the status of target species as a result of market- driven demand (Ordonez 
 1985 ; Suwanrangsi  1986 ; James  1998 ). Table  13.3  gives an account of the products 
made and fi sh species utilized from bycatch in Asian countries. For Sri Lanka, 
although located in South Asia, the information on bycatch composition and utili-
zation is not available in any of the regional or FAO documents and the subject of 
bycatch encompass turtle and mammal bycatch (MRAG  2012 ). The case is similar 
in Japan, for which scant information was found with regard to bycatch and its 
utilization.

       Technological advances are almost non-existent and the techniques adopted for 
bycatch utilization are based mainly on simple, traditional, and cost-effective meth-
ods in the majority of Asian countries, except for Japan, where technological 
advances have been made for the development of value-added fi shery products 
using high-value fi sh and sophisticated equipment. The quantity of bycatch is quite 
low, as mentioned above. 

 The technologies developed and tested to use low-value fi sh in products include 
the effi cient recovery of fi sh meat by mechanical means (Flick et al.  1990 ). There 
are many types of deboners utilized to obtain meat (Agarwal et al .   1986 ; Ghadi 
et al.  1976 ; Suwanrangsi  1987 ; Grantham  1981 ; Gopakumar  1987 ; Burt et al. 
 1992 ). The maximum recovery of fi sh meat has signifi cance for the development 
of a large variety of minced fi sh and surimi-based products. The low cost and sim-
plest form of solar dryers have been designed for bycatch drying for rural and 
coastal communities (Cheapok and Pornnareay  1998 ; Sengar et al.  2009 ). The pro-
cessing of smoked fi sh has been improved in Indonesia through the technical sup-
port under an FAO project; an improved smoking kiln is designed that has the 
potential to improve the production process, resulting in better quality products 
(Infofi sh International, 6/2010). 

 Surimi is composed of stabilized myofi brillar proteins that have been blended 
with a cryoprotectant for long-term frozen storage. Surimi is referred to as a fi sh- 
based food product intended to mimic the texture and color of the meat of lobster, 
crab, and other shellfi sh. In Japan, surimi industrial technology developed in the 
early 1960s promoted the growth of the modern surimi industry. The main raw 
material used was Alaska pollock (or walleye pollock), which is not considered as 
bycatch; hence, the surimi production of Japan is not included here. Fresh surimi 
products were in use in SE Asia for centuries, but the invention of a process for 
frozen surimi in 1960 provided the impetus for expansion of the industry. 
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Japan was the fi rst country to produce surimi on a commercial scale. Later, the 
Republic of Korea and Thailand entered the fi eld of surimi production and showed 
considerable growth potential, which further stimulated the development of surimi 
production in Malaysia, Myanmar, Vietnam, Indonesia, and India. Fish species 
with white meat, such as threadfi n bream ( Nemipterus  spp.), bigeye ( Priacanthus  
spp.), goatfi sh ( Upenneus ), jewfi sh ( Pennahia  or  Johnius  spp.), barracuda 
( Sphyraena ), ribbonfi sh ( Trichiurus ), and lizardfi sh ( Saurida  spp.), have been 
considered as the most suitable for processing export-quality surimi in Thailand, 
Malaysia, Vietnam, Myanmar, and Indonesia, whereas barracuda seem to be one 
of the main raw materials only in Malaysia. The SEAFDEC conducted a detailed 
survey on the “Surimi Industry in SE Asia”, under the ASEAN–SEAFDEC pro-
gram SEAFDEC/TD (Pangsorn et al.  2007 ). In surimi production, the quality 
depends largely on the freshness of fi sh. 

3.1     Bangladesh 

 Bangladesh produced the highest amount of bycatch, comprising 90 % of the total 
landings (Davies et al .   2009 ), whereas Kungsuwan ( 1999 ) estimated it to be 43 %, 
categorized as trash fi sh, 26 % and discard 10 %, shrimp 5 %, and commercial fi n-
fi sh 12 %. The fi sheries are categorized as artisanal and the use of estuarine set bag 
nets, drift nets, and trawl nets is the major factor contributing to bycatch production. 
Bycatch is composed of threadfi n bream, sea catfi sh, illisha shad, Bombay duck, 
croaker, and goatfi sh; the trash fi sh include russelli scad, longfi n silver biddy, pony-
fi sh, puffer fi sh; and the discarded species include cuttlefi sh, squids, crabs, rays, and 
sharks. It has been concluded that 83 % was the bycatch, 5 % was shrimp, and 12 % 
was fi sh of commercial value (Kungsuwan  1999 ). 

 In Bangladesh, the most popular products are breaded fi sh burgers, frozen pre-
cooked burgers, and fi sh fi ngers, followed by fi sh cakes and fi sh balls made of trash 
fi sh from shrimp bycatch (Etoh  1986 ; Ihm et al .   1992 ). Some of the low-value fi sh 
is not generally used for human consumption. The use of three fi sh species, that is, 
sea catfi sh ( Tachysurus thalassinus ), silver belly ( Leiognathus bindus ), and jewfi sh 
( Otolithoides microdon ), in the manufacture of surimi was investigated by measur-
ing their gel-forming ability. It was concluded that  T. thalassinus  and  O. microdon  
are suitable for use in surimi production (Nowsad et al.  1998 ).  

3.2     China 

 The capture fi sheries are diverse, using many methods, a large variety of gear, and 
produce multispecies catches. Reliable estimates of bycatch are not available; the 
estimate given for 1999 by Davies et al. ( 2009 ) is 68 % (Table  13.1 ). The species 
composition of the bycatch from the South China Sea area (Table  13.2 ) has been 
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reported by Lin ( 1999 ). Bycatch has been utilized generally in aquaculture and 
particularly for fi sh culture in China. The small trash fi sh species have been used in 
fl oating cages and at the nursery stage in shrimp culture and reduced to fi sh meal for 
advanced aquaculture operations. Some of the bycatch is processed for novel value- 
added products and traditional products like fi sh balls, fi sh cakes, surimi and its 
products, condiments, salted dried and smoked fi sh, and fi sh snacks. High-quality 
species are sorted for use in human consumption as fresh fi sh. 

 Sharks are caught as bycatch by set gillnets and drift nets. The species caught are 
 Hypoprion macloti ,  Carcharias latistomus ,  Carcharias pleurotaenia ,  Carcharhinus 
menisorrah , and  Carcharhinus sorrah . In areas of shark abundance, they account for 
30 % of the total catch, whereas in other areas, the proportion is very small. Trawlers 
also capture them as a bycatch. The species mainly caught are  C. sorrah ,  C. menisor-
rah ,  Scoliodon  spp., Sphyrnidae,  Chiloscyllium  spp., and, occasionally, big  Rhincodon 
typus  and  Cetorhinus maximus . It is estimated that shark caught as a bycatch of trawl-
ing amounts to 70–80 % of the total shark landings (Vannuccini  1999 ).  

3.3     India 

 The total marine catch was 2.81 million tons during 2004 (FAO  2004 ). In the tradi-
tional gillnet fi shery, the amount of bycatch is almost negligible. The considerable 
amount of bycatch is produced by longlines, shore seines, tidal nets, shrimp seed 
collection by small mesh nets, and shrimp trawl nets. The bycatch is 38 % as esti-
mated from data given by Gopakumar ( 1998 ) and 56 % by Davies et al. ( 2009 ) of 
the total landings. Bycatch is well handled and processed by local communities. 
The utilization of bycatch has been improved to a great extent in India during the 
1990s due to the economic liberalization process, which resulted in new markets for 
underutilized fi sh and the importance so gained forced fi shers to carefully handle 
their bycatch. The economic improvement of urban communities also played a key 
role for the market growth of novel value-added products. 

 In India, several conventional products like burgers, patties, sausages, fi ngers, 
pastes, fritters, loaves, wafers, cutlets, fi sh cakes, and pickled products have been 
developed from minced fi sh for human consumption. Details of these product devel-
opments have been given by many scientists (Setty  1987 ; Regier and Raizin  1988 ; 
Gopakumar  1987 ; Joseph et al .   1984 ; Rao  1981 ; Shenoy et al.  1983 ; Durairaj and 
Pichiah  1985 ; Venkatanarasimha and Chidambaram  1987 ; Salagrama  1999 ; and 
Reddy et al.  1990 ). In addition, Basu et al .  ( 1987 ) developed intermediate moisture 
fi sh cakes using various humectants and Sankar et al .  ( 1992 ) developed semi-dried 
fi sh cakes with 7 % and 10 % salt levels and a shelf life of 18 and 21 days, respec-
tively. The processes for instant soup powder from smoked, dried, and powdered 
sardines and restructured sardine meat by the addition of alginates were developed 
by Oh et al. ( 1988 ) and Nakayama et al. ( 1988 ). The stabilization of minced fi sh has 
been performed for storage at ambient temperature by adding tapioca starch, soy 
protein, and salt, followed by dehydration at 71–82  ° C (Venugopal and Shahidi  1995 ).  
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3.4     Indonesia 

 In Indonesia, 72 species have been identifi ed from bycatch; several predominant 
species are listed in Table  13.2 . The ratio of bycatch to the total catch is 62 % 
(Davies et al .   2009 ). It has been reported that fi sh smaller than 10 cm were discarded 
soon after catching, which resulted in a miscalculation of bycatch. The discards 
were estimated to be 88 % of the bycatch (Kungsuwan  1999 ), although it is reported 
that shrimp nets were equipped with bycatch excluding devices (BEDs) in the 
Arafura Sea and adjacent regions. No data are available on the effectiveness of 
bycatch after mounting the BEDs. A shrimp to bycatch ratio of 1:13 was obtained 
from a 16-day fi shing trip with 128 hauls. 

 In Indonesia, fi sh salting was the only method for bycatch utilization till 1999. 
Research has been conducted to explore the gelling capabilities of different fi sh spe-
cies for surimi production (   Chasana  1999 ). Data on the commercial production of 
surimi has been available since 2003. The combined surimi production from eight 
processing units was ~8,000 metric tons (MT), utilizing ~24,000 MT of fi sh as raw 
material in 2005 (Pangsorn et al.  2007 ).  

3.5     Japan 

 The information available from Japan on bycatch utilization is meager. Queirolo 
et al. ( 1995 ) reported Pacifi c halibut and herring from Japan. Another study by 
Matsuoka ( 1997 ) mentioned several fi shes as discards (trigger fi sh, fi lefi sh, dolphin-
fi sh, trevally, jacks; sharks: blue, Walbeem’s sharpnose, oceanic whitetip; sculpins, 
snailfi sh, stingrays, walleye pollock, thornyhead, rockfi sh, and pacifi c cod; juve-
niles of commercial species such as grunt, striped beakperch, barracuda, red bulls-
eye, anchovy, leatherjacket, sardines, conger eel, marbled sole, fi ne-spotted fl ounder, 
dogfi sh, cardinalfi sh, ponyfi sh, gobies, dragonet, brown sole, longsnout fl ounder, 
pointed fl ounder) with target species (such as skipjack tuna, walleye pollock, deep-
water shrimps, mantis shrimp, tanner crab) in some fi sheries (longline, surround 
net, trawl net, set net, bottom gillnets, boat seines, etc.), who tried to assess the 
quantities of the various species discarded. They concluded that the major discards 
problems are associated with the small trawl and boat seine fi sheries in the coastal 
waters of Japan. There are also major discards of fi sh associated with the distant 
water longline tuna fl eet. The discard reported by Matsuoka ( 1997 ) was 0.9 million 
tons from a total marine landing of 6.0 million tons; the discard rate is 14.2 %. 
Davies et al. ( 2009 ) reported an almost similar discard level of 13 % (Table  13.1 ), 
which is based on the report of Kelleher ( 2005 ).  
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3.6     Malaysia 

 From Malaysia, about 19 species have been documented from bycatch by Clucas 
( 1997 ). Davies et al .  ( 2009 ) reported 56 % bycatch (Table  13.1 ), whereas 66 % 
discards were documented by Clucas ( 1997 ). 

 There are several specifi c value-added products made from previously discarded 
species of trawl bycatch, such as salted dried fi sh, fi sh satay, barbecue snack food, 
and fi sh balls (Chee  1996 ). The fi sh species utilized in these products are given in 
Table  13.3 . It has been reported that  Rastrelliger  spp. ,   Apogon  spp., and  Secutor  
spp. were the predominant species during spring tide fi shing and during neap tides 
fi shing,  Stolephorus andhraensis  made up over 40 % of the trash fi sh; all of these 
fi shes are utilized in fi sh meal production. The criteria for the marketing of fi sh as 
human food or conversion to fi sh meal are based mainly on the size of fi sh, with 
small specimens being sent for fi sh meal production and the larger ones for human 
consumption, either fresh or dried. 

 In Malaysia, the overall production of surimi products in 2005 was around 
100,000 MT for the six main surimi processing plants. The quantity of raw materi-
als supplied to the surimi processing plants was 618,100 MT. Surimi products are 
used in local surimi-based products and are also exported to many countries; the 
main importers are USA, Chile, Japan, and Singapore (Pangsorn et al.  2007 ). A 
study undertaken on freeze-dried surimi powder in Malaysia showed the superior 
functional properties of powder made from threadfi n bream over the purple-spotted 
bigeye and lizardfi sh-based surimi (Huda et al .   2001 ). Malaysian surimi is catego-
rized from medium to low grade, though a large number and variety of surimi-based 
products has been developed. Some of the common products are fi sh balls, fi sh 
cakes, kamaboko, fi sh sausage battered and breaded products, e.g., nuggets, burg-
ers, fi sh fi ngers, patented shrimp, imitation crab meat, fi sh fi lament fi sh noodles, fi sh 
roll, and chikuwa (Pangsorn et al.  2007 ).  

3.7     Myanmar 

 The survey conducted by (Aye and Pyo  1998 ) revealed a fi sh catch to shrimp ratio 
of 70:30 %. Of the 70 % fi sh catch, 60 % was considered as bycatch, 10 % trash, and 
5 % discard, whereas 25 % comprised the high-quality fi sh. The bycatch comprises 
over 100 species of fi sh, squid, cuttlefi sh, spiny lobster, and elasmobranchs. The 
term “bycatch” was unknown until 1979–1980, when the FAO provided a consul-
tancy on shrimp handling and processing techniques through the ODA (DFID). As 
per the criteria and estimate of Davies et al. ( 2009 ), bycatch proportion is 48.6 % of 
the total catch. The most abundant species are lizardfi sh,  Terapon , hammerhead 
shark, stingray, sawfi sh, guitarfi sh, trevally, scad, shad, sardine, sole, anchovies, 
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spadefi sh, fl utefi sh, mojarras, Bombay duck, ponyfi sh, moonfi sh, threadfi n, angelfi sh, 
whiting, croakers (Table  13.2 ). Almost all of the catch is being utilized as fresh or 
processed into fi sh meal, animal feed, and traditional products like salted, minced, 
and pickled fi sh meat. 

 In Myanmar, the fi rst surimi plant was established in Yangon in 1994–1995 to 
produce surimi from bycatch. Fishes such as lizardfi sh, small barracuda, blackspot 
threadfi n, goatfi sh, small sea bass, threadfi n bream, and big-head pennah croaker 
are used for surimi processing, with a 50 % predominance of the threadfi n bream 
over all the other fi sh species. In 2007, there were fi ve surimi processing plants, 
which processed 11,454 MT of fi sh to produce surimi. Myanmar exported a total of 
4,230 MT during 2004–2005: 80 % of the total surimi production was exported to 
Japan, 18 % to China, and the remaining 2 % to Australia, Singapore, Taiwan, and 
Malaysia (Pangsorn et al.  2007 ).  

3.8     Pakistan 

 The Karachi fi sh harbor handles 90 % of Pakistan’s marine catch. As per observa-
tions made by Pitcher ( 2005 ), a three-fold increase in bycatch of non-target species 
in the shrimp trawl fi shery has been found, which has raised the level of bycatch to 
more than 60 % of the landings. Marine fi shery landings produce 192,000 MT of 
bycatch in 2003 (Davies et al .   2009 ), estimated from a total marine catch of 
320,000 MT (Table  13.1 ). The species diversity of fi sh and shellfi sh is high 
(Table  13.2 ). The bycatch is predominantly utilized for the production of fi sh meal. 
About 90 % of the bycatch is utilized by the fi sh meal processing industry; on aver-
age, 178,000 MT (1987–2003) of fi sh is reduced to fi sh meal by 30 manufacturing 
units (Shakir and Bano  1999 ). In addition to the bycatch, fi sh processing discards 
are also included in the processing of fi sh meal. The produced fi sh meal is usually 
used as poultry feed. Pakistan has a capacity of producing 52,000 MT of fi sh meal 
annually. Besides China, Pakistan exports fi sh meal to Sri Lanka, Egypt, Malaysia, 
Indonesia, Russia, and Vietnam. It exported 42,500 MT in 2008/2009, while exports 
declined to 35,200 MT in 2009/2010, due to the lack of fi sh catch and less produc-
tion (Khatoon et al .   2006 ; All About Feed, September 2011). 

 The more sophisticated products like fi sh hydrolysates having better func-
tional properties is a focus of attention in Pakistan (Begum et al.  1984 ). It can 
further be incorporated into fortifi ed beverages. A variety of fi sh syrups have 
been developed by different formulations with the addition of different vitamins, 
minerals, and antioxidants. The syrups serve the purpose of food supplement/
tonic and good remedy for malnutrition, as it has a full range of amino acids and 
minerals naturally found in fi sh (Shakir and Bano  1999 ). Studies have been 
undertaken on the production of fi sh silage, fi sh sauce (Fatima and Qadri  1987 ; 
Zuberi et al .   1993 ,  1995 ), and ready-to- eat products like fi sh preserve for market-
ing (Shakir and Bano  1999 ).  
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3.9     Philippines 

 The catch of trawl fi sheries is composed of more than 80 species (Dickson  1997 ), of 
which only 10 % are shrimp and the remaining 90 % is bycatch, which is predomi-
nantly composed of crab (19 %),  Squilla  spp. (13 %),  Apogon  spp. (11 %), 
 Dactyloptena orientalis  (11 %), and eel (6 %). The remaining species are in less 
than 5 % in quantity. In the otter trawl catches, Ordonez ( 1985 ) reported 21.6 % 
bycatch composed of 46 species, of which the top 10 are given in Table  13.2 . 

 In the Philippines, the bycatch is fully utilized in a wide range of products in the 
form of salted, fermented, dried, or value-added products. (Ordonez  1985 ) consid-
ered this as multispecies trawl fi shery with a small amount of trash, though the 
statement is not justifi ed to any of the defi nitions of bycatch. The success of the 
utilization of bycatch can be attributed to the landing of bycatch in ice-chilled con-
dition, which is marketed as fresh or processed into salted, dried, fermented prod-
ucts, fi sh meal, or used in aquaculture. According to an estimate, more than 50 % 
of the bycatch and trash fi sh is consumed by the fresh fi sh market, where communi-
ties belonging to low economic levels buy these small fi sh. The traditional prepara-
tion involves boiling them in water with salt and vinegar or just water with 
calamansi (a sort of lemon). The utilization of bycatch and trash fi sh is optimized 
to such an extent that small crablets entangled in nets and previously discarded are 
also relieved from the nets and sold to restaurants, where they are prepared as a 
specialty, i.e., crispy crablets (Legaspy  1999 ). The most common preservation 
method for bycatch utilization is salted and sun dried, followed by fermented, 
cured, and minced fi sh products. The details of the fi sh species utilized in specifi c 
products are presented in Table  13.3 . The Philippines is a ready market for conve-
nience foods (Marfori et al .   1991 ) like fi sh balls, noodles, and sausages. The mince 
of Indian oil sardine ( Sardinella longiceps ) has been used for sausages, as noted by 
Ravishankar et al. ( 1993a ,  b ).  

3.10     Sri Lanka 

 Marine fi sh diversity is very rich in Sri Lanka as it is located in the tropics, and 610 
species of coastal fi sh have been reported, which accounted for about 40 % of the 
coastal fi sh catch. In addition, 90 oceanic species of large pelagic and 215 species 
of demersal fi sh are found; abundantly found species are  Sardinella  spp., 
 Amblygaster  spp.,  Rastrelliger  spp.,  Auxis thazard ,  Anchova commersoni , and 
 Hirundichthys coromandelensis ,  Lethrinus  spp.,  Trichurus  spp.,  Caranx  spp., skates 
and rays,  Cynoglossus  spp.,  Jojnius  spp. and  Tolithus  spp.,  Katsuwonus pelamis , 
and  Thunnus albacares.  Moreover, about 60 species of sharks live in the oceanic 
waters of Sri Lanka. Of these, the most common are  Carcharhinus falciformis , 
 C. longimanus ,  C. melanopterus ,  Alopias pelagicus ,  Sphyrna zygaena , and  S. 
lewini.  Skipjack and yellowfi n tuna have dominated the offshore catches within 
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a 60–70- km range from the coast along the south, west, and east coasts. 
About 285,000 MT of fi sh was landed in 2004 (MRAG  2012 ). 

 Gillnets account for the majority of catches and are the main contributors of 
marine turtles and mammals bycatch. Tuna longlines also kill turtles. Sharks also 
reportedly constitute to the bycatch. A turtle conservation program conducted a 
study from November to June 2000 and recorded a bycatch that comprised 5,241 
turtles, of which 20 % were killed and the remaining 80 % were released alive. This 
bycatch was composed of 37 % olive ridleys,  Lepidochelys olivacea , 30 % logger-
heads,  Caretta caretta , green turtles, 20 %  Chelonia mydas , and the remaining 3 % 
were unidentifi ed (Kapurusinghe  2006 ). The turtle bycatch rate has increased from 
an average of 4,000 in the mid 1970s (Frazier  1980 ) to 13,000 turtles per year in 
2000 (Kapurusinghe and Samana  2001 ), presenting an increase of 225 % over the 
last 30 years due to the signifi cant growth in the gillnet fl eet in this country. 

 Traditionally, fi sh processing in Sri Lanka consisted of activities such as drying 
and curing. The quality of fi sh landings in this country is generally poor and wast-
age is high, especially in catches of multiday boats. About 25–30 % of the catch 
landed by these boats is of poor quality.  

3.11     Thailand 

 In Thailand, bycatch is divided into two main components, “other food fi sh” and 
“trash fi sh”. The “other food fi sh” consists of both target and non-target species. 
The specimens of poor quality of the target species are dumped into the bycatch. 
Out of ~70 species from trash fi sh, the most abundant is ponyfi sh,  Leiognathus  spp., 
and juveniles of economically important demersal species, shrimp, squid, and cut-
tlefi sh. The ratio of bycatch and target species determined by Kungsuwan ( 1999 ) is 
as follows: other food fi sh (6), trash fi sh (32), commercially important fi sh (34), 
shrimp (5), or the shrimp to bycatch ratio is about 1:8. 

 The species composition of bycatch is presented in Table  13.2 . Some of the 
bycatch species, particularly the white-fl eshed fi sh like threadfi n bream, lizardfi sh, 
bigeye, and croaker, became the target species later due to the rising demand of 
minced fi sh industries (Kungsuwan  1999 ). In Thailand, the initial efforts for the 
utilization of bycatch were concentrated on fi sh balls from minced fi sh in 1981 and 
the minced fi sh products became popular for both the domestic (fi sh balls) as well 
as export (surimi-based products) markets. The protein content of noodles has been 
increased by the inclusion of minced lizardfi sh at varying proportions in the formu-
lation (Phithakpol et al .   1986 ). The development of a range of products has been 
reported (Suwanrangsi  1988 ), with the assistance of the SEAFDEC. A range of 
products such as fi sh pastes, fi sh biscuits, and fi sh satay has been developed using 
different fi sh species (Table  13.3 ). The greatest part of the trash fi sh is utilized for 
the preparation of fi sh meal, which is used in aquaculture operations. 

 Thailand started surimi production in 1978 and reached a level of 65,000 t in 1994, 
and proceeded to more than double the production to 150,000 t in 2005, from 21 surimi 
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processing plants. Four species, viz threadfi n bream ( Nemipterus  spp.), lizardfi sh 
( Saurida  spp.), bigeye ( Priacanthus  spp.), and croaker, are commonly used in the Thai 
surimi industry. About 70 % of the total frozen surimi was exported to Japan, Singapore, 
Taiwan, Korea, Malaysia, Hong Kong, Europe, China, Canada, and the USA in 2005, 
and another 30 % was used in the surimi-based products within Thailand.  

3.12     Vietnam 

 The annual total amount of trash fi sh estimated by the Research Institute of Marine 
Fisheries in Vietnam is 930,000 MT, all of which is used for aquaculture feed or 
feed ingredients. The entire Vietnamese trawl fl eet does not comply with the regula-
tion for minimum net mesh size. The catch from this trawl fl eet is unmanaged and, 
therefore, considered as bycatch in accordance to the criteria defi ned by Davies 
et al .  ( 2009 ). The estimates of Edwards et al. ( 2004 ) for the bycatch from the shrimp 
fl eet vary from 60 to 80 %. The previous estimate of bycatch is ~38 % by the 
Ministry of Fisheries (MOFI), Vietnam, during the period 1991–1995. The main 
products from 150,000 MT of bycatch (Table  13.3 ) are dried fi sh, fresh and chilled 
fi sh, fi sh meal, and fi sh sauce (Thuc  1999 ). 

 Surimi production has shown a many fold increase in Vietnam. Thuc ( 1999 ) 
reported an export fi gure of 386.85 MT in 1993. The production fi gure increased 
from 16,502 MT in 2003 (Vietnam Association of Seafood Exporters and Producers ,  
2003) to 83,495 MT in 2005 from 17 processing plants (Pangsorn et al .   2007 ). The 
total quantity of raw material or fi sh used was 115,035 MT. Almost 90 % of the total 
frozen surimi production was exported to many countries. The main importers are 
Korea and Japan, who imported 69.5 % and 28.2 % of the total production, respec-
tively. The others importer were Singapore, Thailand, Malaysia, China, Taiwan, 
USA, Europe, Australia, New Zealand, Russia, and Mexico. The fi sh species King 
Snapper ( Pristipomoides fi lamentosus ), lizardfi sh, bigeye, white croaker, and others 
are utilized in the surimi industry (Pangsorn et al .   2007 ).   

4     Products from Fish Bycatch 

 This section presents a comprehensive account of fi sh products developed from 
bycatch in Asian countries. These products range from traditional to value-added 
products (Govindan  1985 ; Sen  2005 ; James  1998 ). The technologies involved in the 
processing of fi sh curing, minced fi sh products, canning, and chilling-freezing have 
been generally well documented (Redhead and Boelen  1990 ; Hall  1992 ; Alasalvar 
et al.  2010 ). The processing of these products involves simple methods used at 
home or at the cottage industry level, as well as high technology being used 
for large-scale production. The products prepared in different countries largely 
depend on the cultural, social, religious, and traditional values of the country. 
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Though the number of products prepared from bycatch in Asia is enormous and 
varies considerably, these products can be broadly categorized as: (i) cured, (ii) 
fermented, (iii) hydrolyzed, (iv) minced, (v) dehydrated protein-rich foods, (vi) 
canned, and (vii) miscellaneous products. The cured products include dried fi sh, 
dried salted fi sh, smoked fi sh, and pickled fi sh; the fermented products are catego-
rized as fi sh sauce, fi sh silage, and fi sh paste; among the hydrolyzed products, are 
fi sh protein concentrate (FPC) and fi sh protein hydrolysate (FPH); minced products 
have a wide range of intermediate products, such as fi sh surimi and fi sh mince 
block, which are further processed into fi sh balls, fi sh cakes, fi sh sausages, fi sh 
burgers, etc. The dehydrated protein-rich foods are actually the addition of dried 
fi sh powder to increase the protein content of fi sh noodles, macaroni, fi sh wafers, 
fi sh cutlets, and fi sh soup powder. The products fi sh marinades, fi sh meal, and fi sh 
fertilizer are included in the miscellaneous products category. 

4.1     Cured Products 

4.1.1     Dried Products 

 Dried fi sh is the oldest product obtained from bycatch. Drying removes water in order 
to protect from microorganisms. It reduces the water content to 10–15 % and also 
inactivates enzymes. Small fi sh are simply dried in the sun. Large fi sh take a longer 
time to dry in sun and, hence, most of the time, they are prone to spoilage before dry-
ing. The drying step is a traditional fi sh preservation method used in most Asian coun-
tries (Cutting et al.  1956 ; Jonsyn  1965 ; Chakraborty et al.  1976 ; Balachandran  2001 ). 
The product is placed on the ground, mats, racks, etc. in the sun. It depends entirely 
on the intensity of sunlight, the weather, and moisture removal, which relies on air 
circulation or the rate of evaporation (Cutting et al.  1956 ; Cutting  1962 ). The other 
method utilizes hot air dryers for drying fresh or salted fi sh (Chakraborty et al.  1972 ). 
The temperature is kept below 45 °C. Hot air drying has the advantage of a controlled 
environment in order to obtain a hygienic product with no microbial contamination, 
as well as being free of any extraneous material and infestations. In the accelerated 
mechanical drying, the temperature of the drying air can be increased without the loss 
of properties and appearance, i.e., the color of the product. Therefore, a high-quality 
product is made in much less time (Aitkin et al.  1967 ; Balachandran and Bose  1964 , 
 1965 ). The method is being utilized in large operations.  

4.1.2     Salted Fish 

 Salted dried fi sh is commonly prepared in Asian countries from bycatch (Del Valle 
and Gonzalez-Inigo  1968 ). Fish are treated with salt solution in a fi xed ratio (15–
20 %). For wet curing, fi sh is washed, eviscerated, split, and mixed with salt and left 
for 48 h (Sen  2005 ). The fi sh are hung or spread over bamboo mats or a cement 
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platform for drying. In dry curing, the fi sh is washed, cut dorsoventrally, opened, 
eviscerated, scored and sprinkled with salt, and put into containers, with a wooden 
plank placed over them. After 24 h, the fi sh are turned down to mix thoroughly in 
brine to degenerate enzymes and kill pathogens; the fi sh in brine mixture is washed 
with water and dried in the sun for 2–3 days. Different traditional methods are being 
used in different countries. However, these methods may fall into one of the three 
main categories of salting methods:

   Curing: The dry salt is applied to the fl esh side of the dressed fi sh and the fi sh is 
stacked. The moisture of the fi sh is drained away with the penetration of the salt. 
This method is not suitable for fatty fi sh due to the problem of rancidity, which 
is the result of fat oxidation.  

  Pickling: The fi sh is retained in the brine solution produced as a result of salt pen-
etration. The method is useful for fatty fi sh.  

  Brining: This method involves the soaking of fi sh in saturated salt solution or brine. 
It is useful for the preservation of fatty fi sh.     

4.1.3     Quick Salting Process 

 A quick salting process been developed in order to shorten the processing time as well 
as to mechanize the process for large-scale production. Between 20 and 100 % if salt 
by weight of fi sh is added to the skinned fi sh fl esh and ground mechanically (Del Valle 
and Gonzalez-Inigo  1968 ; Del Valle and Nickerson  1968 ). The simultaneous salting 
during grinding increases the rate of salt penetration; thus, the salting time is reduced. 
The mix is ground further for homogenization or uniform mixing. The fi sh is pressed 
after salting to reduce the moisture by 50 % and then subjected to sun drying. This is a 
useful method for the preservation of fatty fi sh because, during salting, the fi sh remains 
immersed in brine and, therefore, rancidity is minimized (Del Valle and Nickerson 
 1968 ; Hiremath et al.  1985 ,  1989 ). Other rapid techniques include boiled salted fi sh, 
bagged salted fi sh, and dehydration injection salted fi sh (Mendelsohn  1974 ).  

4.1.4     Smoked Fish 

 The eviscerated, washed, and salted fi sh is smoked by coconut husk or saw dust or any 
other wood according to fl avor acceptance followed by drying. Smoke impacts on the 
pleasant fl avor and preservative effect (Jonsyn and Lahai  1992 ; Joseph et al.  1984 ,  1987 ).   

4.2     Fermented Fish Products 

 Small marine fi sh (anchovies, clupeids, lizardfi sh, etc.) from bycatch are used for 
the preparation of traditional fi sh sauce (nuoc-mam, nam-pla), fi sh silage, and fi sh 
marinades. 
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4.2.1     Fish Sauce 

 Fish sauce is prepared by stacking the whole fi sh with salt (with a ratio of 1:1–1:5 
w/w) in tubs, which are sealed from air and left at room temperature for 2–18 
months (US FDA  1977 ; Zuberi et al.  1988 ; Thongthai et al.  1990 ). Salt acts as a 
preservative to control microbial spoilage and the autolytic enzymes break down the 
fi sh proteins. The fi sh liquefi es and the liquid is drawn and fi ltered. This fi ltrate is 
the fi rst-grade fi sh sauce having a typical cheesy aroma; 25 % brine is added to the 
residue and left for a further several days or weeks; the liquid is drawn and fi ltered 
to make the second-grade fi sh sauce. The residue at this stage may be used as a 
fertilizer or be further extracted with boiling brine. These extracts are mixed with 
different amounts of fi rst-grade liquid and, thus, different grades are obtained. First- 
grade sauce contains 2–3 g nitrogen/100 g and has a salt content of 20–25 g/100 g 
and a pH < 6. The quality of product depends on the raw materials, amount of salt 
used, fermentation time, and capricious factors.  

4.2.2     Fish Silage 

 Fish of low nutritional quality or commercial value and fi sh waste from the fi sh 
processing plants is hydrolyzed by different acids (50–75 % sulfuric acid or 85–90 % 
formic acid) to make fi sh silage. Fish silage is used as an animal/cattle feed. This 
product is odorless and has high nutrient apparent digestibility, which ranges from 
31.9 to 84.4 % (Hertrampf and Piedad-Pascual  2000 ) and is considered to be supe-
rior to fi sh meal (Stanton and Yeoh  1977 ; Disney et al.  1978 ; Disney and James 
 1980 ; Srinivasan et al.  1985 ; Sen  2005 ). Hertrampf and Piedad-Pascual ( 2000 ) con-
cluded that its inclusion level should be restricted to not more than 20 % of the 
protein content of the diet. Fish silage can also be produced by fermentation using 
fermentable substrate such as molasses or starch of sweet potato. The pH is adjusted 
to 5 and microorganisms, mainly lactic acid bacteria, are used for fermentation 
(Zuberi et al.  1993 ,  1995 ).  

4.2.3     Fish and Shrimp Paste 

 Fish and shrimp paste products are common in Indonesia, Malaysia, Myanmar, 
Thailand, and Vietnam. A large number of fermented products with local names 
are prepared locally. Fish and shrimp pastes are made either by a fi sh–salt mixture 
in various proportions or from salted fi sh fermented in the presence of cooked, 
boiled, or roasted fl our, bran, rice, wheat, or soybeans. Whole fi sh or pieces of 
fermented fi sh are also marketed (Redhead and Boelen  1990 ). Fermented fi sh is 
broken down into soft paste or puree that has a creamy texture. It is used as a condi-
ment or seasoning to add fl avor to food. Fish pastes are hot packed containing fi sh, 
potato, butter or lard or hydrogenated oil, and a small amount of fl our. The incor-
poration of starchy material minimizes the fi sh fl avor of the product. 
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These products are commercially produced in many countries of SE Asia, including 
Japan. Fresh fi sh is dressed, washed, and mixed with common salt (1.5 % of the 
fi sh weight) and pressure cooked; separated meat is mixed with boiled potato and 
other ingredients. The blend is solid packed in lacquered cans, which are exhausted 
and seamed (Sen  2005 ).   

4.3     Hydrolyzed Products 

4.3.1     Fish Protein Concentrate (FPC) 

 FPC processing technology was quite popular during the 1960s and 1970s, and a 
number of publications mainly from the FAO have been compiled. Later, the tech-
nology was transformed mostly to fi sh protein hydrolysate. The processing of FPC 
has now almost entirely abandoned. FPC contains about 80 % good-quality protein 
with a full range of essential and non-essential amino acids in just the right balance 
for human nutrition. Other foods may contain high amounts of protein but are fre-
quently defi cient in one or more of the amino acids that are essential for growth. 
This is a free-fl owing, colorless and odorless powder which can be incorporated in 
several food preparations at up to 5–10 % for enrichment. It is to be prepared exclu-
sively from the edible portions of the fi sh, with bone, skin, fat, etc. removed so as to 
increase the protein content and ensure longer shelf life. 

 The most common method employed is cooking of the eviscerated fi sh, sepa-
ration of the edible meat, and pressing and extracting the press cake with an 
organic solvent to remove fat and odoriferous compounds. There are a number of 
processes for the preparation of fi sh meal. A widely used process is called the 
“VioBin process” (Govindan  1985 ). In this process, fi sh muscle is well ground, 
suspended in ethylene dichloride (B.P. 181 °C) with water (B.P. 100 °C), and 
heated externally. The solvent forms an azeotropic mixture with the water in the 
fi sh muscle and distills. When all the water is removed, the mixture of residual 
solvent, which holds all the fat present in the fi sh meat in the solution, and the 
dehydrated meat are separated by fi ltration, and the meat portion is washed 
repeatedly with the solvent to remove all adhering fat, freed from all the solvent 
by heating and pulverization.  

4.3.2     Fish Protein Hydrolysate (FPH) 

 FPH is a value-added, protein-rich product obtained by enzymatic protein hydroly-
sis. The hydrolysis of protein is carried out by the addition of enzymes of animal or 
vegetable origin, under controlled conditions of pH, temperature, and time (Sen and 
Lahiry  1962 ; Halliday and Disney  1974 ; Sugiyama et al.  1991 ; Warrier et al.  1996 ; 
Sen  2005 ). Processes for the preparation of FPH for lean and fatty fi sh are differ-
ent. In lean fi shes, the fi sh is minced and subjected to enzymatic digestion. 
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The enzymes are subsequently deactivated by boiling and followed by centrifugation 
and  fi ltration for clarifi cation. After vacuum concentration, it is dried and packaged. 

 Fatty fi sh is cooked and pressed to obtain liquor, which is centrifuged to remove 
oil. The press cake is dispersed in water and digested with enzymes. After deactiva-
tion of the enzyme, the digest may be centrifuged to remove bones and indigestible 
fractions. Subsequent operations are the same as lean fi sh. Enzyme should be of 
food grade and active at 70 °C near neutral pH. If fi sh has more than 1 % fat, it 
should be stabilized with an antioxidant. The use of an antifoaming agent like sili-
cone is necessary during vacuum concentration to reduce frothing and foaming. The 
product is hygroscopic, so it is packed in a humidity-controlled chamber. The recov-
ery rate is 7.5–13.5 % and the color is reddish brown, creamy, or white, with a bitter 
taste and a fi shy smell. Moisture is 1.4–8.5 %, protein 80–93 %, fat 0–5 %, and ash 
3.2–8.6 %. It contains nitrogen, proteases, peptones, and also free amino acids.   

4.4     Minced Fish Products 

 Minced fi sh is a commercial product in many Asian countries prepared from bycatch 
resources. It is popular because of the ease with which it can be used as a principal 
or supplementary ingredient in different delicious and nutritious preparations, e.g., 
kamaboko, sausages, cakes, patties, fi sh balls, fi sh sticks, meat extenders, etc. 
(Pruthiarenum et al.  1985 ,  1986 ). The functional properties of mince fi sh are its suc-
culence, juiciness, fat-absorbing ability, and gel-forming ability, amongst others. 

 The minced meat is obtained by the deboning of fi sh; it is prepared by washing 
with water to remove the water-soluble proteins and a signifi cant amount of fat. 
Most species of bycatch can be converted to minced fi sh either mechanically or 
manually. The yield of mince may vary between 35 and 50 %, depending on the 
type of fi sh used. Minced fi sh cannot be kept unprocessed for long due to its highly 
perishable nature, particularly where handling practices are not sound during pro-
cessing and production. It can be kept frozen for 8–9 months without any loss of 
quality (Revankar et al.  1981 ; Agarwal et al.  1986 ). The use of tripolyphosphate and 
sodium chloride helps in the maintenance of mince quality during frozen storage 
(Ghadi and Lewis  1977 ), whereas the addition of benzoate phosphate is reported to 
have extended the shelf life for 13 days at 0 °C (Jantawat and Yamprayoon  1990 ). 
Nonetheless, minced fi sh has become the most accepted way of utilizing bycatch of 
low-value and pelagic fi sh (Steinberg et al.  1977 ; Sen  2005 ). 

4.4.1     Block-Frozen Fish Mince 

 Fish mince can be quick frozen at −40 °C after pressing into 500-g and 1-kg blocks. 
The blocks are glazed with water by dipping in ice-cold water after freezing, as they 
are very susceptible to freeze dehydration. It is an excellent consumer product when 
packed properly (Gopakumar  1998 ).  
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4.4.2     Texturized or Molded Products 

 Fish mince can be used as a raw material for the preparation of several products, 
such as fi sh balls, fi sh burgers, fi sh fi ngers, etc. (Krishnaswamy et al.  1962 ; Shenoy 
et al.  1988 ; Venugopal  1992 ; Venugopal et al.  1992 ; Gopakumar  1998 ). The mince 
is washed two to three times with water and mixed with salt, starch, and some form 
of preservative to make dough, which can be shaped into blocks or other desired 
shapes, like fi ngers, cakes, etc. These can be battered and breaded and fried in veg-
etable oil. Seasoning and spices can also be added to impart desired fl avors and 
tastes. Fish fi ngers made out of mince may not have the properties of fi ngers pre-
pared from whole fi sh fi llet, but fi ngers prepared from minced meat are comparable 
for most sensory properties, like taste and fl avor. However, being much cheaper, 
they offer better market prospects.  

4.4.3     Fish Cutlet 

 Fish cutlets or cake can be prepared from whole fi sh or fi sh mince. Fish cutlet is a 
highly acceptable consumer product for both urban and rural populations in India. 
The meat is separated after cooking the fi sh. Boiled, peeled, and mashed potatoes 
are added to the cooked fi sh mince, as well as salt and some spices, and then it is 
soft fried in vegetable oil. Patties are made, dipped in batter, and rolled over bread 
crumbs. The battered and breaded fi sh cutlets are fl ash fried in vegetable oil, packed 
in consumer packets, and stored under −20 °C for up to 6 months. Cutlets are to be 
deep fried prior to consumption (Joseph et al.  1984 ).  

4.4.4     Fish Burger 

 Fish burgers are included in ready-to-eat convenience products of modern living. 
Minced fi sh is used for making various shapes; the product can be battered and 
breaded and used in fi sh burgers to produce value-added products. Precooked frozen 
burgers have been developed using sardine meat. Chopped sardine meat is mixed 
with 14 % emulsion curd, 8 % bread crumbs, 3 % soy protein, 1.5 % salt, 2 % sugar, 
0.4 % bicarbonate, and 0.2 % polyphosphate and spices. The seasoned sardine meat 
is fried in oil at 165 °C for 3 min (Etoh  1986 ; Roessink  1989 ).  

4.4.5     Surimi 

 The process for making surimi was developed in many areas of East Asia over 
900 years ago. It is a Japanese term used to denote a semi-processed fi sh paste 
material. Surimi is processed from the mechanically deboned fi sh fl esh, which 
is washed many times to remove lipids, blood, and soluble proteins, leaving 
behind the myofi brillar protein. These stabilized myofi brillar proteins are 
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blended with cryoprotectant for long shelf life in frozen storage. A review of the 
methods has been done by Nopianti et al. ( 2010 ) for the improvement of surimi 
quality and to increase the quantity of myofi brillar protein. The cryoprotectants 
used by different workers are sorbitol, sucrose, polydextrose, lactitol, Litesse, 
maltodextrin, trehalose, sodium lactate, and mixtures of the above cryoprotec-
tants. Phosphate is normally added to surimi in combination with cryoprotec-
tants to reduce viscosity, increase moisture retention, and improve the protein’s 
ability to reabsorb liquid when the surimi is thawed or tempered, and to increase 
the pH slightly, which leads to improved gel-forming ability, gel strength, and 
cohesiveness. Food additives like egg whites, beef plasma protein, whey protein 
concentrate, and chitosan are also used to improve physical properties and to 
prevent the textural degradation of surimi. A more recent process has been 
developed for surimi production using an acid and alkaline washing method, 
which has shown a signifi cant increase in the concentration of myofi brillar pro-
tein in surimi on an experimental basis (Nopianti et al.  2010 ). Surimi comprises 
17.3 % proteins, 1.4 % fat, 4.1 % carbohydrates, 2.6 % ash, and 75 % moisture. 
It is an intermediate product made from minced fi sh meat for further use in vari-
ous kinds of food products, such as fi sh balls, fi sh cakes, fi sh pastes, fi sh sau-
sages, imitation crab legs, crab meat, imitation shrimp, and as an ingredient in 
thick soups.  

4.4.6     Surimi-Based Products 

 Seasoning and salt are added to make seasoned surimi, which is then shaped into 
various forms, such as fi sh balls, fi sh cakes, fi sh sausages, and many more prod-
ucts in technologically advanced countries like Japan. The development of fi sh 
sausages is credited to Japanese scientists, which is based mostly on the surimi 
technology. The ingredients for fi sh sausages are fi sh, any other grounded meat 
like poultry, pork, beef, and mutton, starch, seasonings, species, phosphates, 
food colors, and antioxidants, permitted preservatives. Isolated soy protein in a 
small amount (2 % of the total) may also be included. The product is packed in a 
casing which is sealed and heat processed to extend the shelf life. Instead of 
using ground fi sh meat paste, surimi is almost exclusively used at present in 
Japan for fi sh sausage production. Many other value-added products are manu-
factured in Japan, mostly from walleye pollock, which is not considered bycatch, 
hence, is not mentioned here. Fish sausages are developed from the mince of 
Indian oil sardines (Ravishankar et al .   1993a ,  b ). Fish such as trevally and uni-
corn leatherjacket are also used for battered and breaded products from surimi 
(Yu and Siah  1996 ,  1997 ). Recently, some new surimi-based snacks, locally 
called seafood samosas, have been developed in India on a commercial scale, 
which is available in 250-g packs. The snack is a stuffed pastry, consisting of a 
fried or baked triangular and semi-lunar pastry shell with a savory fi lling, which 
may include spices, potatoes, onions, peas, and coriander with fi sh surimi 
(Infofi sh International, 1/2011).   
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4.5     Dehydrated Protein-Rich Food 

 Protein-rich foods based on fi sh bycatch in a dehydrated form and starch from dif-
ferent sources have been developed, such as fi sh macaroni, fi sh noodles, fi sh potato 
fl akes, fi sh fl akes, and fi sh wafers. In addition, various products like cutlets, wafers, 
spirals, soup powder, etc. are manufactured using fresh  Acetes indicus  (Zynudheen 
et al.  1998 ). The following sections detail products which have been developed in 
India and SE Asia (Gopakumar et al.  1975 ; Gopakumar  1998 ; James  1998 ). 

4.5.1     Fish Satay 

 Fish satay is a very popular and successful product of Malaysia, Thailand, and 
Indonesia. In Malaysia, fi sh satay is made from goatfi sh (Min  1998 ; Bakar  1987 ), 
whereas in Thailand, lizardfi sh ( Saurida  spp.) is used for the same purpose 
(Pruthiarenum  1986 ; Suwanrangsi  1986 ,  1988 ). To make fi sh satay, deboned fi sh is 
mixed with salt, sugar, fl our, and sesame seeds, spread into sheets, and dried for 
4–5 h. Then, the dried sheets are fried. The product has a shelf life of at least 5 
months at ambient temperature.  

4.5.2     Fish Soup Powder 

 White fl esh of many low-value fi sh like threadfi n bream, sciaenid, perches, etc. can 
be used to prepare instant fi sh soup powder with the addition of emulsifi er, thicken-
ing agent, spices, and preservatives. The fi sh is used in a partially hydrolyzed form. 
The product is highly hygroscopic and requires special packaging, such as 12-μm 
plain polyester laminated with LDPE-HDPE co-extruded fi lm (Alasalvar et al. 
 2010 ). This product has gained high consumer acceptability and is produced in 
India by several manufacturers. It is a high-value item for urban populations due to 
its short preparation time (Gopakumar  1998 ; Sen  2005 ).  

4.5.3     Fish Macaroni/Fish Noodles 

 Fish macaroni is based on a blend of fi sh fl esh and starchy material like wheat semo-
lina or a mixture of wheat semolina and tapioca fl our. The starchy component is 
gelatinized and added to fi sh muscle. The blend is cooked and pressed in an extru-
sion press and dried. The protein content of the product is about 15 %. Fish noodles 
were also developed by Bhatia et al. ( 1959 ) and Phitakpol et al. ( 1986 ) by the incor-
poration of 25 and 30 % fi sh into the noodles mixture, which, in turn, increased the 
protein content to 28 %.  
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4.5.4     Fish Potato Flake 

 Fillets are steam cooked and minced. The bones are removed by rubbing the cooked 
and minced fi sh on a 40-mesh stainless sieve. Cooked, peeled, and mashed potatoes 
are blended with cooked fl esh in equal quantities (1:1) and slurry is made. The 
slurry of fi sh and potato is dried on a double-drum dryer and fl aker. The contact time 
is 10 s with a drum rotation of 5 rpm, and the steam pressure is 40 psi. The dried 
product is removed in the form of continuous thin fl akes. The product is crisp in 
texture, with a cream white color and a pleasing mild fi sh fl avor. The product has 
7.5 % moisture, 45.5 % total protein, 6.6 % total ash, and 4.5 % ether extractives 
(Krishnaswamy et al.  1965 ).  

4.5.5    Fish Flake 

 Some species of fi sh bycatch are used to prepare fi sh fl akes. The meat is separated 
from cooked fi sh and added with orthophosphoric acid, and water is removed by 
pressing. The deodorized meat is homogenized with corn starch, common salt, and 
water to obtain slurry, which is poured onto fl at aluminum trays to a thickness of 
1 mm and steam heated for 20 min. The material is cut to give fl akes of appropriate 
size and dried in a tunnel dryer to a moisture content of about 8 %. In addition to 
corn starch, wheat fl our ( maida ), tapioca starch, and black gram powder could also 
be used (Moorjani et al.  1962 ; Venugopal and Govindan  1967 ).  

4.5.6    Fish Wafer 

 Wafer is a dried product of any shape with small thickness, prepared from a blend of 
fi sh meat, starch, and salt. Upon frying, the product swells to two to three times its 
initial volume. Fried wafer is crisp and highly delicious. Alternatively, fi sh mince may 
also be used instead of fi sh meat. The mince is fi rst cooked in water and is pressed to 
remove the water; tapioca, corn starch, and, subsequently, common salt are added, 
followed by grinding after each addition. Homogenized material is poured onto fl at 
aluminum trays to a fi lm thickness of 1–2 mm and dried in drying cabinets or solar 
dried until the moisture content is below 6 %. The product may be packed in lami-
nated pouches for retail sale. Packed product has a good shelf life. A typical sample 
has 5–6 % ash, 1–2 % fat, and 60–65 % carbohydrates (Gopakumar  1998 ).  

4.5.7    Protein Powder 

 Protein powder is made from  Acetes  spp. caught as bycatch, by drying heat- 
coagulated pulp in the sun and under a vacuum, and can be used as seasoning for 
various preparations (Garg et al.  1977 ).   

13 Bycatch Utilization in Asia



274

4.6     Canned Fish 

 A considerable portion of fi sh bycatch resource is utilized for canning. Sardines are 
most commonly used for canning. Fresh fi sh is washed, and the heads, fi ns, and tails 
trimmed, scales scraped, and the viscera removed. The dressed fi sh are cleaned 
thoroughly to remove blood, slime, and scales with potable water, taking special 
care of the stomach cavity; the fi sh are immersed in 15 % salt solution for 15 min. 
The brined fi sh are placed in perforated trays and cooked in an autoclave at 0.35 kg/
sq cm steam pressure for 35–40 min, allowing the cook drip to drain off. This step 
assists in bringing about the required shrinkage of the fi sh, casting off excess water 
content, inactivating the enzymes, and invoking partial sterilization. The cooked 
and cooled fi sh are then packed into 301 × 206 mm, with the head and tail ends 
alternately facing the bottom, so as to ensure compact packing. Usually, 200 g of the 
cooked fi sh is packed into one can; hot refi ned vegetable oil at 90–95 °C is added to 
the can, leaving a head space of 5–10 mm. The cans are then passed through an 
exhaust chamber for 8–10 min in fl owing steam. As soon as the cans emerge at the 
exit, they are double seamed with an automatic seamer. The cans are washed and 
autoclaved for 70–75 min at 0.84 kg/sq cm steam pressure. Then, they are plunged 
into chlorinated ice water for rapid cooling (Govindan  1985 ).  

4.7     Miscellaneous Products 

4.7.1    Marinated Fish 

 Salted or fresh fi sh fi llet or small pieces of fi sh are marinated. Small clupeids are 
used preferably for marinades after bleaching with hydrogen peroxide and subse-
quently preserved in acetic acid (5–6 %) and brine (6–8 % salt) for several hours. 
Fermentation must be avoided; therefore, saccharin or a similar sweetening agent is 
used instead of sugar (Govindan  1985 ; Sen  2005 ). Different spices and lime juice 
may also be used. The recipe may vary from country to country. The product may 
be preserved in vinegar in glass jars and stored at refrigeration temperatures. The 
marinated fi llets are rolled and tied with thread or tooth picks before adding the 
vinegar. The marinated fi sh (small pieces) can be used with fresh sliced vegetables 
to make different salads or it can be fried for serving.  

4.7.2    Fish Meal 

 Fish meal is an excellent source of nutrition supplements for land and aquatic ani-
mals, as it contains proteins, minerals, B vitamins, and growth factors. The protein 
content is 50–70 %, fat 5–10 %, ash 2–33 %, and moisture 5–10 %. There are two 
methods for the preparation of fi sh meal, wet and dry. 
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 Wet Method: Trash fi sh is boiled to soften the bones and meat. It is then cooled 
and fi ltered. The residue is pressed to obtain press cake, which is dried in the sun or 
artifi cially and pulverized in a fl our mill. In developed countries, a continuous 
cooker is used, in which material is moved by a conveyor through the cocker to 
coagulate the proteins, which are then dehydrated in a continuous press. The press 
cake is dried to 8 % moisture and the liquor is separated into oil and water. 

 Dry method: This method is mostly for lean fi sh. Fish is solar dried to 10 % 
moisture and pulverized. In one of the latest methods, the raw material is fed into a 
steal drum containing horizontal plates, which are heated by passing steam under 
pressure. The drum is rotated and the material is cooked by the heat and dried by 
the plates.  

4.7.3    Fish/Poultry/Shrimp Feed 

 Fish meal was used mainly as a fertilizer until about 1910, but later, its high nutri-
tional value has been recognized for utilization in animal feeds (Windsor  2001 ). 
Fish meal is utilized in supplemental feeds for fi sh, shrimp, pig, dog, cat, cattle, and 
poultry. The trash fi sh is also utilized in fi sh and shrimp culture directly.  

4.7.4    Fertilizers 

 Fish offal or trash fi sh can be converted into a fertilizer through acid digestion, espe-
cially in organic farming. The process reduces the fi sh odor, converts fi sh proteins 
into ammonium sulfate, and makes the phosphates of the bones absorbable by the 
plants, thus resulting in better yield and quality of crops, as it increases the mineral 
content of the soil (Brody  1965 ).    

5     Conclusion 

     1.    The bycatch produced in Asian countries is highly variable; the highest bycatch 
rate has been found in Bangladesh, whereas the lowest was found in Japan, while 
for all other countries, the bycatch level is in the range 31–50 %, which demon-
strates the uncontrolled state of fi sheries management practices, poor compli-
ance to the fi sheries regulation, and possible differences in the poverty level or 
socioeconomic conditions of the coastal communities of different countries.   

   2.    Despite the high value of bycatch, losses have been minimized by the maximum 
utilization for human food and animal feed. In some countries of SE Asia, like 
Myanmar, Thailand, Vietnam, etc., all of the bycatch is fully utilized.   

   3.    Technological advances are almost non-existent and the techniques adopted for 
bycatch utilization are based mainly on simple, traditional, and cost-effective 
methods in the majority of Asian countries, except for Japan, where  technological 
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advances have been made for the development of value-added fi shery products 
using high-value fi sh. The quantity of bycatch is quite low, as mentioned above.   

   4.    It is advisable to make efforts to popularize the unpopular edible fi sh and shell-
fi sh as a table dish to provide relief to the already overexploited target fi sh and 
shrimp fi sh species.   

   5.    A system of reliable data collection is lacking for the estimation of bycatch and 
discards, even in well-developed countries. Concerted efforts should be rational-
ized for the collection of data and proper methodology be envisaged to achieve 
the goal of reliable estimates.   

   6.    Some species that are considered as trash in some countries are very popular and 
are in demand in other countries. Such species can serve as export items if prop-
erly processed.   

   7.    The area which should be given due consideration in the supply chain is on- 
board handling of the bycatch, which, if carried out in a responsible way, can 
produce large benefi ts.   

   8.    Sharing of information/data and transfer of technology at the regional, national, 
and international levels should be encouraged for product development and post- 
harvest technology for better utilization of bycatch.   

   9.    The vast potential of effective fi sh bycatch utilization urge for enhancing research 
on bycatch utilization for safeguarding the fi shery resources from the clutches of 
commercial extinction and augmenting biodiversity conservation.         
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1            Introduction 

    Fish oil is a virtually unique source of natural long-chain (LC) omega-3 fatty acids, 
comprising eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Fish 
oils account for about 2 % of the world’s consumption of fats and oils and are a by- 
product of the fi sh meal industry. Traditionally, the industry focus was on marine 
oils from fi sh and also mammals, such as whales and seals. But, at present, greater 
attention is given to smaller fi sh with a relatively high fat content, such as ancho-
vies, sardines, pilchards, menhaden, herring, and sand eels, as raw materials in the 
fi sh oil industry. Fish liver oil, on the other hand, is produced only from the liver of 
fi sh. It has therapeutic value and is an important source of vitamins A and D. 

 Historically, marine oils have played an important role in human nutrition and 
there is an increasing demand for fi sh oil due to its medicinal properties. The major 
interest in marine oils in these fi elds is due to their high content of polyunsaturated 
fatty acids (PUFAs). In recent centuries, the food industry has used PUFAs as a 
source of fat, either fully or partially hydrogenated, in various foods as substitutes 
for fats, such as butterfat, lard, and tallow. There is an established market for dietary 
supplements, as well as a developing market for food ingredients produced from 
fi sh oils and concentrates of fi sh oil. Besides being used as food, fi sh is also increas-
ingly in demand for use as feed. Nearly one-third of the world’s wild-caught fi sh are 
reduced to fi sh meal and fi sh oil, which are then used in feeds for livestock, like 
poultry and pigs, and in feeds for farmed carnivorous fi sh.  

2     World Fish Oil Production and Consumption 

 Worldwide, around 300 dedicated plants produce about 6.3 million tons of fi sh meal 
and 1.1 million tons of fi sh oil annually from about 23–30 million tons (around 
25 % of the total) of whole fi sh and trimmings (FAO FishStat  2009 , FIN  2010 ). The 
main producing countries in 2008 were Peru (about 275,000 t), followed by Chile 
(around 167,000 t) and Scandinavia, representing Denmark, Norway, and Iceland 
(164,000 t) (Fig.  14.1 ). The USA is also a signifi cant producer of fi sh oils.

   Global fi sh oil production has remained between 1 and 1.3 million tons for many 
years, demonstrating the stable nature of the fi sheries industry. The production of 
fi sh oil in the future is not expected to change. Due to the health benefi ts provided 
by fi sh oils, more oily fi sh are expected to be processed for direct human use, rather 
than being reduced into fi sh meal and fi sh oil. Thus, raw material available for fi sh 
oil production is assumed to decrease in the future. However, growing by-product 
production from farmed fi sh is expected to maintain the total production (Pike and 
Jackson  2010 ). The production of fi sh liver oils and fi sh oils from the main species 
between 2005 and 2007 is shown in Table  14.1 .

   In the 1990s, Europe used to dominate regarding the consumption of fi sh oil, but 
this has progressively reduced in the following decade, while fi sh oil usage has 
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increased in the Americas, particularly because of the growth of salmon production 
in Chile and Canada. Scandinavia has also increased fi sh oil consumption due to 
salmon production in Norway. Overall, there has been a signifi cant change in the 
markets and an interesting change of fi sh oil usage. The main users are Chile and 
Norway (236,000 and 213,000 t    in 2001 respectively), refl ecting the high level of 
salmonid production in these countries (IFFO  2001 ). 

 Even though the world’s major producers of fi sh oil are Peru and Chile, Peru 
holds a dominant place as the world’s number one exporter because Chile became a 

0

200

400

600

800

1000

1200

1400

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008

'0
00

 t
on

ne
s

Year

Japan Scandinavia USA Chile Peru

  Fig. 14.1    Fish oil production by the major producing countries from 1998 to 2008 (Source: IFFO 
Fishmeal and Fish Oil Statistical Yearbook 2009)       

   Table 14.1    Main species used in the production of fi sh oil   

 Production (tons) 

 2005  2006  2007 

  Fish liver oils, total    22,712    18,264    25,951  
 Halibut liver oil  25  36  8 
 Cod liver oil  3,172  3,428  4,035 
 Hake liver oil  23 
 Shark liver oil  15 
 Other fi sh liver oils  19,515  14,762  21,908 
  Fish oils, other than liver oils, total    690,091    765,956    839,280  
 Herring oil  32,192  49,885  90,292 
 Menhaden oil  39,665  38,188  45,506 
 Sardine oil  3  201  3,599 
 Capelin oil  29,277  16,126  9,042 
 Shark oil  50  48  35 
 Other fi sh oil  588,486  661,508  690,806 
   Source: FAO  2010 ; EFSA  2010   
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net importer in order to cater for the increased domestic demand for fi sh oil to be 
used as aquaculture feed. Norway and Japan also hold a large share in the import 
and consumption of fi sh oil. Denmark exported 98,100 t of fi sh oil in 2001 and 
113,700 t in 2000, and is currently the third main exporter of fi sh oils after Peru and 
the USA (FAO  2003 ). Norway exported 90,126 t of fi sh oil in 1995, but this was 
reduced to 44,746 t in 1998 (FAO  2002 ). 

 There have been signifi cant changes in the use of fi sh oil by sector (Fig.  14.2 ). 
In 1990, 76 % of fi sh oil was used for edible food purposes, such as in margarines, 
shortenings, and bakery fats. The rest was used for aquafeed (16 %) and pharma-
ceutical and various other industrial uses (8 %) (IFFO  2001 ). In 2002, there was 
not much change in the usage of fi sh oil in the industrial and pharmaceutical sec-
tors. However, the proportion used for aquafeed increased to nearly 81 % and the 
amount used for edible food purposes decreased to 14 % (Pike  2005 ). The aqua-
culture sector consumed about 783,000 t (87 %) of the total fi sh oil production in 
2006, and 117,000 t (13 %) were used for direct human consumption, land animal 
feeds, and other industrial purposes (Jackson  2007 ). Thus, there has been a more 
than threefold growth in the usage of fi sh oil in aquaculture between 1992 and 
2006, from 0.23 million tons to 0.78 million tons. All of the fi sh oil production 
was expected to be used in aquafeed in 2010, but according to the IFFO report 
2010, there was no reported change in the proportional consumption patterns of 
fi sh oil by sectors.

   There was an important change in fi sh oil applications in recent years due to the 
fi ndings of the health benefi ts provided by the omega-3 fatty acids present in fi sh 
oils. Nowadays, a considerable amount of fi sh oil is used in the production of nutra-
ceuticals. The production of these products has increased rapidly since 2001 and the 
world production of refi ned omega-3 fi sh oils has increased from 20,000 t in 2001 
to 85,000 t in 2009. The majority (around 70 %) of the fi nished omega-3 fi sh oils on 
the world market contain approximately 30 % of DHA and EPA. Approximately 
60 % of the omega-3 oils rich in DHA and EPA are used for dietary supplements, 
20 % for functional foods, 7 % for animal feed, 6 % for pharmaceuticals, and the 
remainder for infant and clinical nutrition (EFSA  2010 ).  

  Fig. 14.2    Change in fi sh oil use for the period 1990–2010 (Source: IFFO)       
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3     Fish Oil and Its Uses 

 The fi sh oil industry started in the nineteenth century, when surplus catches of her-
ring were processed for their oil for use in tanning, soap production, and other 
industrial purposes (FAO  1986 ). For many years, the oil was considered a waste 
product and was often burnt. Today, fi sh oil is recognized as a valuable nutrient for 
both livestock and humans, and is widely used in the food, feed, and other industries 
(Fig.  14.3 ).

   Fish oil is different from other oils mainly because of the unique variety of fatty 
acids it contains, including high levels of unsaturated fatty acids. In fi sh oil, the 
major free fatty acids present are EPA and DHA. There are indications that EPA and 
DHA have a positive impact on human health, related to decreasing the risk of car-
diovascular disease (atherosclerosis, thrombosis, stroke), cancers, diabetes, depres-
sion, immune disorders, proper neural and brain development, and other diseases. 
Due to these benefi cial effects of fi sh oil, at present, it has been widely used in the 
food, feed, and pharmaceutical industries. 

 Edible uses of fi sh oil can be divided into three major categories: as a pharma-
ceutical component, as a functional food component, and as a commodity for the 
food industry. The emphasis on the importance of LC omega-3 fatty acids has led to 
the commercial availability of purifi ed fi sh oil supplements that are available in 
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health food stores (Horrocks and Yeo  1999 ). Because of its useful effects on human 
health and nutrition, the quality and stability of the oil has gained more importance 
(Uauy and Valenzuela  2000 ). More and more companies are exploring the possibili-
ties to develop dietary supplements and functional foods using fi sh oil to cater for 
the needs of health-conscious consumers. 

 In the food industry, fi sh oil was mainly used in the production of margarines, 
salad oil and salad dressing, mayonnaise, and several types of spreads and pastes in 
bakery products. The unsaturated nature of fi sh oil provides good creaming proper-
ties and, also, the varied chain lengths in these oils contribute to the smoothness and 
plasticity of margarines and shortenings. However, for the production of marga-
rines, fi sh oil is hydrogenated, resulting in low unsaturation levels, and trans fatty 
acids are also of concern. Recently, there has been increasing interest among food 
manufacturers to start using liquid fi sh oil instead of hydrogenated oil. The micro-
encapsulation technique seems to be a promising way of incorporating the oil into 
food products without sacrifi cing the organoleptic properties. 

 In the pharmaceutical industry, the demand for LC omega-3 fatty acids has lead 
to the use of fi sh oils in dietary supplements and as a therapy for treating some dis-
eases. There are fi sh oils containing omega-3-enriched capsules available on the 
market for heart health, to lower blood fat, as supplements for children and adults 
(plain or fl avored), and also cod liver oil, ensuring bone, brain, eye, and skin health. 
There are also omega-3 fatty acid monoesters and free fatty acids products from fi sh 
oils on the market. 

 At present, the main use of fi sh oil is for aquaculture, accounting for 81 % of fi sh oil 
produced in 2001. It is an important constituent in aquaculture feeds, contributing 
essential fatty acids needed by fi sh for normal growth, health, and reproduction. 
A small amount of fi sh oil is being also used in the feed of farm-raised animals, such 
as pigs, poultry, cattle, and sheep, and it is also used in pet foods. The incorporation of 
fi sh oil in animal feed has been shown to improve the immunity of the animals against 
diseases, increase feed appeal, reduce incidences of deformities, and enhance growth. 
The inclusion of fi sh oil has changed the fatty acid composition (more unsaturated fatty 
acids) of the fed animals, making them a healthier food for human consumption. 

 Over the years, fi sh oils have been used in many industrial applications. It is used 
as a raw material in paint production, leather making, as a carrier for pesticides, and 
in many other applications. In the past, fi sh oil has been used as fuel for oil lamps 
and, now, it has been used in modern furnaces and there is an emerging use of fi sh 
oil in the production of biodiesel.  

4     Sources of Raw Material for Fish Oil 

 Marine oils consist of mammal oils, fi sh liver oils, and fi sh body oils. Fish body oils 
make up 97 % of the total marine oil supply (Bimbo  1989 ). The species used in the 
production of fi sh oil vary from region to region, but the generally used fi sh are small, 
bony, pelagic fi sh that has little or no demand for human consumption (FAO  1986 ). 
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It is estimated that about 90 % of the fi sh species used to make fi sh oil is unmarketable 
in large quantities as human food (Bose et al.  1991 ). 

 Fish oils are derived from either targeted fi sheries, that is, from fi sh caught 
directly for the purposes of fi sh meal and fi sh body oil production, or as by-products 
(trimmings and cutoffs) from processed fi sh. About 20–25 % of the raw materials 
are recycled trimmings from food fi sh processing (FAO  1986 ). 

 There is a wide range of species used in the production of fi sh oils. However, the 
biggest part derives mostly from the fatty fi sh and the liver of lean fi sh. The com-
monly used raw materials are menhaden, sardines, anchovies, herring, capelin, 
mackerel, salmon, tunas, cod liver, etc. 

 Usually, single fi sh species are used for the production of fi sh oil (especially within 
the Americas and Europe). Only a few countries are being species-specifi c in their 
reporting, including Chile (for meals and oils), Canada, Iceland, Peru (for oils), and 
the USA, while over 58 % of the total fi sh oil production reported by the FAO is non-
species-specifi c (FAO  2008 ). In Peru, anchoveta is used for the processing of fi sh oil 
and is a by-product of the fi sh meal manufacturing process (FAO  2008 ). Moreover, in 
some Asian countries, fi sh oil is manufactured from low-value fi sh (Table  14.2 ).

   The fi sh oil industry also includes fi sh liver oils. This industry is considerably 
smaller than the fi sh body oil industry. Shark and cod are the two main fi sh species 
whose livers are extracted for oil. Whilst cod liver oil is a by-product of the fi sh sold 
for human consumption, the squalene oil extracted from the livers of shark are the 
primary product of this fi shery, and shark meat and skins are coproducts (Pineiro 
et al.  2001 ).  

5     Production and Processing of Fish Oil 

 The processing techniques involved in the commercial production of fi sh oils vary accord-
ing to the type of raw material. There are a number of processes used to convert raw fi sh 
and fi sh trimmings into fi sh oil. Some of those methods are wet rendering, hydrolysis, 

   Table 14.2    Species used in the production of fi sh oil   

 Country/region of production  Main species used in production 

 Peru  Anchovy 
 Chile  Jack mackerel, anchovy, sardines 
 China  Various species, anchovy 
 Thailand  Various species, trimmings 
 USA  Menhaden, Alaska pollock, trimmings 
 Iceland  Blue whiting, herring, sprat, trimmings 
 Norway  Blue whiting, capelin, herring, sand eel, trimmings 
 Denmark  Sand eel, sprat, blue whiting, herring 
 Japan  Sardine, pilchard, various species 

  Source: Dawn Purchase, Marine Conservation Society, Seafood Summit, 2009  
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silage production (autolysis), dry rendering, solvent extraction, and supercritical fl uid 
extraction (SCFE). The production of fi sh oil generally employs the same principles and 
techniques as the production of other edible fats and oils. 

5.1     Wet Reduction Process 

 The wet reduction process is the primary method for producing crude marine oils. 
The principal operations in the wet reduction method are cooking, pressing, separa-
tion of the oil phase from the water phase, and storage of the recovered oil. 

 After the fi sh arrives at the factory, they are stored in holding pits until they are 
processed. First, the fi sh are subjected to steam cooking, where the material is steam 
heated to 90–95 °C for approximately 10–20 min. Steam cooking disrupts the fat 
cells, coagulates the protein, and releases the oil. In the next step, the cooked mate-
rial is pressed, usually using a twin-screw press, and the liquid containing water, oil, 
and fi ne solids is squeezed out from the solid material. The pressing step takes 
approximately 30 min. The liquid fraction contains minor amounts of suspended 
solid protein material, water, and oil. Before centrifugation (separation of oil from 
water), the decanter removes fi ne suspended particles from the liquor. The liquor is 
then separated in three steps involving the following: decanters separate fi ne solids 
from the liquid fraction, separators split the liquid fraction into fi sh oil and water 
(stick water), and polishing water washes to remove the fi nal traces of moisture and 
impurities from the fi sh oil before it is pumped into storage. Finally, the oil is cooled 
and stored for further processing. The water fraction is evaporated and added back 
to the solids fraction before drying. The oil from this process is defi ned as crude fi sh 
oil. For crude fi sh oil that is intended to be used for the omega-3, animal feed, aqua-
culture, or pet food markets, an optional carbon treatment is carried out to reduce 
the levels of dioxins, furans, and/or polyaromatic hydrocarbons (PAH) if present in 
fi sh oil (Bimbo  2005 ) (Fig.  14.4 ).

5.2        Other Production Methods 

 In addition to the wet reduction process, there are other production methods being or 
have been used to produce these oils. It should be noted that fi sh oil is a by- product 
from fi sh meal processing. A summary of these methods is covered in this section. 

5.2.1     Hydrolysis (Enzymatic) 

 Hydrolysis is the process of the breaking down of protein into smaller units. Fish 
proteins are hydrolyzed using proteolytic enzymes naturally present in the fi sh 
themselves (autolysis/silage) or from other sources (hydrolysis), like animals, 
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plants, or microbials. Chemical hydrolysis can also be done under acidic or alkaline 
conditions. This method is primarily used to extract oil from fi sh species or from 
trimmings that are low in fat, such as in white fi sh. Though the process can be used 
with any fi sh, when oily fi sh are hydrolyzed, it causes problems in recovering the oil 
phase without denaturing the proteins. Therefore, when fatty fi sh is hydrolyzed, it 
results in a hydrolyzed product with high fat content and reduced functionality.  

5.2.2     Silage Production (Autolysis) 

 Silage production is a simplifi ed, low-cost, hydrolysis process. Fish silage is lique-
fi ed fi sh stabilized against bacterial decomposition by an acid. In this process, the 
fi sh is minced and an acid is added for preservation. The addition of acids increases 
the activity of fi sh gut enzymes for the breakdown of the fi sh proteins into smaller 
soluble units and also prevents bacterial spoilage. Since white fi sh offal is low in oil, 
it is not necessary to remove oil during silage production. However, when it is made 
from fatty fi sh, it is necessary to remove the oil. If the silage is processed quickly to 
recover the oil, it is possible to make an acceptable fi sh oil product.  
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  Fig. 14.4    Simplifi ed diagram 
of fi sh oil processing by the 
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5.2.3     Dry Rendering 

 The dry rendering process is not normally used in processing fi sh meal and fi sh oil. 
It is commonly used to prepare animal proteins and fats. However, the process is 
used with catfi sh by-products. In this process, the raw material is cooked and dried 
to remove the water. Then, the dried product is pressed in a hydraulic press to 
remove any oil. Because the water has been removed, the lipid fraction can contain 
high levels of phospholipids and it is generally dark in color, and, so, requires refi n-
ing. In the wet rendering process, the phospholipids normally hydrate and are recov-
ered with the water fraction. In the dry rendering process, they are not hydrated and, 
therefore, remain dissolved in the oil fraction.  

5.2.4     Solvent Extraction 

 The production of fi sh protein concentrate by solvent extraction is another process 
that yields fi sh oil as a by-product. In this process, most of the water and some or all 
of the fat are removed using suitable chemical solvents. Normally, the solvent is 
recovered in the process and reused. The disadvantages of this method are the high 
cost, limited number of food-grade solvents, and the large volume of solvents 
needed. However, high-quality oil can be obtained by this method.  

5.2.5     Supercritical Fluid Extraction (SCFE) 

 Supercritical fl uid extraction (SCFE) is another extraction method which has 
been applied to several processes in the food industry. SCFE utilizes the special 
properties of gas above its supercritical temperature and pressure to extract or 
fractionate compounds (McHugh and Krukonis  1986 ). Due to the high cost of 
processing, this method has been used only to remove undesirable components/
impurities from fi sh oil or to separate EPA and DHA from fi sh oil. The disad-
vantages of this process are the use of extremely high pressures and the high 
capital cost.    

6     Processing of Fish Liver Oils 

 Generally, liver oils are extracted by means of steam cookers. Low-pressure steam 
is piped into a tank containing the livers and the heat cooks them. When the steam 
condenses, the oil fl oats on top. The resulting oil is then separated and pumped into 
a storage tank. 

 A diagram for Icelandic processing of liver oil is presented in Fig.  14.5 . First, 
the livers are ground and pumped through magnets to remove any metals present. 
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Then, the livers are heated and allowed to stand for a period of time to break 
down the proteins. Next, solids are removed and the liquor is collected and heated 
to separate the oil. The liquor is then centrifuged and the crude cod liver oil is 
collected and pumped to the refi nery. In the refi nery, the oil is alkali refi ned with 
caustic soda to remove free fatty acids, washed, and dried in a vacuum tower and 
then winterized to remove stearin. The resulting oil from this process is medici-
nal-grade cod liver oil.
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  Fig. 14.5    Production of liver oils       
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6.1       Production of Refi ned Fish oil for Food 
and/or Pharmaceutical Purposes 

 Crude fi sh oils contain minor amounts of non-triglyceride substances. These impu-
rities reduce the acceptability of the oil by producing off-fl avors and odors or by 
reducing the stability and shelf life of the foods containing the oil. The main aim of 
refi ning is to remove undesirable components from the oil for human consumption 
and further processing. The processing steps involved in purifying fats and oils 
include degumming, refi ning, bleaching, deodorizing, and winterization (Fig.  14.6 ).

6.2        Production of Fish Oil Derivatives and Fractions 

 A number of fi sh oil derivatives are on the market today. The refi ned marine oils 
should be further processed in order to convert them to concentrates and relatively 
purifi ed esters or fatty acids. Figure  14.7  illustrates the process fl ow diagram for the 
manufacturing of these derivatives and concentrates.
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  Fig. 14.6    Production of edible and pharmaceutical-grade fi sh oils and derivatives       
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7         Properties of Fish Oil 

 Fish oil is becoming one of the preferred raw materials for the food, feed, and 
pharmaceutical industries around the world. In the following sections, the physical, 
chemical, nutritional, and sensorial qualities of fi sh oil are compiled, in order to 
understand the properties of the oil in industrial applications. 

7.1     Physical 

 Fish oils are very similar to one another in their physical nature. They are liquid at 
room temperature and are considered as liquid oils. However, the oil is partially 
solid at 20 °C due to the presence of intermediate melting point triglycerides. When 
liquid oil is slowly cooled, solid triglyceride crystals are formed and the crystalliza-
tion proceeds as cooling is continued. This is the basis of fractionation by crystal-
lization. The solid fraction is known as the stearin and the liquid fraction as the 
olein. Other physical characteristics of fi sh oil are presented in Table  14.3 .
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7.2        Chemical 

 In most cases, fi sh oils occur as triglycerides, and less frequently as phospholipids. 
Fish oils contain a unique variety of unsaturated fatty acids in larger amounts com-
pared to other oils. Most of the fatty acids present are of the LC omega-3 type, with 
carbon chain lengths of 20 or 22. The long-chain acids (primarily C 20  and C 22 ) gen-
erally make up one-fourth to one-third of all the fatty acids in fi sh oils. Table  14.4  
characterizes the typical chemical properties of fi sh oil.

   The phospholipids occurring in fi sh are mainly phosphatidylcholines (lecithins) 
and phosphatidylethanolamines (cephalins), which account for about 60 and 20 % 
of the total phospholipids, respectively. In small amounts, fi sh phospholipids occur 
in the form of inositol phosphatides, cerebrosides, and sphingomyelins (Silk and 
Koning  1964 ). 

 Other substances that occur in or are associated with fi sh oils are the unsaponifi -
able matter, which includes hydrocarbons, sterols, glyceryl ethers, and fatty alco-
hols. It also includes minor quantities of pigments, vitamins, and oxidized matter. 
Hydrocarbons are a principal component of the liver oils of sharks. For example, 
Heller et al. ( 1957 ) found that squalene made up about 90 % of the shark liver. The 
body oils of herring have been found to contain around 0.05 % hydrocarbons 
(Lambersten and Holman  1963 ). The hydrocarbon content of commercial fi sh oil is 
normally less than 0.2 % (Young  1986 ). 

  Table 14.3    Physical 
characteristics of fi sh oils  

 Physical property  Value 

 Specifi c heat (cal/g)  0.50–0.55 
 Heat of fusion (cal/g)  ca. 54 
 Calorifi c value (cal/g)  ca. 9,500 
 Slip melting point (°C)  10–15 
 Flash point (°C) 

 as glycerides  ca. 360 
 as fatty acids  ca. 220 

 Boiling point (°C)  >250 
 Specifi c gravity at 15 °C  ca. 0.92 
         30 °C  ca. 0.91 
         45 °C  ca. 0.90 
 Viscosity (cp) at    20 °C  60–90 
         50 °C  20–30 
         90 °C  ca. 10 
 Refractive index (n D  30 )  1.46–1.48 

  Source: Bimbo  1998 ; Young  1986   
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 Sterols are another important component of fi sh oils, and cholesterol is the most 
abundant group present in the oil of nearly all fi sh. The ethers found in the unsa-
ponifi able matter are primarily 1,2-diacylglycerol ethers (Mangold and Malins 
 1960 ). The fatty alcohols are derived primarily from wax esters. 

 The pigments responsible for the red and yellow coloration in commercial fi sh 
oils are the carotenoids. Alpha- and gamma-carotene, zeaxanthin, violaxanthin, and 
xanthophyll were identifi ed in menhaden oil, fucoxanthin and xanthophyll in pil-
chard oil, and astaxanthin is responsible for the occasional pink color of capelin oil. 
Even though carotenoids are present, the pigments encountered do not possess pro-
vitamin A activity (Young  1986 ).  

7.3     Nutritional 

 The interest in PUFAs of fi sh oil in human diets had led to the intense use of fi sh 
oil in human and animal diets. It is a good source of energy and also possesses 
many health benefi ts. Vitamins A and D occur in the oil of most fi sh, but many 
species store large amounts of vitamins A and D in their livers (cod, halibut, and 
tuna). The body oils of fi sh generally contain vitamins in minute amounts and are 
not consumed for that purpose. Fish oils contain varying amounts of vitamin E, 
which also acts as an antioxidant. The tocopherol levels reported in crude fi sh oils 
are 30 μg/g in menhaden oil, over 60 μg/g in anchovy oil, and 25 μg/g in capelin 
oil (Young  1986 ).  

   Table 14.4    Chemical properties of crude fi sh oil   

 Chemical properties  Value 

 Moisture and impurities (%)  Usual basis 0.5 up to 1 % maximum 
 Free fatty acids (% oleic)  Range 1–7 % but usually 2–5 % 
 Peroxide value (mEq/kg)  3–20 
 Anisidine number  4–60 
 Totox value  10–60 
 Iodine value 

 Capelin  95–160 
 Herring  115–160 
 Menhaden  120–200 
 Sardine  160–200 
 Anchovy  180–200 
 Jack mackerel  160–190 
 Sand eel  150–190 

 Color (Gardner scale)  Up to 14 
 Iron (ppm)  0.5–7.0 
 Copper (ppm)  Less than 0.3 
 Phosphorus (ppm)  5–100 

  Source: Bimbo  1998 ; Young  1986   
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7.4     Sensory 

 The odor of fi sh oil is the major limiting factor to its application in food. In principle, 
fi sh oil may be used in any food item that contains fat. However, the use of fi sh oil 
results in products having a “fi shy” taste, and this limits their use in the food indus-
try. Additionally, due to the susceptibility of fi sh oil to oxidation, the shelf life of the 
product is also reduced (Aidos  2002 ). 

 The seafood industry has been reluctant to manufacture fi sh oil shortening due to 
the “fi shy” fl avor imparted to the baked product and also due to the development of 
auto-oxidative rancidity. However, a specially processed deodorized fi sh oil mayon-
naise, when properly packaged and stored at 2 °C for 14 weeks, was organolepti-
cally acceptable and not signifi cantly different from soy oil mayonnaise. 
The hydrogenation process seems to decrease the tendency to oxidize and increase 
fl avor stability (Bimbo and Crowther  1991 ). The use of fi sh oil in paint has been 
hindered by objectionable reversion odors arising during drying of the paint. But, in 
contrast, in the manufacturing of shoes from leather, the faint odor emitted is con-
sidered characteristic of new shoes.   

8     Industrial Applications 

8.1     Food 

 In the past, marine oils were used as a low-priced alternative to vegetable oils in the 
food industry. Hydrogenated marine oils have been used in the manufacturing of 
margarine and other edible oil products, such as shortenings, salad dressings, may-
onnaise, etc. The nutritional and physical properties of fi sh oil have made hardened 
fi sh oils an attractive constituent in the human diet. 

 Fish and other vegetable oils are subjected to hydrogenation to solidify the fat 
before use in margarines. Margarines prepared from hardened vegetable oil some-
times recrystallize on storage, making the margarine crumbly and hard. Long-chain 
PUFAs, in addition to the fatty acids present in vegetable oil and animal fats, are 
responsible for the excellent plastic consistency of margarines from which they are 
prepared. When hydrogenating these fatty acids, the oil crystallizes into the beta- 
prime form. This is the crystalline form required for the characteristic smoothness 
and plasticity of margarines and shortenings. The physical characteristic of the oil is 
altered during the hydrogenation process, and this gives it unique functional proper-
ties. Unlike most animal and many vegetable oils, it has high crystal stability. Since 
there is no crystal growth, it retains its smoothness and plasticity (Young  1986 ). 

 Fish oils can be hydrogenated to different degrees, and this helps to produce oils 
having different melting points. A clean-melting domestic margarine is produced 
using hardened fi sh oil having a melting point of 30–38 °C. In table-creaming mar-
garines, 5–10 % of highly hydrogenated oils (melting point 40–50 °C) are used and 
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in puff pastry blends, 30–60 % of it is included (Young  1986 ). The properties of 
shortening and bakery margarines are different from those of table margarines. The 
creaming properties of shortenings prepared from hardened fi sh oil are better than 
that of vegetable oil shortening and is resistant to “work softening” during pastry 
manufacturing (Bimbo  1990 ). Fat blends containing hydrogenated fi sh oil have 
good creaming performance, that is, air-incorporation properties, when used in cake 
batters (Young  1986 ). 

 However, the hydrogenation process reduces the level of unsaturation of fatty acids 
and ruins the potential health benefi ts of PUFAs. The introduction of transfatty acids 
to the product formulation is also a major concern in hydrogenating fi sh oil. Therefore, 
the incorporation of LC fatty acids without hydrogenation of fi sh oil into the diet 
continues to be a topic of interest for food manufacturers, scientists, and consumers. 

 Due to the health benefi ts of LC omega-3 fatty acids, there is increasing interest 
among food manufacturers to start using liquid fi sh oil instead of hydrogenated oil. 
To date, unhardened fi sh oil has few applications because of its fi shy fl avor and 
stability problems. The highly polyunsaturated omega-3 fatty acids are very prone 
to oxidation. This limits the shelf life of the product and, if fi sh oil is to be used as 
a source of omega-3 fatty acids in the food industry, the producers must overcome 
this problem and guarantee a certain shelf life. The oil must also be able to endure 
baking and cooking procedures without deterioration. 

 Fish oil can be used in any food item that contains fat. The main challenge in 
using fi sh oil in food products is the introduction of the oil into food products with-
out making them taste fi shy. The most promising food applications seems to be in 
margarine, salad oil and salad dressing, mayonnaise, and several types of spreads 
and pastes. In 1985, the International Association of Fish Meal Manufacturers 
(IAFMM) started trials in the United Kingdom using fi sh oil from different sources 
at different levels in several foods; French dressing, salad cream, frankfurters, 
salami, margarine, and mayonnaise. The results showed that it was possible to pro-
duce food with acceptable fl avor that contains fi sh oil. In Denmark, a commercial 
margarine product was launched containing 20–25 % unhydrogenated fi sh oil and 
75–80 % vegetable oil (Barlow and Young  1988 ). 

 In order to solve the stability problem of the oil, processors have been looking 
into the possibility of using microencapsulated fi sh oil to be included in infant for-
mulas and baked products. The microencapsulation technique is a very promising 
solution and is based on forming subminiature capsules or microcapsules consisting 
of a shell and some fi ll material. Typical microcapsules are small enough to be used 
as a free-fl owing powder or suspended in water. Microencapsulation by emulsion 
spray-drying has been used successfully to increase the shelf life of omega-3 PUFAs 
to more than 2 years, and has led to the incorporation of omega-3 fi sh oils into a 
variety of food products: infant formulas, baked goods, tortillas, fortifi ed dairy 
products, beverages, low-fat meat products, liquid egg products, chews, and even 
chocolate (Bimbo  1989 ; Newton  1996 ; Bimbo  1997 ; Patterson  2008 ). The disad-
vantage is that the volume of coating material is very large compared to the fi ll 
material. This is now a commercial product and intensive research work is in prog-
ress in the fi eld of fortifi cation of fi sh oil in different food products.  
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8.2     Feed 

 Nearly one-third of the world’s wild-caught fi sh are not consumed directly by 
humans, but, rather, are reduced to fi sh meal and fi sh oil, and consumed in feed by 
farm-raised animals, such as chickens, pigs, cattle, and other carnivorous fi sh. The 
contribution of fi sh oil to animal diets started during the latter half of the twentieth 
century due to the advances in animal and nutritional sciences throughout the 1940s 
and 1950s. It was discovered that fi sh meal and fi sh oil were excellent supplements 
for animal feeds and key sources of both energy and essential fatty acids such as 
EPA and DHA. With the rapid rise in aquaculture production since the 1970s, an 
increasing proportion of fi sh oil is now diverted away from terrestrial animal feeds 
to aquatic feeds (Pike and Barlow  2003 ; FAO  1986 ). 

 The aquaculture industry is by far the biggest consumer of fi sh oil, contributing 
to around 81 % of the fi sh oil produced in 2001. The fat sources for the fi rst success-
ful complete fi sh diets were tallow and it is only in the past 20 years that fi sh oils 
have been used as the preferred energy source. Fish oil and fi sh meal are better feed 
ingredients for rearing fi sh than for poultry, swine, and cattle. Although birds and 
mammals can thrive on fi sh oil and fi sh meal, they are not very effi cient in conserv-
ing the inherent biological value of these materials compared to fi sh. The conver-
sion effi ciency based on the edible protein and energy recovery basis in fi sh is about 
twice that of poultry and many more times effi cient than cattle (Shepherd et al. 
 2005 ; FAO  1986 ). 

 Fish oil is preferred in the diet of farmed animals and aquaculture due to the pres-
ence of LC omega-3 fatty acids, which has been reported to offer major benefi ts to 
animal health, including improved immunity against disease (Ashton et al.  1994 ), 
higher survival and growth, and reduced incidences of deformities (FAO  1986 ). It is 
highly digestible, which leads to increased growth and less wastage of food, and is 
also considered to increase feed appeal. 

 Another reason for the use of fi sh oil in animal feeds is that it results in a change 
in the fatty acid composition of raised animals delivering “healthier” foods for use 
in the human food chain. In farm-raised animals such as chicken, pigs, and cattle, 
the omega-3 levels have been increased by feeding these animals with feeds rich in 
omega-3. For example, feeding dairy cattle with spray-dried  Schizochytrium  species 
microorganisms containing about 20 % DHA by weight increased the level of DHA 
by 100 % in their milk, and feeding it to chickens has led to the production of high 
DHA eggs (Garcia  1998 ).  

8.3     Pharmaceutical 

 It has been proven that fi sh oil positively affects the biological activities in the body. 
More and more companies are exploring the possibilities to incorporate fi sh oils in 
dietary supplements and functional foods to cater for the needs of the growing group 
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of more health-conscious consumers. Many clinical studies are ongoing, and the 
pharmaceutical industry has shown interest in the therapeutic application of fi sh oil 
concentrates. The drug companies demand the most purifi ed, highest quality fi sh oil 
from the fi sh oil industry, and, therefore, have set standards for the fi sh oil process-
ing industry. 

 Several fi sh oil products are now on the market and, typically, these products are 
promoted and advertised for their omega-3 and vitamin content. This ranges from 
traditional types of fi sh oil, such as cod liver oil with vitamin D 3 (plain or with added 
fl avor) and fi sh oil encapsulated in gelatin capsules, concentrated fi sh oil with ele-
vated levels of EPA and DHA, and fl avored gummies for children to formulated 
products such as emulsions with added fl avor and vitamins. On the market are also 
omega-3 fatty acid monoesters and free fatty acids products from fi sh oil. Cod liver 
oil has been sold for many years as a supplement for vitamins A and D. A great 
demand has developed in the last few years for fi sh oil containing high amounts of 
omega-3 fatty acids, especially EPA and DHA. Although antioxidants and vitamin 
E have been added, these oils are highly unstable, and, therefore, most of these 
products are encapsulated in a soft gelatin capsule that protects the oil. 

 Some companies have succeeded in marketing combinations of plant and fi sh 
omega-3 fatty acids targeting heart or prostate health. In addition, they provide 
highly purifi ed pharmaceutical-grade fi sh oils for heart, joint, brain, eye, and infl am-
matory response health. A company in Canada has developed a high DHA oil (5:1 
ratio of DHA:EPA) for the formulation of products aimed at mother and infant 
nutrition (Patterson  2008 ). 

 During the early 1960s, one fi sh oil manufacturing company tested on a trial 
basis capsules of fi sh oil and fi sh oil fatty acid concentrates for use by heart patients. 
Due to the lack of information on the activity of fi sh oil in treating heart problems, 
there was no market established for this product. However, today, with the increas-
ing scientifi c evidence, there are fi sh oil-containing omega-3-enriched capsules 
available on the market for heart health, to lower blood fat, as supplements for chil-
dren and adults, and, also, cod liver oil ensuring bone, brain, and eye and skin 
health. There has been tremendous growth in the use of fi sh oil in the pharmaceuti-
cal industry and it is expected to play a dominant role in the future.  

8.4     Other 

 For centuries, fi sh have been harvested for the purpose of producing fi sh oil and 
yielding food. In the past, fi sh oil was used as a fuel for heating and lighting lamps. 
Initially, fi sh was reduced primarily for the value of their oil. It was not a by-product 
of the fi sh meal industry. The meal or cake was a by-product of oil production and 
was used as a fertilizer. Table  14.5  summarizes some of the non-edible uses of men-
haden fi sh oil.

   Oleo chemicals (fatty acids, fatty alcohols, esters of methyl and other alcohols, 
nitrogen derivatives) derived from marine oils have found a wide range of industrial 
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applications, including use in lubricants, corrosion inhibitors, plastic and rubber 
compounding, fl oatation agents, personal care products, cleaners, textile and paper 
additives, and asphalt additives. In addition, marine oils have long been used as an 
alternative fuel to petroleum-based products. Other industrial uses of marine oils are 
in the manufacturing of polyurethane resins, cutting oils, caulks and sealants, print-
ing ink formulations, insecticides, and buffi ng compounds (Jangaard  1986 ). Refi ned 
marine oils have also been used in skin and hair care products. 

 Industrial applications of marine oils are possible because of their highly unsatu-
rated nature. This makes the oils suitable for a number of technical applications, 
particularly as drying oils and varnishes. The saturated fatty acid fraction is a disad-
vantage for these purposes and is reduced by specialized processes. 

 When fi sh oil is exposed to air, the double bonds of PUFAs react with oxygen 
and result in relatively soft, durable fi lm. This property is known as “drying” and is 
responsible for extensive use in manufacturing varnishes, oilcloth, printing inks, 
and imitation leather, and also as an antispalling and curing agent for concrete sur-
faces on highways (Rowland et al.  1995 ). In leather manufacturing, leather is treated 
with sulfated marine oils to prevent brittleness and dryness. 

 Fish oils are a signifi cant source for the production of fatty acids with different 
chain lengths. From these acids, several types of metallic soaps are produced and 
used in lubricating greases and as waterproofi ng agents. Along with the use of fi sh 
oil as an oil paint carrier, it is also being used as a painting medium, making oil 
paints more fl uid, transparent, and glossy. Fish oil can also be used as a fi nishing oil 
for wooden furniture to prevent it from being dented. It does not cover the surface 
of the wood but soaks into the pores, leaving a shiny surface.   

9     Functional Properties of Fish Oil 

 Functional foods and nutraceuticals are claimed to have health-promoting or 
disease- prevention properties, contributing to improving the quality of human life. 
Due to the increasing awareness of the potential health benefi cial roles of omega-3 
fatty acids in humans, there has been increasing interest in using fi sh oils for human 

   Table 14.5    Industrial uses of menhaden fi sh oil   

 Printing inks  Soaps  Refractory compounds 

 Leather tanning  Rubber compounds  Cutting oils 
 Lubricants and greases  Caulking compounds  Plasticizers 
 Illuminating oils  Glazing compounds  Linoleum 
 Fuel oils  Automotive gaskets  Pressed wood fi berboards 
 Mushroom culture  Core oils  Oiled fabrics 
 Fire retardants  Tin-plating oils  Ceramic defl occulants 
 Protective coatings  Rust proofi ng  Attractants 
 Polyurethane foams  Ore fl oatation  Insecticidal cds. 

  Source: Bimbo  1989   
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consumption. Within the food industry, foods fortifi ed with fi sh oil are emerging as 
a novel food category promoted as containing omega-3. These products include 
margarine, milk, bread, cheese, yoghurt, etc. Fish oils utilized in these products 
should be of high quality, fulfi lling very specifi c demands for fatty acid composi-
tion, very low oxidation parameters (peroxide and anisidine values), high oxidative 
stability, and neutral taste and fl avor (no fi sh taste or odor). 

 Many health claims have been made for fi sh oil, but the most thoroughly docu-
mented effects concern the cardiovascular system (Psota et al.  2006 ; Iso et al.  2006 ; 
Mozaffarian and Rimm  2006 ). The consumption of fi sh oil increases the levels of 
EPA and DHA in blood, thereby reducing the rate of coronary heart disease (CHD) 
via differential actions; improving the elasticity of artery walls, preventing blood 
clotting, lowering blood pressure, and decreasing infl ammation (   Kris-Etherton et al. 
 2003 ). Arachidonic acid derived from silver carp has pronounced effects on blood 
pressure, serum lipid, and platelet function (Wirth et al.  1992 ). A role of fi sh oil in 
preventing thrombosis by the antiatherogenic and antithrombotic effects of omega-3 
fatty acids has been reported in a study by  Von Schacky (2000) . Fish oil prevents the 
accumulation of triglycerides and further reduces the serum triglyceride levels, 
which could play an important role in the prevention of CHD. Stark et al. ( 2000 ), in 
their study of postmenopausal women (either receiving or not receiving hormone 
replacement therapy), found fi sh oil supplements to reduce serum triglyceride levels 
signifi cantly, by an average of 26 % in both groups. It was estimated to decrease 
CHD risk by 27 % in postmenopausal women. Mori et al. ( 1997 ) found that omega-3 
in fi sh oil prevented atherosclerosis in coronary patients and was also effective in 
treating heart strokes that can lead to sudden cardiac death. Moreover, fi sh oils pre-
vent arrhythmias, generate prostanoids and leukotrienes with anti-infl ammatory 
actions, and inhibit the synthesis of cytokines and mitogens that augment infl amma-
tion and promote plaque formation (Uauy and Valenzuela  2000 ). 

 The intake of fi sh oil has been reported to exert benefi cial effects against diabetes 
mellitus. Fish oil enhances insulin secretion by the incorporation of omega-3 fatty 
acids into the plasma membrane to compete with arachidonic acid production. This 
reduces the concentration of arachidonic acid in the plasma membrane, decreasing 
the production of PGE2, which, in turn, suppresses the production of cAMP, a well- 
known enhancer of glucose-induced insulin secretion. Consequently, fi sh oil 
enhances insulin secretion from β-cells, regulating blood sugar (Ajiro et al.  2000 ). 
A study by Storlien et al. ( 1987 ) found that providing 5–10 % of dietary energy from 
fi sh oil accelerates glucose uptake and maintains normal glucose metabolism. 

 Many studies have shown that fi sh oil has important roles in the prevention of 
some types of cancer, including colon (Moyad  2005 ), breast (Barascu et al.  2006 ), 
renal (Moyad  2005 ), prostate, pancreatic cell, and liver (Jiang et al.  1998 ). Several 
in vitro and animal experiments have clearly shown that the LC omega-3 PUFAs, 
EPA and DHA, are responsible for the inhibition of promotion and progression of 
cancer (Jiang et al.  1998 ; Moyad  2005 ; Horrocks and Yeo  1999 ; Mahéo et al.  2005 ). 
Epidemiological, experimental, and mechanistic data implicate LC omega-3 PUFAs 
(specifi cally, fi sh oil) as inhibitors and omega-6 PUFAs as stimulators of the devel-
opment and progression of a range of human cancers (Bougnoux  1999 ). 
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The antitumor effect of EPA has been attributed to its suppression of cell proliferation 
and the effect of DHA appears to be related to its ability to induce apoptosis 
(Calviello et al.  1998 ; Lai et al.  1996 ). 

 Fish oil is effective in reducing infl ammation in blood and tissues due to its anti- 
infl ammatory properties. EPA and DHA are successful for this because they can be 
converted into natural anti-infl ammatory substances, called prostaglandins and leu-
kotrienes, which help to decrease infl ammation and pain (Belch and Muir  1998 ). 
Prostaglandins, prostacyclins, thromboxanes, and leukotrienes derived from LC 
omega-3 PUFAs play a key role in modulating infl ammation, cytokine release, 
immune response, platelet aggregation, vascular reactivity, thrombosis, and allergic 
phenomenon (Uauy and Valenzuela  2000 ). 

 The main PUFAs in the brain are DHA, alpha-linolenic acid, arachidonic acid, 
and docosatetraenoic acid, and DHA is particularly abundant in the membranes of 
retinal photoreceptors, in neural tissue, and, especially, in the grey matter of the 
brain (Das et al.  2009 ; Arterburn et al.  2000 ). The brain developmental functions of 
omega-3 fatty acids have been linked to their ability to prevent mental health prob-
lems (Severus et al.  1999 ). Experimental studies in animals have shown that diets 
lacking omega-3 PUFAs lead to substantial disturbances in neural function (Sinclair 
et al.  2007 ). DHA play a role in brain development and retina formation of a child 
during pregnancy ( Navarro-García et al. 2004 ). 

 Moreover, studies have reported that fi sh oil is useful in treating rheumatoid 
arthritis (Connor  2000 ), depression (Holman  1998 ), psoriasis (Dewsbury et al. 
 1989 ), multiple sclerosis (Gallai et al.  1995 ), dysmenorrhea (Deutch  1995 ), and is 
also effective in treating acute respiratory syndrome (Kumar et al.  2000 ). 
Investigation of the functionality of fi sh oil is an exciting fi eld of research that holds 
promise for additional fi sh oil products and health benefi ts. 

9.1     Incorporation of Fish Oil to Develop Functional Foods 

 Omega-3 has emerged as a very important element in the international functional 
foods market. The use of LC omega-3 oil as a functional food ingredient is currently 
more common in Japan and North America. In Japan, LC omega-3 oil is used in sev-
eral baked goods, margarines, and infant formulas (Yazawa  2001 ). In North America, 
LC omega-3 oil is beginning to be incorporated into food products and there is 
increasing demand for these products. For example, according to market research in 
the USA, in 2002, the market for foods and drinks fortifi ed with omega-3 fatty acids 
was $100 million, which has increased to $2 billion in 2006. Sales of fi sh oil supple-
ments in the USA are reported to have doubled between 1995 and 2007. Martek has 
obtained “generally recognized as safe” (GRAS) approval for the use of marine algae-
derived DHA in infant formula. Also, Ocean Nutrition Canada has obtained self-
affi rmed GRAS for a variety of LC omega-3 concentrates for use in functional foods. 

 The instability of EPA and DHA is a major problem in the incorporation of LC 
omega-3 oils into food products. These molecules are susceptible to oxidation, 
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which leads to unpleasant odor and taste in the oil and in any food product in which 
it is contained. Therefore, new technologies need to be developed in order to incor-
porate LC omega-3 into foods successfully. The microencapsulation of oil to form 
a stable powdered ingredient seems to be promising in this fi eld and has been used 
in processed foods, such as battered products, baked goods, and drinks. 
Microencapsulation by emulsion spray drying has been used to enable the enrich-
ment of infant formulas and breads (Schrooyen et al.  2001 ). Companies such as 
Roche, Basel, Switzerland (ROPUFA), BASF, Ludwigshafen, Germany (Dry n-3), 
and Loders Croklaan, Wormerveer, the Netherlands (Marinol) are marketing micro-
encapsulated LC omega-3 ingredients. Several other companies, including Ocean 
Nutrition Canada, Halifax, Canada and Clover Corporation Melbourne, Australia, 
are working on novel technologies to deliver LC omega-3 cost-effectively to a broad 
range of food products. Although there are several problems, it is likely that, within 
the next few years, a broad range of LC omega-3-containing foods will be available 
on the world market.  

9.2     Recommended Intake of Omega-3 

 Several international scientifi c authorities have published recommendations for the 
daily intake of omega-3 PUFAs (Kroes et al.  2003 ). The UK Government has rec-
ommended that people eat fi sh twice a week, including oily fi sh, to provide 3 g of 
LC omega-3 weekly. A similar recommendation has been made by the US Heart 
Association (Table  14.6 ).

10         Products Available on the Market 

 A large range of food products containing fi sh oils have been launched over the past 
decade. These include refi ned white bread, margarine, cookies, ice cream, yoghurt, 
milk, pasta, and fruit juices all fortifi ed with omega-3. A factor that is critical to the 

   Table 14.6    Organizational recommendations for omega-3 intake   

 Organization  Recommended level 

 Health and Welfare Canada  1.0–1.8 g omega-3 PUFAs/day 
 International Society for the Study of Fatty Acids 

and Lipids (ISSFAL) 
 0.22 g DHA and EPA/day 

 British Nutrition Foundation (BNF)  1.4 g DHA and EPA/day (males) 
 1.1 g DHA and EPA/day (females) 

 Institute of Medicine (IOM)  0.5 g omega-3 PUFAs/day 
(for infants) 

 United States Food and Drug Administration (US FDA)  3 g DHA and EPA/day 

  Source: Kroes et al.  2003   
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success of the production and marketing of these types of products is the control of 
oxidation and, thus, the development of fi shy or rancid taste or smell. 

 For 15 years, the food manufacturers have been trying to put omega-3 into foods. 
After the invention of the MEG-3™ brand of omega-3 EPA/DHA food and dietary 
supplement ingredients by Ocean Nutrition Canada Limited, there has been a huge 
breakthrough for the omega-3 market. In 2005, three US bakeries successfully 
introduced bread products containing MEG-3™ ingredients. In January 2005, New 
York-based Wegmans Food Markets, Inc. introduced three breads containing MEG- 
3™ ingredients. In February 2005, The Baker™, based in New Jersey, launched 
healthy whole grain bread containing MEG-3™ ingredients and, in April of the 
same year, George Weston Bakeries Inc. (Greenwich, Connecticut) launched 
Arnold Smart & Healthy™ 100 % whole-wheat bread containing the same omega-3 
fi sh oil ingredient. 

 Woodstock Water Buffalo Yogurt™ introduced yoghurt containing omega-3 
from fi sh oil. The yoghurt contains 100 mg of omega-3 EPA and DHA per 170-g 
serving. Danone Canada Inc. recently introduced the Cardivia™ brand of yogurt 
containing MEG-3™ to the Canadian market. Wilmar International Limited, 
Singapore, launched Arawana 3A+ premium cooking oil containing MEG-3® 
fi sh oil. In 2009, this cooking oil was recognized as one of “China’s 500 Most 
Valuable Brands” by the World Brand Laboratory. Another example is eggs 
enhanced with omega-3. Also, in Spain, a milk product has been successfully 
supplemented with fi sh oil. 

10.1     Alternatives and Substitutions for Fish Oil 

 The aquaculture, functional food, and nutraceutical markets are growing rapidly 
and this continuous growth will increase the demand for fi sh oil where the produc-
tion of fi sh oil seems to be stable. It is likely that the demand for fi sh oil will exceed 
supply in the future. Therefore, alternative sources for fi sh oil will have to be found. 

 The substitution of fi sh oil is considerably problematic and, at present, fi sh oils 
and cultured phototrophic microalgae are the main commercial sources of omega-3 
PUFAs. The development of functional foods and nutraceuticals has fuelled recent 
research into the molecular biology of omega-3 PUFAs production in prokaryotes 
(bacteria and algae particularly) (Olsen et al.  2008 ). DHA is currently produced 
from the algae  Crypthecodinium cohnii  for use in infant formula to promote brain 
development (Innis  2007 ). Major corporations are also working on genetically mod-
ifi ed yeast and plants that could serve as factories for the synthesis of LC omega-3 
fatty acids, including EPA (Damude and Kinney  2008 ). In the longer term, biotech-
nology could be used to create genetically modifi ed plants to produce nutritionally 
valuable, fatty acid-rich oils (Coutteau et al.  2002 ). 

 Vegetable oils such as linseed, rapeseed, canola, and soy oil have received con-
siderable attention as substitutes for marine oils due to their comparative cost and 
sustainable production levels (Miller et al.  2008 ). Vegetable oils are rich in omega-6 
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and omega-9 PUFAs, but are poor sources of omega-3 PUFAs (with the exception 
of linseed oil). The major problem with substituting fi sh oil in animal diet is the 
loss of health-promoting properties of the LC omega-3 PUFAs with the human 
consumption of fi sh (Simopoulos  1991 ), caused by the change in the fatty acid 
composition of the fi sh. To overcome this problem, the feed companies substitute 
fi sh oils with vegetable oils in the growing period and replace with fi sh oils in the 
fi nishing period of 10–12 weeks (fi nishing diet), which washes out the omega-6 
fatty acids accumulated during growth. This results in a fi nal product that is high in 
omega-3 fatty acids. Although the fi sh oils in aquafeeds are substitutable by up to 
60–75 % in marine fi sh diets, a high demand for fi sh oils is likely to continue 
(Turchini et al.  2009 ).   

11     Future Prospects 

 In recent years, the utilization of marine resources for human consumption has 
increased rapidly worldwide. This has been furthered by recognition of the health 
benefi ts of PUFAs, in particular, those of the family that exist in a high proportion 
in fi sh species with a high fat content. The use of fi sh oil in aquaculture feeds and in 
the food and pharmaceutical industries has increased dramatically where the pro-
duction seems to be static. If this trend continues, in the not too distant future, there 
will be a great pressure on the fi sh oil industry. 

 One of the future challenges of the fi sh oil industry should be to optimize the use 
of marine resources. In some fatty fi sh processing, after the fi lleting operation, a 
substantial amount of fi sh and fi sh leftovers are not used. In a time when depletion 
of the marine resources has become all too real, there is a clear need for more effi -
cient utilization. A 100 % utilization of fi sh processed for human consumption can 
be achieved by processing heads, fi ns, viscera, and so on into fi sh oil. 

 Another approach is the improved quality of fi sh oil production. Fish oil is a by- 
product of the fi sh meal industry, thus the amount of EPA and DHA present seems 
to be very low, while the amount in fi sh meal seems to be high. The fi sh oil consists 
almost exclusively of mono-, di-, and triglycerides (Opstvedt  1985 ). Therefore, to 
obtain the highest quality fi sh oil, preferably with the same composition as that in 
the fi sh, emphasis must be placed on the production of fi sh oil, with fi sh meal treated 
as a by-product. 

 There are indications that genetically engineered crops could provide EPA. So 
far, genetic engineering of plants does not appear to have achieved DHA production 
and it seems to be more diffi cult, and likely to take longer. Docosahexaenoic acid is 
currently produced from the algae  Crypthecodinium cohnii . Thus, fi sh oil seems to 
be a strategic ingredient for providing DHA for the growing population. It is vital, 
therefore, that we continue with studies aimed at developing LC omega-3 fatty acids 
from genetically modifi ed yeast and plants that are sustainable. 

 Although the emphasis has been on the marketability of the health benefi ts of 
fi sh oil, it is known that fi sh oil and fi sh liver oils contain other interesting 
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compounds. With improved separation techniques and more gentle processing 
methods, these oils might play an even more important role in the pharmaceutical 
and health food industries in the near future.     
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1            Introduction 

 The fi sh industry is a major economic source for a number of countries world-
wide. Fish protein is an essential source of nutrients for many people, especially 
in developing countries. It is estimated that, worldwide, one billion people depend 
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on producing, processing, and trading fi sh for their livelihood (Oosterveer  2008 ). 
The total world marine fi shery production in 2009 was estimated at 100.0 million 
tons, of which 75 % was used for direct human consumption and the remainder 
for other uses, such as meal production and other non-food purposes (FAO  2010 ). 
The fi sh processing industry produces more than 60 % by-products as waste, 
which includes head, skin, trimmings, fi ns, frames, viscera, and roes, and only 
40 % fi sh products for human consumption (Dekkers et al .   2011 ). These large 
quantities of fi sh by- product waste from fi sheries create serious pollution and 
disposal problems in both developed and developing countries. These by-product 
wastes contain satisfactory amounts of protein rich material that are normally 
processed into low market-value products (Hsu  2010 ). Considerable studies have 
been done on the characterization of the processed products as well as the differ-
ent possible modes of utilization of fi sh and sea foods (Garcıa-Arias et al.  1994 ; 
Espe et al .   2001 ; Stepnowski et al.  2004 ). The marine bioprocess industries con-
vert and utilize these discards or by- products as valuable products, such as fi sh oil, 
fi sh meal, fertilizer, pet food, and fi sh silage (Ward and Singh  2005 ; Kim and 
Mendis  2006 ; Ramírez-Ramírez et al.  2008 ). The increasing awareness of the 
potential use of by-products and the recycling of waste materials presents the 
nutritionist with the new and interesting challenges. There are several reasons for 
this. Firstly, many waste and by-products, hereafter referred to as waste suitable 
for animal feeding, are produced in small quantities in differing localities. 
Secondly, the motive of industrial producers for using organic wastes for animal 
feeding is more often a desire to obtain a positive return by selling waste rather 
than paying for their disposal, than real interest in meeting the requirements of the 
animals (Orskov  1980 ). The processing of marine fi sh for fi lleting, canning, and 
“surimi” production results in an immense quantity of by-products, which include 
trimmings, belly fl aps, heads, frames, fi ns, skins, and viscera (Choudhury and 
Bublitz  1996 ).  

2     Marine By-products and Their Composition 

 Every year, thousands of tons of marine fi sh by-products which are high in nutri-
ent content are dumped or discarded by fi sh processing plants throughout the 
world. Discarding these by-products creates two major problems. The fi rst is the 
underutilization of a huge amount of nutrients, such as proteins, minerals, and oil. 
Second, the disposal of such huge quantities of highly polluting organic matter 
contributes to major environmental and economic problems. On the other hand, 
the fi sh processing industry is faced with the need to develop effi cient by-product 
recovery and utilization methods. Instead of disposing of these fi sh products as 
waste, they can supply high-protein feed ingredients and palatability-enhancing 
agents for use in animal food. 
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2.1     Fish and Shellfi sh By-Products 

 Fishing generates large quantities of waste daily in fi sh markets and fi sh process-
ing industries. Fish remains have been discarded usually without putting their 
wealth of nutritive elements to useful production. Fish offal derived mainly from 
processing by-products has been carried out in various parts of the world in search 
of alternative and viable techniques for transforming fi sh waste into useful agricul-
tural products. 

2.1.1     Fish Skin 

 Processing by-product waste of fi sh skin is a rich source of collagen and gelatin. 
There are several studies which demonstrate the potential of fi sh skin processing 
by-product waste for conversion into fi sh protein hydrolysates. North Atlantic lean 
fi sh (Picot et al .   2010 ) and grass carp (Wasswa et al .   2007 ) fi sh species have high 
potential for their fi sh skin by-products to be used for the production of protein 
hydrolysates. A study has been carried out on the catfi sh skin isolated soluble and 
insoluble protein hydrolysates from hydrolyzed catfi sh skin and described the rheo-
logical and functional properties of the protein hydrolysates Yin et al. ( 2010 ). 
Aleman et al. ( 2011 ) attempted to prepare protein hydrolysates from tuna and hali-
but skin gelatins. Wasswa et al. ( 2007 ) carried out a study regarding prepared pro-
tein hydrolysates from grass carp skin using alcalase and optimized the hydrolysis 
conditions by using a response surface methodology.  

2.1.2     Fish Muscles 

 The muscles of different animals are very similar, containing similar protein and 
similar amino acid profi les. There are slight differences between fi sh muscle and the 
muscle of land animals. Fish are supported by a mass of water, thus the muscle 
fi bers require less structural support than those of land animals. Because of this, fi sh 
muscle tends to have less connective tissue than muscles from terrestrial animals, 
resulting in more tender texture. Protein composition in muscles varies by muscle 
type of the three types (striated, smooth, and cardiac muscle) of muscles; the stri-
ated muscles are the predominant form in fi sh. Fish muscle has “white” and “dark” 
meat. White meat is generally more abundant, contains fewer lipids than dark meat, 
and is the most widely consumed type of muscle tissue. Fish dark muscles are have 
limited uses due to their susceptibility to oxidation and off fl avor. The conversion of 
these high protein content dark muscle into protein hydrolysates for further utiliza-
tion will lead to producing value-added products (Hsu  2010 ) with a low cost of 
production. Nakajima et al.  2009  have carried out a research use for the production 
of hydrolysates from  Micromesistius australis  dark muscle.  
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2.1.3     Fish Bones 

 Fish bone is largely composed of calcium phosphate mineralized cartilage models. 
Fish backbone waste is another source of protein and minerals. It contains around 
30 % protein and Je et al. ( 2007 ) conducted an experiment regarding the protein 
hydrolysates from tuna backbone protein using different proteases, such as papain, 
pepsin, trypsin, alcalase, α-chymotrypsin, and neutrase. Morimura et al. ( 2002 ) 
found that the hydrolysates derived from fi sh bone would be suitable as a food addi-
tive due its high antiradical activity. For the production of protein hydrolysates and 
peptides, collagens containing yellowtail fi sh bone and swine skin wastes were used 
as raw materials and protein hydrolysates have potential use as food ingredients for 
many kinds of foods and for animal feed production (Morimura et al .   2002 ).  

2.1.4     Fish Scales and Fins 

 Fish scale is considered worthless, impracticable, and dismissed as a waste. However, 
it is known that fi sh scale contains numerous valuable organic and inorganic compo-
nents, mainly collagen and hydroxyapatite (Holá et al.  2011 ), which have commercial 
value for use in manufacturing functional foods, cosmetics, and biomedical products 
(Lin    et al.  2010 ; Pati et al.  2010 ). Okuda et al. ( 2009 ) and Chen et al. ( 2011 ) studied 
fi sh scale waste and focused on isolating and characterizing collagen from fi sh scales.  

2.1.5     Fish Liver, Viscera, and Stomach 

 Another important fi sh waste is fi sh liver and Je et al. ( 2009 ) reviewed those protein 
hydrolysates from the liver of skipjack tuna ( Katsuwonus pelamis ), a fi sh by- product 
which is used to produce fi sh meal and animal feed or is directly discarded as pro-
cessing waste. These fi sh liver wastes can mainly be use for the production of com-
mercial proteases such as Flavourzyme, alcalase, Protamex, and Neutrase. Fish 
viscera waste generated in large amounts during processing is a potential source of 
protein that can be used as a raw material for the production of protein hydrolysates. 
The solubilization of cod ( Gadus morhua ) visceral proteins has been studied by 
Aspmo et al. ( 2005 ) at natural substrate pH using endogenous enzymes alone or in 
combination with one of alcalase, Neutrase, Protamex, papain, bromelain, actinidin, 
and a plant protease mix of different commercial protease preparations. A study was 
carried out by Guerard    et al .  ( 2002 )  on protein hydrolysates produced from yel-
lowfi n tunas ( Thunnus albacares ) stomach by commercial neutral protease 
Umamizyme. Ovissipour et al .  ( 2009 ) and Wasswa et al .  ( 2007 ) described fi sh pro-
tein hydrolysates exhibiting variation in their amino acid composition. 

 These protein hydrolysates are produced by the enzymatic hydrolysis of native pro-
teins. Protein hydrolysates are used as readily available sources of protein for humans 
and animals due to their functional properties (Neklyudov et al .   2000 ). Raw material, 
enzyme source, and hydrolysis conditions are the main factors affecting the variation in 
amino acid composition of different fi sh protein hydrolysates (Klompong et al .   2009 ).   

B.O. Malaweera and W.M.N.M. Wijesundara



319

2.2     Trash Fish 

 The overcapitalization of fi sheries due to the commissioning of highly effi cient 
vessels and the degradation of aquatic habitats from pollution has increased catches 
of non-targeted fi shes and the resultant practice of discarding large quantities of 
catch. These discards were large in quantity, with a varying number of species rela-
tive to targeted species. Much of the composition of the discards were juveniles, and 
those that cannot be marketed because they are not considered edible or a delicacy 
or had been disfi gured through poor handling had no market value. The demand for 
trash fi sh has steadily increased with the continued expansion of the mariculture 
industry because, in terms of absolute volume, carnivorous fi sh consume less feed, 
but they cannot thrive without fi sh (or other marine proteins, including squid) as a 
major component of their diet. 

 But the disadvantages are an often ignored risk of continued use of trash fi sh 
as feeds in the mariculture industry is the likelihood of it being a direct or indi-
rect source of disease in cultured fi sh. It also constitutes a fi rst-order environ-
mental threat due to the signifi cant risk of spreading diseases to the fi sh 
population. Muroga  2001  carried out a study on one of the most serious viral 
diseases caused by the betanoda virus, which is a major viral pathogen that 
affects several marine fi sh species during their seedling and culture process in 
aquaculture hatcheries. Vertical transmission through the egg may be the most 
common mode of transmission for these viruses (Mushiake et al.  1994 ). Also, 
the direct infection of cultured fi sh can be via the consumption of trash fi sh 
containing high bacterial loads, especially streptococcal types (Austin  1997 ; 
Muroga  2001 ). Furthermore, organic components of trash fi sh (e.g., bones, mus-
cles, viscera, and scales) contribute to organic loading, and their decomposition 
rate in water is dependent on their physical and chemical characteristics, as well 
as conditions of the environment. 

 The recovery of chemical components from seafood waste materials, which can 
be used in other segments of the food industry, is a promising area of research and 
development for the utilization of seafood by-products. Upgrading or recovery of 
the edible high-grade protein from these wastes will result in renewed interest in the 
use of fi sh meal and hydrolysates in animal diets. Chemical and biological methods 
are the most widely used for protein hydrolysis, with chemical hydrolysis being 
used more commonly in industrial practices. Biological processes using added 
enzymes are employed more frequently and enzyme hydrolysis holds the most 
promise for the future because it results in products of high functionality and nutri-
tive value. The functional properties of fi sh protein hydrolysates are important, par-
ticularly if they are used as ingredients in food products. Enzymatic hydrolysis of 
fi sh proteins generates a mixture of free amino acids, di-, tri-, and oligopeptides, 
increases the number of polar groups and the solubility of the hydrolysate, and, 
therefore, modifi es the functional characteristics of the proteins, improving their 
functional quality and bioavailability (Gildberg  1993 ) (Table  15.1 ).
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   Table 15.1    Potential uses of fi sh waste   

 Final products  Treatment 
 Physicochemical 
characteristics  Uses 

 Fish waste 
(mainly 
heads, bones, 
skin, viscera, 
and 
sometimes 
whole fi sh 
and parsley) 

 Heat treatments at 65, 80, 
105, and 150 °C for 
12 h for moisture 
content reduction to 
10–12 % 

 High source of minerals, 58 % 
protein, 19 % fat, detection 
of toxic substances 
(As, Pb, Hg, and Cd) at 
non-problematic 
concentrations, decrease 
of waste digestibility with 
temperature 

 Fish waste 
(mainly heads, 
bones, skin, 
viscera, and 
sometimes 
whole fi sh and 
parsley) 

 Raw fi sh oil  Filtration pretreatment 
with or without the 
presence of two 
catalysts (iron oxide 
and calcium 
phosphate monoba-
sic) and ozone 
treatment [5 g/h, 16 g/
m 3  (about 8000 ppm)] 
at room temperature 
for 1 h and 30 min, 
respectively 

 Almost identical HHV 
(10,700 kcal/kg) and lower 
fl ash and pour points 
(37 °C and −16 °C, 
respectively) compared 
to commercial diesel fuel, 
no production of sulfur 
oxides, lowered or no soot, 
polyaromatic, and carbon 
dioxide emissions 

 Raw fi sh oil 

 Fish skin, bone, 
and fi n 

 Collagen isolation  36–54 % collagen recovery 
and denaturation 
temperatures of skin 
collagen (25.0 ± 26.5 °C), 
bone collagen 
(29.5 ± 30.0 °C), and fi n 
collagen (28.0 ± 29.1 °C) 

 Fish skin, bone, 
and fi n 

 Fish bone waste  Heat treatment of raw 
bone at 600 °C for 
24 h or 900 °C for 
12 h 

 Better removal capacity and 
well-crystallized hydroxy-
apatite at 600 °C, raw bone 
showed lower activity and 
crystallinity, bone sample 
heated at 900 °C showed 
similar activity to raw 
bone and developed 
crystallinity of 
hydroxyapatite 

 Fish bone waste 

 Fish waste 
(mainly 
heads, bones, 
skin, viscera, 
and 
sometimes 
whole fi sh 
and parsley) 

 Heat treatments at 65, 80, 
105, and 150 °C for 
12 h for moisture 
content reduction to 
10–12 % 

 High source of minerals, 58 % 
protein, 19 % fat, detection 
of toxic substances (As, 
Pb, Hg, and Cd) at 
non-problematic concen-
trations, decrease of waste 
digestibility with 
temperature 

 Fish waste 
(mainly heads, 
bones, skin, 
viscera, and 
sometimes 
whole fi sh and 
parsley) 

  Jayathilakan et al. ( 2012 )  
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3         Seafood By-product Utilization 

 Hundreds of different marine species harvested throughout the world are diverse in 
forms, varying from whales and fi sh to the shelled forms, such as oysters, crabs, 
lobsters, and sea urchins. A third to a half of these harvests can be used to produce 
by-products and further upgrading of these by-products. 

 Treated seafood waste has found many applications, among which the most 
important are animal feed, biodiesel/biogas, dietetic products (chitosan), natural 
pigments, food packaging applications (chitosan), cosmetics (collagen), enzyme 
isolation, Cr immobilization, soil fertilizer, and moisture maintenance in foods 
(hydrolysates) (Arvanitoyannis and Kassaveti  2008 ). 

 By-products used in agriculture are classifi ed as liquid, dry, and fresh or frozen 
scraps (Wyatt and McCourty  1990 ). Fish emulsions and oils generally include 
liquid by-products and fi sh silage, fi sh hydrolysate, and oil by-products, to name 
a few examples of that category. Fish meal and other meal, such as from crusta-
ceans and composed by-products, are included in the dry by-products. Composting 
is a relatively new method of treating marine by-products. It consists of mixing 
waste material with a bulking agent (a carbon source), such as shells, and fi sh 
frames (bones) decompose to form an enriched soil amendment or compost (Wyatt 
and McCourty  1990 ). The composting process generally requires the addition of 
some water. 

 Biodiesel (fatty acid alkyl esters) is a renewable and environmentally friendly 
energy source. The most commonly used technique to produce biodiesel from fats 
is transesterifi cation, in which triglycerides are reacted with alcohol, usually meth-
anol, in the presence of a catalyst, usually potassium or sodium hydroxide (KOH 
or NaOH), to produce mono alkyl esters. A general review on the recent trends in 
biodiesel production from fatty sources (vegetal or animal) can be found by 
Demirbas and Karslioglu ( 2007 ). Kato et al. ( 2004 ) evaluated the ozone-treated 
fi sh waste oil as a transportation diesel fuel. El-Mashad et al. ( 2008 ) subjected fi sh 
oil from salmon to an acid pretreatment, followed by an alkali-catalyzed trans-
esterifi cation in order to improve the biodiesel yield up to 97.6 % (biodiesel/salmon 
oil ratio). 

 Fresh and frozen seafood scrap is often considered a separate form of by- product, 
and it has many uses. Non-agriculture uses include processing for fi shing bait and 
as pet food additives (Wyatt and McCourty  1990 ). In the early days, much of the 
scrap material was dumped in landfi lls because it was the cheapest disposal alterna-
tive. As disposal fees increased, fi nding alternative uses became necessary. Those 
wastes have been utilized in animal feed ingredients, complete feed, feed supple-
ments such as calcium or phosphate supplements, vitamin supplements, or as other 
feed additives. 

 The development of new extraction technologies and research has permitted 
the identifi cation and isolation of an increasing number of bioactive compounds 
from remaining fi sh muscle proteins, collagen and gelatin, fi sh oil, fi sh bone, 
internal organs, and shellfi sh and crustacean shells. These bioactive compounds 
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can be extracted and purifi ed with recent technologies (Kim and Mendis  2006 ) 
and such compounds may include bioactive peptides, oligosaccharides, fatty 
acids, enzymes, water-soluble minerals, and biopolymers for biotechnological, 
nutraceutical, and pharmaceutical applications. Skin, bones, and fi ns are pro-
duced as a consequence of the preparation of different fi shery products such as 
fi llets, sashimi (sliced raw fresh fi sh), etc., representing around 30 % of the fi sh 
fi llet processing waste. Fish skin, therefore, is an important by-product of the 
fi sh-processing industry, causing wastage and pollution. Skin and bones are a 
rich source of gelatin and collagen; collagen is the major structural protein found 
in the skin and bones of animals and gelatin are collagen degradation products. 
Previous studies were found that obtain collagen from skin, bones, scales, and 
fi ns of different fi sh species and invertebrates waste (Morimura et al.  2002 ; 
Senaratne et al.  2006 ). The extraction of gelatin has been reported for cod skin 
(Gudmundsson and Hafsteinsson  1997 ), shark and carp skin (Ward and Courts 
 1977 ), Alaska pollock skin (Zhou and Regenstein  2005 ), and cod head skin 
(Arnesen and Gildberg 2006).  

4     Industrial Application of Marine By-product 
as Animal Feed Industry 

 The use of seafood wastes as animal feed is an alternative of high interest, because 
it stands for environmental and public benefi t besides reducing the cost of animal 
production (Samuels et al .   1991 ; Westendorf et al .   1998 ; Westendorf  2000 ). Offal 
from the fi shing industry could be used as a feed ingredient, as it represents a valu-
able source of high-quality protein and energy (New  1996 ; Gabrielsen and 
Austreng  1998 ). 

 Feed is important in animal husbandry or farming because it represents 40–50 % 
of the total variable production costs (Shang  1992 ). In order to enhance production, 
improving food security is important and much attention has been focused on a 
search for cheap and nutritious feedstuffs. Many developing countries are endowed 
with seafood by-products, which are usually not utilized for human consumption, 
but may have great potential as fi sh feed. Seafood by-products selected for feed 
formulation have low and/or no competition between human and other animal uses, 
since they are not eaten by humans. This increases their suitability for use in formu-
lating inexpensive animal feeds. Despite the favorable composition, availability, and 
cost-effectiveness, less experimental work has been done to test their infl uence on 
the growth of animals. 

 Many applications of seafood by-products have been used in aquaculture, poul-
try, swine, and other animal feed formulation processes. Marine fi sh waste can be 
used as alternative feedstuffs in swine diets to partially meet the protein require-
ments and serve as a substitute for common sources of protein; Esteban et al .  ( 2006 ) 
illustrate one such example. 
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4.1     Fish By-product Application in Animal Feed 
Ingredient Production 

4.1.1     Seafood Processing By-products as Pet Foods 

 Prior to the commercially prepared pet foods, dogs and cats were table scraps or 
homemade formulas made from human foods and leftovers. The fi rst commercial 
pet food to be marketed was in the form of a dry product. The pet population is also 
increasingly being fed with commercially prepared pet foods. This was continu-
ously developed throughout the last few decades, with products like canned food, 
biscuits, extruded dry products, pellets, etc. 

 Commercially prepared pet food products are available in several forms that vary 
according to the processing methods used, the ingredients included, and the meth-
ods of preservation. The major classifi cation of commercial pet foods divides prod-
ucts according to the processing method, methods of preservation, and moisture 
content, and these categories are the dry, wet, and semi-moist foods. Dry pet foods 
contain between 6 and 10 % moisture and 90 % or more dry matter. Wet pet foods 
were developed originally as canned products that had moisture contents of 65–70 % 
and intermediate moisture products with much less water, being in the range 
20–30 % (Crane et al .   2000 ). 

 Commercially prepared pet foods are an easy and economical way to fulfi ll the 
nutrient requirements among pets. These types of foods provide more than 90 % of 
the calories consumed by pets. Most manufactured pet foods are formulated to meet 
specifi c nutrient goals to support growth, maintenance, or gestation/lactation, as 
recommended by the Association of American Feed Control Offi cials (AAFCO 
 2007 ). For pet food production, the main ingredients are meat by-products, corn, oil 
seeds meal (such as soy, cottonseed, peanut, canola, sunfl ower, etc.), wheat fl our 
by- products, etc. These meats by-products include liquid fat, blood, viscera, etc. 

 Concerning fi sh waste, it is an important source of proteins, lipids, minerals, and 
fats (Rustad  2003 ). Khan et al .  ( 2003 ) conducted experiments on the potential utili-
zation of waste fi sh scraps from white croaker, horse mackerel, fl ying fi sh, chub 
mackerel, and fi ve species of sardine to produce fi sh protein hydrolysate by enzy-
matic treatment. Protein hydrolysates are breakdown products of enzymatic conver-
sion of proteins into smaller peptides and they are small fragments of peptides that 
contain 2–20 amino acids. 

 The oil content of fi sh waste by-products is in the range 1.4 and 40.1 %, depend-
ing on the species and tissue (Babbitt  1990 ). Lipids recovered from processing 
towards suffi cing the by-products of commercial fi shes are better alternatives to 
lipids for the feed industry and can effectively meet demands. The major lipid-based 
compounds that can be recovered from fi sh by-products are omega-3 (n-3) polyun-
saturated fatty acids (PUFAs), phospholipids, squalene, vitamins, and carotenoids 
(Sen  2005 ). The main roles of PUFAs in human health concerns have been studied 
by Mnari et al .  ( 2007 ) and Connor ( 2000 ), especially eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA), in the prevention of cardiac-related disease 
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conditions, infl ammations, cancers, and autoimmune disorders, as well as their 
benefi cial effects in the fatal development and modulating the biosynthesis of eico-
sanoids. The utilization of these biomolecules with potential biological activities 
and functionalities provides a means for value addition to the fi sh processing waste.  

4.1.2     Seafood Processing By-products as Fish Meal 

 Fish meal is a highly nutritious powder, produced by drying and grinding whole fi sh 
or processing waste obtained from bycatch and other abundant species, like anchovy 
( Engraulis  sp.), menhaden ( Brevoortia  sp.), and capelin ( Mallotus villosus ) (Hevroy 
et al.  2004 ). Standard fi sh meal is blended with other ingredients and used as animal 
feed, but meal produced from fi sh of high freshness quality commands a premium 
price and is sought after as an aquaculture and agricultural weaning feed. Fish meal 
is a relatively dry product composed mainly of protein (70 %), minerals (10 %), fat 
(9 %), and water (8 %). It can have different qualities, in terms of amino acid profi le, 
digestibility, and palatability, depending on the raw material used for its production 
and the type of process employed for obtaining the meal (Gildberg  2002 ). 

 Fish meal is a rich source of vitamins and minerals, which play an important role 
in the nutrition of animals. The ash content in fi sh meal varies between 12 and 
20 %, depending on the species (Babbitt  1990 ). Fish meal contains pantothenic 
acid, ribofl avin, niacin, B12, calcium, phosphorus, sodium, selenium, and magne-
sium (Barlow and Windsor  1984 ). Fish meal is a highly concentrated nutritious 
feed supplement produced by cooking, pressing, drying, and grinding of the skele-
tal remains, along with the adhering proteinaceous tissues of fi sh from fi lleting or 
canning operations of the processing of trash fi sh obtained as bycatch along with 
other high- valued species (Pike  1999 ). The production of fi sh meal is limited in the 
widespread use of seafood processing waste and bycatch in fi sh feeds because raw 
materials are only available during fi shing seasons and often in remote areas, mak-
ing it diffi cult to justify investment in conventional fi sh meal reduction plants. 
Developments in fi sh meal production technology have resulted in equipment 
becoming more compact, with a shorter processing time. Sugiura et al .  (1998) stud-
ied the apparent protein digestibility values of fi sh meal produced from deboned 
fi llet waste and found that they were as high as those of the highest quality fi sh meal 
(Table  15.2 ).

   Fish meal is used in feeds for poultry, pigs, ruminants, fi sh, crustaceans, pets, and 
fur-bearing animals because it increases productivity and improves feed effi ciency. 
It provides a unique balance of essential amino acids, energy, vitamins, minerals, 
and trace elements which complement other feed ingredients. It does this by cor-
recting their defi ciencies. Fish meal is also a good source of the amino acid taurine 
and the fatty acid arachidonic acid (C20:4 n-6), which are essential for cat nutrition 
and health. In addition to being a major source of energy, the residual fat in the meal 
is a rich source of omega-3 fatty acids, which represent over 35 % of the total fatty 
acids present in the fat (referring to the article:   http://www.afdf.org/wp/wp-content/
uploads/2008_by_product_mkt_study.pdf    on 08-09-2012) (Table  15.3 ), (Alaska 
Fisheries Development Foundation Anchorage  2008 ).
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4.1.3        Fish Protein Hydrolysates 

 Viscera wastes, which include digestive tissues (stomachs, pyloric caeca, intestines, 
liver, pancreas, etc.) and some other organs like spleen and gonads, were used to 
obtain fi sh protein hydrolysates and fi sh silages. Fish protein hydrolysates and 
silages constitute a nitrogen source for pet foods and aquaculture feed (Martone 
et al.  2005 ), reducing the cost of nitrogen supply in feeds. The possibility of fi sh 
protein hydrolysate use in the animal feed industry has been studied in the literature 
(Aksnes et al.  2006 ; Aguila et al. ( 2007 ); Barrias and Oliva-Teles  2000 ; Gildberg 
et al.  1995 ; Hevroy et al.  2005 ).  

   Table 15.2    Proximate composition, essential amino acid, and phosphorus and calcium content of 
commercial anchovy meal (COM), mixed benthic meal (MBM), small pelagic meal (SPM), catfi sh 
meal (CAM), and tuna cannery waste meal (TCW)   

 Fish meal 

 COM  MBM  SPM  CAM  TCW 

  Proximate composition (g/kg)  
 Crude protein  672  662  629  565  643 
 Lipids  114  63  68  72  79 
 Ash  130  161  224  244  173 
 Moisture  71  82  59  84  70 
  Essential amino acids (g/100 g) proteins  
 Arginine  5.49  6.04  5.5.2  6.38  5.62 
 Histidine  1.86  2.36  2.37  2.52  2.71 
 Isoleucine  3.12  3.73  3.32  3.75  3.49 
 Leucine  6.75  7.70  6.94  8.10  7.01 
 Lysine  6.66  8.06  7.15  8.44  6.84 
 Methionine (+cystine)  3.55  4.10  3.75  3.49  3.64 
 Phenylalanine (+tyrosine)  6.20  7.39  6.70  7.50  6.77 
 Threonine  4.17  4.73  4.21  4.86  4.39 
 Tryptophan  1.04  1.29  1.15  1.29  1.17 
 Valine  3.96  4.32  3.92  4.37  4.05 
  Mineral composition  
 Calcium  1.29  3.61  2.56  2.74  2.94 
 Phosphorus  0.88  1.85  1.32  1.48  1.54 

  Goddard et al. ( 2008 )  

   Table 15.3    Examples for the use of different fi sh meals as an ingredient for aquaculture feed   

 Fish meal  Use in  Reference 

 Anchovy fi sh meal  Salmon  Anderson et al. ( 1995 ) 
 Anchovy fi sh meal  Shrimp  Cruz-Suarez et al .  ( 2000 ) 
 Alaskan pollock (white) fi sh meal  Rainbow trout  Satoh et al. ( 2002 ) 
 Groundfi sh fi sh meal:  Salmon  Anderson et al .  ( 1997 ) 
 Herring fi sh meal:  Cod  Tibbetts et al .  ( 2006 ) 

 Haddock  Tibbetts et al. ( 2004 ) 
 Salmon  Anderson et al. ( 1997 ) 

 Mackerel fi sh meal:  Salmon  Anderson et al .  ( 1997 ) 
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4.1.4     Fish Oil 

 Fish oil is a versatile product and fi nds many applications in the food, feed, and 
technical industries of the world. Fish oil is the second major product of rendering 
the inedible fi sh and fi sh by-products. Fish oils contain mainly triglycerides of fatty 
acids, with variable amounts of phospholipids, glycerol ethers, and wax esters 
(Ruiter  1995 ). Moreover, fi sh oils contain a wide range of long-chain fatty acids 
(14–22 C), with high degrees of unsaturation. Due to their functional properties, fi sh 
oils have been utilized to manufacture food and pharmaceutical products. 
Hydrogenated fi sh oils are used to manufacture edible products such as margarine, 
shortenings, and salad oils (Ruiter  1995 ). Since fi sh oils have a widely varied chain 
length (14–22 C), margarines prepared from them have an excellent plastic consis-
tency (Barlow and Windsor  1984 ). The highly unsaturated properties of unhydroge-
nated fi sh oils make them very benefi cial to human health. The fat content of fi sh 
varies from 2 to 30 %, depending on the type of species, diet, season, environment, 
and geographic variations. The composition of fi sh oil is different from that of other 
oils and is mainly composed of two types of fatty acids, eicosapentaenoic acid 
(EPA) and docosahexaenoic acid (DHA). These are PUFAs classifi ed as omega- 
3fatty acids and predominantly found in many marine animals. 

 Medical and nutritional researchers have found that the long-chain polyunsatu-
rated ω-3 fatty acids found in DHA and EPA are essential to the fetus and young 
child in order for them to have normal brain and nervous tissue development (Ruiter 
 1995 ). Barlow et al. ( 1990 ) pointed out that fi sh oils containing EPA and DHA have 
positive effects on cardiovascular diseases as they help to reduce blood cholesterol 
levels. Finally, oil made up from fi sh livers possesses potential health benefi ts due 
to the high contents of vitamins A and D. 

 Annetta et al. ( 2009 ) investigated the effects of manipulating level and source of 
the fi sh oil supplement based on herring and salmon oil on forage intake, colostrum 
production and composition, and lamb output of late gestation ewes. Fish oil in 
feeds for all male and female pigs changes the muscle fatty acid composition and 
stability of sensory quality (Hallenstvedt et al.  2010 ) (Fig.  15.1 ).

4.1.5       Fish Bone Meal 

 The dietary Ca to P ratio has a major impact on the effi ciency of bone mineralization 
and maintenance of minerals in the skeleton of warm-blooded animals, while in 
fi sh, the results are inconsistent (Vielma and Lall  1998 ). Lee et al. ( 2010 ) evaluated 
the supplemental fi sh bone meal made from Alaska seafood processing by-products 
and dicalcium phosphate in plant protein-based diets for rainbow trout ( Oncorhynchus 
mykiss ) The results indicated that the fi sh bone meal made from Alaska seafood 
processing by-products could be used in fi sh feed formulations as a supplemental 
calcium source but not as a primary phosphorus source because of its low bioavail-
ability to fi sh. 
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 Furthermore, fi sh bone meal could be used as a calcium and phosphorous source 
in salmon diet (Nordrum et al.  1997 ) and trout diet (Vielma et al.  1999 ). The feed 
ingredient was tested for the performance of feeding trial using fi sh bone-rich meal 
produced by separation of the bone fraction from a commercial fi sh meal (Toppe 
et al.  2006 ). 
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  Fig. 15.1    Flow diagram for the production of hydrolysate, fi sh oil, and bone meal from fi sh waste       
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 Bone meal also had phosphorus retention of 60 %, which is lower than that of 
primary sodium phosphate (Nordrum et al.  1997 ). Richie and Brown ( 1996 ) found 
the true phosphorus availability for rainbow trout-fed herring meal to be 55.4 %, 
anchovy meal 35.7 %, and menhaden meal 21.5 %. Watanabe et al. ( 1980 ) found 
that chum salmon balances the calcium/phosphorus ratio in the body by controlling 
the absorption or excretion of calcium.   

4.2     Shellfi sh By-products Applications 
in Animal Feed Ingredient Production 

4.2.1     Proximate analysis, isolation and identifi cation of amino acids 
and sugars from raw and cooked commercial shrimp waste 

 Shrimp waste meal has been identifi ed as an animal protein source that has great 
potential. The availability of shrimp, in both offshore waters and Lagos Lagoon, 
amounts to about 300,000 t per year and they form the larger part of the catches of 
artisan fi sherman and commercial shrimp trawlers (Abohweyere  1984 ). The increase 
in shrimp farming and production has led to the concomitant production of shrimp 
waste meal. Larger amounts of shrimps are sold or exported as peeled or unpeeled 
tail (Lee and Wickins  1992 ). According to Meyers ( 1986 ), shrimp heads alone rep-
resent 35–45 % of the total shrimp production. Shrimp waste meal is basically the 
dried waste of the shrimp industry, consisting of the heads, appendages, and exo-
skeletons, and is particularly rich in lysine (Fanimo et al.  1996 ). Furthermore, 
Fanimo et al. ( 1996 ) reported that shrimp waste meal can be used as a substitution 
for fi sh meal in broiler feed formulation processes. 

 Fanimo et al. ( 2000 ) assessed the protein quality of shrimp waste meal in a bal-
anced experiment with rats and the results indicated that the shrimp waste meal is 
inferior to that of fi sh meal, but that supplemental methionine and lysine in shrimp 
waste meal diets improved the quality of the protein.  

4.2.2    Shell Waste Meal 

 Crustacean shells were identifi ed as a very good feed ingredient in the animal feed 
industry. Most of the shells are by-products in the processing of crustaceans such as 
shrimps and oysters. Cobos et al. ( 2002 ) found that shrimp shell waste can be used 
in an up to 15 % dry matter basis in diets for growing lambs, without a negative effect 
on animal performance. On the other hand, oyster shells contain 52–55 % calcium 
oxide and are used in the manufacture of calcium carbide, lime, and cement. The 
shells crushed to a suitable size are used as poultry grit and dried oyster shell powder 
is in high demand in animal feed formulation (Sathiadhas and Aswathy  2004 ).  

B.O. Malaweera and W.M.N.M. Wijesundara



329

4.2.3    Crab By-product Meal 

 By-products from the crab industry are presently underutilized and may constitute 
more than 50 % of the crab weight (Anon  2004 ). These types of feed ingredients 
provide different kinds of minerals; chitin and collagen proteins that are all essential 
for the structural integrity of crab shell (Toppe et al.  2006 ). The effect of dietary 
inclusion of fi sh bone and crab ( Cancer pagurus ) by-products on growth perfor-
mance and feed utilization was investigated in a growth trial with Atlantic cod 
 Gadus morhua  by Toppe et al. ( 2006 ). The feed ingredient was prepared using by- 
product from the crab industry, mainly consisting of shells, viscera, and legs. 

 Red crab wastes were mainly used in aquacultural feed ingredient production. 
For example, Spinelli et al. ( 1974 ) investigated a method for processing red crab 
into a dry feed material and found that it was highly suitable for inclusion in salmo-
nid diets. Furthermore, the nutritional value of red crab ( Pleuroncodes planipes ) 
meal as a protein source and partial replacement for fi sh meal in diets for juvenile 
 Litopenaeus vannamei  was evaluated previously by Goytortúa-Bores et al. ( 2006 ). 
The pelagic red crab is not used for human consumption because of the small size 
of its abdominal muscle. However, its nutrient composition makes it an attractive 
ingredient for animal feeds. The most abundant nutrients of red crab are protein and 
minerals. Villarreal et al. ( 2004 ), reported good results when using feeds supple-
mented with red crab meal for the American lobster. Villarreal et al. ( 2004 ) found 
that the growth of  Farfantepenaeus californiensis  post-larvae improved when the 
diet contained red crab meal.   

4.3     Molluscs By-products Applications 
in Animal Feed Ingredient Production 

 Molluscs such as squids, clams, cuttlefi sh, and octopus are also highly demanded sea-
food in many countries (Mandeville et al.  1992 ). Therefore, waste from processing gives 
sources for animal fed ingredients. Table  15.4  shows squid-based feed ingredients, along 
with their references.

   Other than squids, studies have been carried out for the suitability of molluscs 
by-products as animal feed ingredients, such as blue mussel extract meal tested for 

   Table 15.4    Squid by-products based animal feed ingredients   

 Feed ingredient  References 

 Squid meal  Lee et al. ( 1999 ), Naik et al. ( 2001 ), Lim et al. ( 1997 ), Millamena, et al. 
( 2000 ), Sanchez et al. (2005), Vassallo-Agius et al. ( 2002 ) 

 Squid mantle meal  Moksness et al. ( 1995 ) 
 Squid liver meal  Bai and Lee ( 1998 ), Sato et al. ( 2006 ), Wang et al. ( 2006 ) 
 Squid viscera meal  Mai et al. ( 2006 a) 
 Squid hydrolysate  Espe et al. ( 2006 ), Kolkovski and Tandler ( 2000 ), Lian et al. ( 2008 ) 
 Squid offal silage  Wang and Lied ( 2001 ) 
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Japanese fl ounder (Kikuchi et al.  2002 ), clam meal tested for freshwater prawn 
(Naik et al.  2001 ) mussel (green-lipped) fl esh meal tested for spiny lobster (Smith 
et al.  2005 ), and scallop meal tested for shrimp (Sudaryono et al.  1995 ).  

4.4     Seafood Waste Applications in Animal Feed 
Additives Production 

4.4.1    Natural Pigments 

 Carotenoids are a group of fat-soluble pigments that can be found in many plants, 
algae, microorganisms, and animals, and are responsible for the color of many 
important fi sh and shellfi sh products. Most expensive seafood, such as shrimp, lob-
ster, crab, crayfi sh, trout, salmon, redfi sh, red snapper, and tuna, have orange-red 
integument and/or fl esh containing carotenoid pigments (Haard  1992 ). 

 Whereas in some fi sh species such as salmonids the fi llet color constitutes an 
important quality parameter (Sigurgisladottir et al.  1997 ), in others, it is adequate 
skin pigmentation that greatly improves fi sh appearance, being associated by the 
consumer with freshness and product differentiation. The literature indicates that 
red porgy-like high-valued species is characterized by a natural red-pink skin color-
ation, which acquires a gray color under culture conditions (Kentouri et al.  1995  and 
Cejas et al.  2003 ). Since some fi sh are unable to synthesize carotenoids (Goodwin 
 1984 ), skin color is highly dependent on the carotenoids present in their diet. 
Therefore, it is interesting to produce color supplements/feed ingredients in feed, 
especially natural color extractants. 

 Red crab is an excellent source of β-carotene, two esters of astaxanthin and free 
astaxanthin (Wilkie  1972 ), with concentrations estimated to be 8–10 mg/100 g of 
the whole animal. Red crab has been used previously as a feed ingredient for aquatic 
organisms. Similarly, Spinelli and Mahnken ( 1978 ) used it as a source of pigments 
in diets for salmonids. Furthermore, extracted pigments from red crab have been 
used as a feed ingredient for rainbow trout and obtained excellent muscle pigmenta-
tion. Also, Spinelli et al.  1974  found highly pigmented muscles in rainbow trout 
which were fed Oregon moist pellet type diets containing 10 and 25 % red crab. 

 Shrimp waste is one of the most important natural sources of carotenoids (Shahidi 
et al.  1998 ). Shrimp waste, such as head and body carapace, was used for carot-
enoids extraction with various organic solvents [methanol, ethyl methyl ketone, iso-
propyl alcohol (IPA), ethyl acetate, ethanol, petroleum ether, and hexane] and 
solvent mixtures (acetone and hexane, IPA, and hexane) at various extraction condi-
tions (percentage of hexane in the solvent mixture of IPA and hexane, ratio of sol-
vent to waste, and number of extractions) (Sachindra et al.  2001 ). 

 Previous studies with cultured  Pagrus pagrus  have shown an improvement in 
skin coloration by the inclusion of different astaxanthin sources such as shrimp 
( Plesionika  sp.) (Cejas et al.  2003 ), shrimp shell meal (Kalinowski et al.  2005 ; 
Kalinowski et al.  2007 ), or  Haematococcus pluvialis  (Chatzifotis et al.  2005 ).   
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4.5     Seafood By-products Application in Silage Production 

 Fish silage is prepared by combining minced fi sh or parts of fi sh with acid or lactic 
acid bacteria derived from fermentable carbohydrate and hydrolyzable protein sub-
strates. At low pH, the fi sh waste and parts of fi sh ingredients liquefi ed through the 
action of the digestive tract and proteolytic enzymes. This breakdown is accelerated 
by the acids, which, in addition to reducing the pH, also break down bones and 
cartilage and prevent the growth of spoilage bacteria (Tatterson  1982 ). Fish waste 
ensilation is an old preserving technique for protecting organic matter against spoil-
age, and it is friendly to the environment, safer, technologically simpler, and more 
economical than the manufacture of fi sh meal (Gildberg  1993 ), but may lead to the 
loss of this important potential feed ingredient. The ensilage of fi sh waste has been 
practiced, but is not widely used up till now because of the water content, which 
may render transportation expensive, and fi sh waste silage is smelly, which may 
limit its use in a high proportion of feed formulations. To reduce transport costs and 
to optimize storage, it is desirable to produce dry silage. Suitable carbon sources 
include carbohydrates, such as glucose, fructose, sucrose, and starch hydrolysate, 
molasses, and organic acids. As nitrogen sources, various inorganic and organic 
salts and compounds such as ammonium salts and other similar compounds, urea, 
natural proteolytic organic substances such as peptone, casein hydrolysate, yeast 
extract, corn steep liquor, soybean protein hydrolysate, and various other extracts of 
vegetal and animal tissues may be employed. 

 Most studies on the use of co-dried mixtures of fi sh silage and cereals as aquafeed 
ingredients used drum dryers (Arason  1994 ), ovens (Vidotti et al .   2002 ), solar cabi-
nets (Goddard and Al-Yahyai  2001 ), or sun drying outdoors (Ali et al .   1994 ). 
Research has been conducted for the development of fi sh waste ensilation and iden-
tifying nutritional characteristics (Jackson et al.  1984 ; Haaland and Njaa  1989 ; Espe 
et al .   1989 ). During silage processing, enzymes found in muscles hydrolyze pro-
teins and nitrogen becomes more soluble, which may lead to making silage the most 
commonly available amino acid source for protein biosynthesis (Espe et al .   1989 ). 
Other than that, Ca and P were found in higher concentrations in both fi sh meal and 
silage in some fi sh species studied by Martınez-Valverde et al .  ( 2000 ). 

 Vidotti et al. ( 2003 ) evaluated the amino acid composition of silages produced 
from fi sh as supplement in fi sh feeds, as the nutritional value of aquaculture fi sh diet 
is determined basically by its amino acid composition. Commercial marine fi sh 
waste, commercial freshwater fi sh waste, and tilapia fi lleting residue were used to 
produce fi sh silage by acid digestion (20 ml/kg formic acid and 20 ml/kg sulfuric 
acid) and anaerobic fermentation (50 g/kg  Lactobacillus plantarum , 150 g/kg sugar 
cane molasses). Marine fi sh waste had higher crude protein content compared to 
freshwater fi sh waste and tilapia fi lleting residue. 

 Steers were used by Ever and Carroll ( 1998 ) to evaluate the ruminal undegrad-
able protein of fresh shrimp waste and shrimp silage (47 % shrimp waste, 17 % 
molasses), and it was found that ruminal undegradable protein was 57 % for the 
fresh shrimp waste and 32 % for the shrimp silage. Fish and crab processing waste 
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were ground and ensiled with low-quality roughages such as corn stover or peanut 
hulls and Johnson grass in proportions and Samuels et al. ( 1992 ) obtained success-
ful results. Biological fermentation using  Lactobacillus plantarum  of fi sh waste of 
whole fi sh, viscera, and heads for potential use in animal and poultry feeds was 
studied by Hassan and Health ( 1986 ). 

 Chopped pilchard waste, including viscera, heads, and tails, which were mixed 
with molasses and ensiled with  Saccharomyces  sp. and  Lactobacillus plantarum  
produced better quality silage (Faid et al.  1997 ), and the preservation of crab or 
shrimp waste as silage for cattle (Evers and Carroll  1996 ) are another two examples 
of fi sh waste silage production experiments.   

5     Impact of the Utilization of Marine By-products 
in Animal Feed 

5.1     Safety Impact on Human Health 

 Animal feed or forage may be the source of a limited number of infections for farm 
animals that could lead to human illness. Likely organisms include  Salmonella 
enterica ,  Toxoplasma gondii ,  Trichinella spiralis , and possibly the agent of bovine 
spongiform encephalopathy. The risk to human health from other infectious agents 
which may contaminate either feed or forage appear to be either negligible, e.g., 
 Bacillus anthracis  and  Mycobacterium bovis , or non-existent, e.g.,  Clostridium 
botulinum  toxin and  Listeria monocytogenes  (Hinton  2000 ).  

5.2     Environmental and Economical Impact 

 Fish waste management has been one of the problems with the greatest impact on the 
environment (Arvanitoyannis and Kassaveti  2008 ). Fish farming detrimental effects 
on the marine environment in particular have become an issue of public concern. The 
intensive farming of marine fi nfi sh, commonly practiced in cages or ponds, involves 
the supply of high-quality artifi cial feeds and medication with consequent impacts 
on the environment, mainly because of the release of organic and inorganic nutrients 
and the release of chemicals used for medication (Arvanitoyannis and Kassaveti 
 2008 ). These impacts tend to be the most severe in areas with poor water exchange 
(Midlen and Redding  1998 ). Not only can the surrounding area be directly affected 
by the effl uent, but fi sh waste can also affect a wider coastal zone at different ecosys-
tem levels, thus reducing the biomass, density, and diversity of the benthos, plank-
ton, and nekton, and modifying natural food webs (Gowen  1991 ; Pillay  1991 ). 

 Therefore, most common environmentally friendly and economical methods for 
the utilization of marine seafood waste are the manufacture of fi sh meal/oil, the 
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production of silage, or the use of waste in the manufacture of organic fertilizer. The 
utilization of by-products is an important cleaner production opportunity for the 
industry, as it can potentially generate additional revenue as well as reduce disposal 
costs for these    materials   .      
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1            Introduction 

 The lactic acid bacteria (LAB) are a group of Gram-positive rod- and coccus-shaped 
organisms that have less than 55 % mol G+C content in their DNA. They are non-
spore- forming, non-motile, and produce lactic acid as their major end product during 
the fermentation of carbohydrates. The taxonomy of LAB has changed considerably 
during the last few years and, at present, this group comprises the following genera: 
 Lactobacillus ,  Lactococcus ,  Leuconostoc ,  Pediococcus ,  Streptococcus ,  Aerococcus , 
 Carnobacterium ,  Enterococcus ,  Oenococcus ,  Sporolactobacillus ,  Tetragenococcus , 
 Vagococcus ,  Weissella , and  Bifi dobacterium . They are widespread in nature and 
commonly found in many food products (dairy, meat, fruit, vegetables, etc.), as well 
as in the genital regions, intestinal regions, and oral cavities of animals and humans. 
For thousands of years, humans have empirically used LAB for the natural fermenta-
tion of milk, meat, vegetables, and fruits that led to a new stabilized product. 
The acidifi cation process due to lactic acid production as the major end metabolite of 
the carbohydrate fermentation is one of the most desirable side effects of their growth, 
inhibiting microorganisms, including the most common human pathogens. Since the 
scientifi c basis of the mechanisms have been set up, the LAB species traditionally 
used have been selected and produced as lyophilized starters that can be added into 
the food and allow better control of the fermentation. 

 LAB in fi sh fl esh have long been disregarded because they are not currently pres-
ent in seafood. However, signifi cant changes in culinary habits in the last several 
decades of the past century and current consumer demands have led the food indus-
try to produce a great variety of convenient foods, many of them ready-to-eat, such 
as lightly preserved fi sh products (LPFP), in which certain ingredients (e.g., salt or 
sugar) are usually added and a mild processing (e.g., cold-smoked) is frequently 
applied. These approaches give rise to changes of the normal characteristics of fresh 
fi sh (e.g., reduced aw), inhibiting the growth of organisms responsible for spoilage 
and enhancing that of other microbiota, such as LAB. Given the great increase in the 
production of these foods, LAB can achieve a great interest in LPFP packaged 
under different conditions. The potential uses of LAB in seafood products are dis-
cussed in this chapter.  

2     Microbial Ecology of Living Fish 

 The muscle of living marine fi sh is sterile. However, the skin, mucus, gills, and gut 
contain signifi cant bacteria, whose composition and quantity vary according to the 
fi sh species, temperature and salinity of the water, level of dissolved oxygen, degree 
of pollution, feed, stress, etc. 

 The microbiota of marine fi sh from temperate waters is usually composed of 
Gram-negative psychrotrophic bacteria, whose growth is possible at 0 °C and optimal 
at around 25 °C. The majority belongs to the class γ of proteobacteria:  Pseudomonas , 
 Shewanella ,  Acinetobacter ,  Aeromonas ,  Vibrio ,  Moraxella ,  Psychrobacter , 
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 Photobacterium , etc., and, to a lesser extent, to the CFB group ( Cytophaga –
 Flavobacterium – Bacteroides ). Nevertheless, Gram-positive bacteria, such as 
 Micrococcus ,  Corynebacterium ,  Bacillus ,  Lactobacillus , and  Clostridium , may also 
be present in variable proportions (Shewan  1971 ; Mudarris and Austin  1988 ; Gram 
and Huss  1996 ; Gennari et al.  1999 ; Huber et al.  2004 ; Wilson et al.  2008 ). The same 
bacterial genus can be found in tropical marine fi sh, but Gram- positive bacteria, 
Enterobacteriaceae, and Vibrionaceae are often dominant (Liston  1980 ). The indige-
nous microbiota of the gastrointestinal tract have been studied in much more detail 
than those of the skin or mucus due to their importance in digestion, nutrition, and 
disease in aquaculture (Ringø et al.  1995 ; Spanggaard et al.  2000 ). Although this 
environment is partially anaerobic, most researchers have observed a predominance 
of aerobic bacteria, which are also present in the surrounding water. This could be due 
to the collecting techniques, which are not always suitable for strict anaerobes (Burr 
et al.  2005 ). Nevertheless, Huber et al. ( 2004 ) have shown, using molecular methods, 
that the aerobic microbiota of rainbow trout intestine usually represents 50–90 % of 
the total microbiota (Huber et al.  2004 ). In general, Gram-negative bacteria ( Vibrio , 
 Acinetobacter , and  Enterobacteriaceae ) dominate the microbiota (Ringø et al.  1995 ; 
Ringo and Birkbeck  1999 ). These are fermentative bacteria that develop rapidly in the 
gastrointestinal tract due to the low pH, lack of oxygen, and abundance of nutrients. 
Sometimes, staphylococci have also been found to be the dominant microbiota in the 
fi sh intestine. However, both the number and diversity of the microbiota are probably 
widely underestimated due to the classical microbiological methods involving growth 
on agar media that, so far, have been used. The bacterial cultivability has been esti-
mated to be less than 2 % of intestinal microbiota rainbow trout (Huber et al.  2004 ) 
and less than 0.01 % of the skin microbiota (Bernadsky and Rosenberg  1992 ).  

3     Lactic Acid Bacteria 

 Although not the most common, it is generally accepted that LAB occur among the 
normal intestinal microbiota of fi sh from the fi rst few days and towards (Yang et al. 
 2007 ; Ringø  2008 ). Lactobacilli, notably  Lactobacillus plantarum , have been found 
in Atlantic salmon (Ringø et al.  1997 ), pollock (Schrøder et al.  1980 ), Arctic char 
(Ringø and Gatesoupe  1998 ), and cod (Strøm and Olafsen  1990 ). Carnobacteria, 
including  Carnobacterium maltaromaticum  (previously  piscicola ),  divergens ,  gal-
linarum , and  inhibens , have been isolated from all these species, as well as from 
rainbow trout (Jöborn et al.  1999 ; Ringø et al.  2001 ; Huber et al.  2004 ). Carnobacteria 
have even been quoted as being the dominant genus in the gastrointestinal tract of 
juvenile Atlantic salmon (Ringø et al.  1997 ) and cod (Seppola et al.  2006 ). Other 
authors have also reported the presence of  Leuconostoc mesenteroides ,  Lactococcus 
piscium ,  Vagococcus salmoninarum ,  Lactobacillus fuchuensis ,  Streptococcus  spp., 
and  Weissella  spp. (Wallbanks et al.  1990 ; Williams et al.  1990 ; Ringø and Gatesoupe 
 1998 ; Liu et al.  2009 ; Matamoros et al.  2009 ). Various factors, such as the salinity 
of the water or stress, can affect the presence of LAB (Ringø and Strøm  1994 ). 
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For instance, the number of lactobacilli in the gastrointestinal tract of Arctic char 
was smaller among those reared in seawater than those reared in freshwater, while 
the number of  Leuconostoc  and enterococci remained the same (Ringø and Strøm 
 1994 ). Atlantic salmon stressed by daily manipulations experienced a drop in the 
number of Gram-negative bacteria in their intestinal microbiota and an increase in 
the carnobacteria count (Ringø and Gatesoupe  1998 ). 

 Even though most LAB are generally recognized as safe by the US Food and 
Drug Administration, their implication in fi sh disease has been reported. In marine- 
farmed fi sh, numerous epizootics linked to streptococci have been notifi ed, begin-
ning in Japan and North America, then spreading worldwide (Eldar et al.  1996 ). 
These bacteria, reclassifi ed as  Lactococcus garvieae , are responsible for septice-
mias, opthalmias, and hemorrhages.  C. maltaromaticum  has been isolated from dif-
ferent diseased fi sh and its virulence has been clearly established in rainbow trout 
and striped bass that were experimentally infected (Baya et al.  1991 ). Recently, a 
novel  Weissella  species has been described as an opportunistic pathogen for rain-
bow trout (Liu et al.  2009 ).  

4     Lactic Acid Bacteria in the Gastrointestinal Tract of Fish 

4.1     Larval Stages 

 The gut is sterile until hatching, but soon after hatching, the fi sh comes into contact 
with the environment and live food, which leads to successive colonization by a 
variety of microbes (Munro et al.  1994 ; Ringø et al.  1996 ). The balance of this 
microbiota is infl uenced by a variety of factors, including food, animal physiology, 
and immunological factors. The establishment of a normal gut fl ora may be regarded 
as complementary to the establishment of digestive enzymes, and, under normal 
conditions, it serves as a barrier against invading pathogens. 

 The digestive tract of fi sh develops as a simple tube, fi rst adjacent to the yolk 
material and then enveloping it. During the fi rst few weeks, the gut lengthens, twists, 
and develops pouches for specifi c functions. Intestinal cells proliferate widely for 
the fi rst few days, but then continue to proliferate only in the areas that will form the 
bases of the mucosal folds (Rombout et al.  1984 ). The anatomy and functions may 
eventually stabilize during larval development, but then change again signifi cantly 
at metamorphosis, especially if there is a major change in diet. 

 It is generally considered that Gram-positive bacteria, including LAB, are 
numerically dominant members of the normal microbiota in the gastrointestinal 
tract of endothermic animals during their early stages of life. However, only 
three investigations have isolated LAB from the gastrointestinal tract of larval and 
juvenile fi sh (Strøm and Olafsen  1990 ). The important question arises as to why 
LAB are seldom isolated from larval fi sh. The limiting factors may have been the 
incubation temperature, incubation time, and the absence of glucose in the medium. 
The incubation time and the absence of glucose may be the most critical factors, 
since it is generally accepted that LAB, like  Lactobacillus  and  Carnobacterium  
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genera, are regarded as slow-growing, demanding in their nutritional requirements, 
and their growth is usually restricted to habitats in which sugars are present (Brock 
and Madigan  1991 ). In addition to carbohydrate as an energy and carbon source, a 
variety of nucleotides, amino acids, and vitamins are required for growth. Based on 
the observation that LAB are seldom isolated from larvae, it is suggested that future 
investigations on larval fi sh should carefully consider if LAB could inhabit the 
digestive tract and act as a probiotic.  

4.2     Juveniles and Ongrowing Fish 

 A short background on the general gross anatomy is fi rst provided here to help the 
understanding of the fi sh digestive tract. The fi sh gastrointestinal tract consists of 
the esophagus, stomach, pyloric caeca, and small and large intestines. The gastroin-
testinal system is essentially a muscular tract lined by a mucous membrane that 
exhibits regional variations in structure refl ecting the changing functions of the sys-
tem from the mouth to the anus. The esophagus is generally short and distensible, 
so that relatively large objects can be swallowed. The bacterial population of the 
esophagus has been investigated in one study, but only in one fi sh (rainbow trout, 
 Oncorhynchus mykiss  Walbaum) (Austin and Al-Zahrani  1988 ), and the authors 
reported a bacterial population level of 3 × 10 5  CFU/g wet weight. Microphagous 
fi shes have less distensible tubes than those of predatory fi shes. 

 Not all fi shes have a stomach, which is lacking in lampreys, hagfi sh, chimaeras, 
and some bony fi shes, e.g., minnows, carp (Cyprinidae), sauries (Scomberesocidae), 
and parrotfi shes (Scaridae). In most fi shes where a stomach is present, it may vary 
in shape, size, and structure according to the diet of the various species. Usually, the 
stomach is shaped like a ‘U’ or a ‘J’ ( Salmo ,  Coregonus , and  Clupea ), ‘Y’ ( Alosa , 
 Anguilla , and  Gadidae ) (Suyehiro and Kaigi  1941 ). In salmonid fi sh, with a pH 
between 3.5 and 4.5 in the stomach (Ash  1980 ), the bacterial population level is in 
the range from 2 × 10 4  to 10 5  CFU/g (Austin and Al-Zahrani  1988 ). Ringø ( 1993 ) 
isolated a wide variety of bacteria from the stomach of Arctic charr,  SalÍelinus alpi-
nus  (L.), but LAB were only a minor part of the microbiota (approximately 10 %). 
The destruction of ingested bacteria in the digestive tract is mainly due to acid in the 
stomach and bile in the intestine (Ringø  1993 ).   

5     Bacteriocins of LAB 

 As already stated, numerous bacteriocins have been isolated from LAB over the last 
three decades, varying in size from small (<3 kDa), heavily posttranslationally mod-
ifi ed peptides to large heat-labile proteins. The continual emergence of new bacte-
riocins has necessitated a continual updating of the classifi cation of bacteriocins. 

 Bacteriocins produced by LAB are commonly divided into three main groups 
(Kelly et al.  1996 ; Nes et al.  1996 ). Class I consists of small, posttranslationally 
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modifi ed peptides which are characterized by the presence of modifi ed thioether 
amino acids such as lanthionine, β-methyllanthionine, and α,β-unsaturated amino 
acids such as dehydroalanine and dehydrobutyrine, and are usually referred to as 
lantibiotics. Based on the alignment of mature peptides, lantibiotic peptides from 
LAB can be subdivided into six subgroups (Twomey et al.  2002 ). Nisin A and nisin 
Z make up a single group, while lacticin 481 and lacticin J49 belong to the lacticin 
481 group; plantaricin C, LtnA1 (one component of the two-peptide lacticin 3147), 
and Plwα belong to the mersacidin group; LtnA2 (the second component of lacticin 
3147) and Plwβ belong to the LtnA2 group; the two peptides CylL l  and CylL s  from 
the two-peptide cytolysin form a group of their own; while lactocin S is also grouped 
separately. Such criteria as the stability, inhibition spectrum, and mode of action are 
important when considering lantibiotic peptides for particular applications, as these 
will infl uence the effi cacy of the bacteriocin in different environments. 

 Class II comprises a very large group of heat-stable unmodifi ed peptide bacterio-
cins, which can also be further subdivided. Class IIa includes pediocin-like  Listeria - 
active  peptides with a conserved N-terminal sequence YGNGV-C and two cysteines 
forming a disulfi de bridge in the N-terminal half of the peptide. Bacteriocins that fi t 
into this category include pediocin PA-1(AcH), leucocin A, sakacins A and P, and 
enterocin A. These bacteriocins and their producer organisms are of considerable 
interest as biopreservatives due to their high antilisterial activity. Indeed, recent 
reports have suggested that class IIa bacteriocins are more interesting antilisterial 
agents than class I bacteriocins such as nisin, because they do not have as broad an 
inhibitory spectrum as nisin and, thus, do not kill many starter cultures, while they 
are more effective in killing  Listeria  strains. However, there are limitations to the 
usefulness of class IIa bacteriocins as antilisterial agents, since full suppression of 
the pathogen is rarely achieved in food systems (Ennahar et al.  1999 ). Class IIb 
comprises two-component bacteriocins, including lactococcins G and F and lacta-
cin F, which require both peptides for full activity. 

 A third group consists of large heat-labile bacteriocins, of which helveticin J 
(Joerger and Klaenhammer  1990 ) and enterolysin A are examples. The examples in 
this review focus mainly on bacteriocin representatives from classes I and IIa, as 
these bacteriocins are the most effective in killing pathogens such as  Listeria mono-
cytogenes  and/or  Clostridium botulinum .  

6     Seafood Consumption 

 Because of its nutritional value, seafood is increasingly recognized as a healthy 
dietary component by consumers worldwide, offering high-quality protein, omega-3 
fatty acids, and essential micronutrients and minerals. Seafood includes molluscs 
(e.g., oysters, clams, and mussels), fi nfi sh (e.g., salmon and tuna), marine mammals 
(e.g., seals and whales), fi sh eggs (roe), and crustaceans (e.g., shrimps, crabs, and 
lobsters) (Iwamoto et al.  2010 ). 

 Seafood consumption levels and trends have recently been estimated by the Food 
and Agriculture Organization (FAO) of the United Nations and are available in the 
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FAOSTAT Database (  http://faostat.fao.org/     ). According to these data, 24.05 kg/
capita/year were consumed in the USA and 22.03 kg/capita/year in the EU. Japan 
had one of the highest global per-capita levels of fi sh consumption (60.78 kg/capita/
year), and China showed a consumption level of 26.46 kg/capita/year. In addition, 
fi sh provides at least 50 % of the total animal protein intake in some small develop-
ing island states (Laurenti  2007 ), and it is estimated that future demand will grow 
(Failler et al.  2007 ). 

 Aquaculture, mainly based in the Asia-Pacifi c region, accounts for 46 % of the 
total world seafood supply (FAO  2010 ). The contribution of aquaculture to global 
supplies of fi sh, crustaceans, molluscs, and other aquatic animals has grown consid-
erably over the past four decades. It increased from 3.9 % of the total production by 
weight in 1970 to 36 % in 2006, and is expected to continue growing in the future 
(Failler et al.  2007 ). This trend could potentially lead to an increase in health issues 
related to seafood consumption because of the greater risk of biological and chemi-
cal contamination in coastal areas and freshwaters, compared to open seas, due to 
the proximity to urbanized areas (Feldhusen  2000 ). 

 As a highly perishable commodity, seafood has signifi cant processing require-
ments, and can be consumed in a great variety of ways and product forms. It is 
generally distributed as live, fresh, chilled, frozen, heat-treated, fermented, dried, 
smoked, salted, pickled, boiled, fried, freeze-dried, minced, powdered, or canned, 
or a combination of these methods may be employed. Several preparations are also 
based on traditions. Processed fi shery products, ranging from ready-to-cook, partly 
cooked, or even ready-to-eat dishes, are increasingly popular among consumers, 
who have less time for preparing meals (Failler et al.  2007 ). The most important fi sh 
products destined for direct human consumption are fresh fi sh (40 %), frozen fi sh 
(32 %), canned fi sh (16 %), and cured fi sh (12 %) (Ababouch  2006 ).  

7     Microbiological Risk Associated with Seafood 

 The biological agents involved in seafood contamination consist of bacteria, viruses, 
and parasites, which can cause illnesses ranging from mild gastroenteritis to life- 
threatening diseases. Some of these pathogens are naturally present in the aquatic 
environment, while others can be introduced through animal or human fecal shed-
ding and sewage pollution (Table  16.1 ). Bacteria naturally present in seawater can 
be found in limited numbers in live and raw fi sh, although they can be concentrated 
by fi lter-feeding molluscs, which are often eaten raw.

   Huss et al. ( 2000 ) classifi ed seafood into risk categories. According to this rank-
ing system, the highest risk category includes molluscs (fresh and frozen mussels, 
clams, oysters) and fi sh that are served raw. The next highest risk category includes 
crustaceans and fi sh, fresh or frozen, to be eaten after cooking. Finally, low-risk 
categories include lightly preserved fi sh products (salted, marinated, fermented, 
cold-smoked, and gravad fi sh); semi-preserved fi sh (caviar); mildly heat-processed 
(pasteurized, hot-smoked); and heat-processed (sterilized, packed in sealed contain-
ers) (Huss et al.  2000 ).  
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8     Specifi c Spoilage Organism (SSO) Concept 

 While early studies of seafood microbiology acknowledged that only part of the 
spoilage microfl ora participated in the spoilage process (Huss et al.  2000 ; Castell 
and Anderson  1948 ; Lerke et al.  1967 ), the recent establishment of the specifi c 
spoilage organism (SSO) concept (Dalgaard  1995 ) has contributed signifi cantly to 
our understanding of seafood spoilage. The SSOs are typically present in low num-
bers and constitute only a very small fraction of the microfl ora on newly processed 
seafood. Different SSOs are found in different seafoods and may be a single species 
(Table  16.2 ). The identifi cation of an SSO relies on comparison of the sensory and 
chemical characteristics of spoiled products with those of isolates from the spoilage 
microfl ora. The qualitative ability to produce off-odors (spoilage potential) and the 
quantitative ability to produce spoilage metabolites (spoilage activity) are essential 
in the identifi cation of an SSO. Quantitative comparison of the yield factor for the 
production of trimethylamine (TMA), biogenic amines, or volatile amines in prod-
ucts and by bacterial isolates grown in model substrates has been useful for the 
identifi cation of SSOs (Jørgensen et al.  2000b ; Dalgaard  1995 ; Koutsoumanis and 
Nychas  2000 ). Comparison of the chemical profi les of spoiled seafoods and of the 
metabolites produced by potential spoilage organisms has only been used to a lim-
ited extent in the identifi cation of SSOs. This approach, which should involve the 
use of multivariate statistical methods for pattern matching, deserves further study. 
The spoilage domain has been defi ned as the range of conditions (pH, temperature, 
water activity, and atmosphere) under which an SSO can grow and produce spoilage 
metabolites. The identifi cation of SSOs and their spoilage domains has substantially 
facilitated the development of methods to determine, predict, and extend the shelf 
life of seafood. This concept is also applicable to other foods where spoilage is 
caused by microbial activity.

9        Microbial Metabolites and Seafood Spoilage 

 Fish contains little carbohydrate but typically has a high content of free amino acids. 
Many fi sh species contain trimethylamine oxide (TMAO). The seafood SSOs pro-
duce ammonia, biogenic amines, organic acids, and sulfur compounds from amino 

   Table 16.1    Microbiological risks associated with seafood products   

 S. no.  Origin  Species 

 1  Naturally present in the aquatic 
environment (indigenous) 

  Vibrio ,  Aeromonas ,  Plesiomonas ,  Clostridium 
botulinum  type E, helminths,  Amoeba  

 2  Human and animal origin   Salmonella ,  Shigella ,  Escherichia coli ,  Legionella , 
 Campylobacter ,  Staphylococcus  

 Enteric viruses: enteroviruses, adenoviruses, HAV, 
noroviruses, rotaviruses 

 3  General environment   Listeria , proteolytic  C. botulinum ,  Staphylococcus  
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acids, hypoxanthine from ATP degradation products, and acetate from lactate. TMA 
is produced by some bacteria capable of using TMAO in anaerobic respiration (Gram 
et al.  1990 ; Chinivasagam et al.  1998 ; Olafsdottir et al.  1997 ; Koutsoumanis and 
Nychas  1999 ; Joffraud et al.  2001 ; Dainty and Mackey  1992 ). Many microbial metab-
olites produced in seafood are similar to those observed in meat and poultry products 
(Dainty and Mackey  1992 ; Nychas et al.  1998 ); however, in seafood spoilage, TMA 
in particular contributes to the characteristic ammonia-like and ‘fi shy’ off-fl avors. 
 Aeromonas  spp., psychrotolerant Enterobacteriaceae,  P. phosphoreum ,  Shewanella 
putrefaciens -like organisms, and  Vibrio  spp. can all reduce TMAO to TMA. 

 Some spoilage metabolites can be used as quality indices. Compared with micro-
biological methods, which are slow, chemical analyses may be signifi cantly faster; 
however, for some compounds, measurable concentrations are not present until close 
to spoilage. The classical single-compound quality index (SCQI) for seafood includes 
measurements of total volatile nitrogen (TVN), TMA, and hypoxanthine. Ratios 
between ATP degradation products (K values) and biogenic amines have also been 
used for some time as quality indices (Dalgaard  1995 ). Multiple-compound quality 
indices (MCQI), in which combinations of several metabolites are identifi ed by statis-
tical methods, have recently been introduced and correlate better with sensory proper-
ties and/or shelf life in some products (Leroi et al.  2001 ; Jørgensen et al.  2000a ).  

10     Bacteriocin-Producing LAB for Improvements in Seafood 

 In spite of modern technologies and safety concepts such as Hazard Analysis and 
Critical Control Points (HACCP), the reported numbers of food-borne illnesses and 
intoxications are still on the increase. According to the Council for Agricultural 
Science and Technology (CAST), microbial pathogens in food cause an estimated 
6.5–33 million cases of human illness and up to 9,000 deaths annually, with the 
main foods implicated including meat, poultry, eggs, seafood, and dairy products. 
The bacterial pathogens that account for many of these cases include  Salmonella , 
 Campylobacter jejuni ,  Escherichia coli  0157:H7,  L. monocytogenes ,  S. aureus , and 
 Clostridium botulinum  (Buzby et al.  1996 ). With regard to the use of bacteriocin- 
producing LAB as biopreservatives for food improvement, much work has focused 
on the use of bacteriocin-producing cultures with inhibitory activity against Gram- 
positive pathogens such as  L. monocytogenes , while no bacteriocin produced by a 
Gram-positive organism with activity against Gram negatives has been  characterized 
in detail to date. 

 The potential of bacteriocin-producing starters or starter adjuncts, especially lac-
tococci, pediococci, and lactobacilli, to control undesirable microbes in food has 

   Table 16.2    Examples 
of specifi c spoilage 
organisms (SSO) 
of seafood products   

 S. no.  Product  Specifi c spoilage organisms 

 1  Iced marine fi sh   Shewanella putrefaciens  
 2  Iced freshwater fi sh   Pseudomonas  spp. 
 3  CO 2 -packed chilled fi sh   Photobacterium phosphoreum  
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been evaluated by a number of research groups in recent years. This section will 
review examples where bacteriocin-producing LAB have successfully been 
employed, at the laboratory scale, as ‘protective cultures’ to inhibit pathogenic 
microorganisms in a variety of food systems and also those bacteriocin-producing 
cultures which show potential for future applications. 

 The deterioration of fi sh is generally caused by Gram-negative microorganisms 
and, as such, few attempts have focused on evaluating the potential of LAB bacte-
riocins in such products. However, in vacuum-packed fi sh and seafood, spoilage 
organisms such as  C. Botulinum  and  L. monocytogenes  can cause problems. The 
inhibition of these spoilage organisms by bacteriocins has been studied (Degnan 
et al.  1994 ; Einarsson and Lauzon  1995 ; Nilsson et al.  1997 ). However, up until 
recently, little work had focused on incorporating live bacteriocin-producing cul-
tures into the product but, rather, on addition of the bacteriocin as a concentrated 
preparation. In the last several years, different groups tested the growth and bacte-
riocin production of  Carnobacterium divergens  V41 and  Carnobacterium piscicola  
V1 in a simulated cold-smoked fi sh system at 4 °C. In coculture, these strains were 
very effective, inhibiting  L. monocytogenes  as early as day 4 (Duffes et al.  1999b ). 
The same group later demonstrated the inhibition of  L. monocytogenes  by 
 Carnobacterium  strains on sterile and commercial vacuum-packed, cold-smoked 
salmon stored at 4 °C and 8 °C.  C. piscicola  V1 was bactericidal against  L. mono-
cytogenes  at both temperatures, whereas  C. divergens  V41 had a bacteriostatic 
effect.  C. piscicola  SF668 delayed  L. monocytogenes  growth at 8 °C and had a 
bacteriostatic effect at 4 °C (Duffes et al.  1999a ). Importantly, the use of these 
bacteriocin-producing strains did not have any effect on the quality of the end- 
product. Recently, Nilsson et al. ( 1999 ) also demonstrated that a bacteriocin- 
producing  Carnobacterium  could be used as a biopreservative in vacuum-packed, 
cold-smoked salmon stored at 5 °C.  C. piscicola  (A9b) initially caused a 7-day lag 
phase of  L. monocytogenes , followed by a signifi cant reduction in numbers from 
10 3  CFU/ml to below 10 CFU/ml after 32 days of incubation (Nilsson et al.  1999 ). 
More recently,  C. divergens  V41 has been shown to have potential as a biopreserva-
tive for refrigerated cold-smoked salmon, given that the bacteriocin divercin V41 
was produced under harsh culture conditions, which included variations in tempera-
ture, NaCl, and glucose concentration (Connil et al.  2002 ).  

11     Important Role of Lactic Acid Bacteria in Seafood 
Products 

11.1     New Preservation Strategies Targeted at the Inhibition 
of Spoilage Bacteria 

 The spoilage of some seafoods is well understood and this understanding has 
enabled the development of preservation techniques targeted at the SSO. An exam-
ple of this is the CO 2 -packaging of fresh, marine, iced fi sh. This inhibits the 
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respiratory spoilage bacteria ( Shewanella  and  Pseudomonas ) and should, in princi-
ple, result in a dramatic extension of shelf life. However, because of the presence of 
the CO 2 -resistant, TMAO-reducing  P. phosphoreum , the product spoils almost at the 
same rate as non-CO 2 -packed fi llets. Targeted inhibition of  P. phosphoreum  (e.g., by 
freezing or the addition of spices) reduces its growth and results in a signifi cant 
extension of shelf life (Guldager et al.  1998 ; Mejlholm and Dalgaard  2002 ). Non- 
spoilage LAB or pure bacteriocins have been used to extend the shelf life of brined 
shrimp, which, if unpreserved, spoil due to the growth of spoilage LAB (Einarsson 
and Lauzon  1995 ). The possible involvement of AHL regulation in the spoilage of 
some foods also opens up a new fi eld of food preservation. Although, until recently, 
preservation has relied on the elimination (killing) or growth inhibition of spoilage 
organisms, AHL-regulated traits can be specifi cally blocked (e.g., by the  Delisea 
pulchra  halogenated furanones (Givskov et al.  1996 ; Kjelleberg et al.  1997 )). This 
‘quorum-sensing interference’ will not necessarily inhibit growth but will, in prin-
ciple, only block the unwanted spoilage reactions; for example, the export of 
enzymes involved in the spoilage process.  

11.2     Seafood Safety 

 Food safety is defi ned by the World Health Organization (WHO) as the assurance 
that food will not cause harm to the consumer. 

 The safety of seafood products varies considerably and is infl uenced by a num-
ber of factors; therefore, it is important to determine whether the hazard is signifi -
cant for a particular product, and how it should be controlled. 

 Currently, the major risk associated with seafood safety originates from the envi-
ronment; contamination of seafood can occur before harvest or at any point from 
harvest through fi nal preparation. However, the survival of food-borne pathogens is 
more likely to occur in foods that are consumed undercooked or raw, particularly 
bivalve molluscs, as well as in those that experience time and temperature abuse, 
such as during delays between harvest and refrigeration (Iwamoto et al.  2010 ). 

 Every seafood harvester and processor is required to use an HACCP-based sys-
tem, able to identify sources and points of process, from harvest to consumption, at 
high risk of contamination, so that strategies aimed at decreasing these risks can be 
implemented and monitored. 

 In this context, the FDA plays an important role in establishing guidelines and 
providing oversight to ensure safer fi sh and fi shery products. HACCP, GMP, GHP, 
and SSOPs are major components of the safety management systems in the food 
supply chain (Aruoma  2006 ). HACCP has also been endorsed worldwide by Codex 
Alimentarius, the EU, and by several countries, including Canada, Australia, New 
Zealand, and Japan. Additional control strategies, such as the National Shellfi sh 
Sanitation Program (NSSP) guidelines, that regulate the harvesting, processing, and 
shipping of shellfi sh for interstate commerce in the USA, are aimed at promoting 
the safety of molluscan shellfi sh (Iwamoto et al.  2010 ). 
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 Control strategies to prevent seafood-associated illnesses include monitoring 
harvest waters, identifi cation and implementation of process controls, and consumer 
education (Iwamoto et al.  2010 ). 

 The most common factors contributing to salmonellosis outbreaks are improper 
cooking, inadequate storage, cross-contamination, and use of raw ingredients in the 
preparation of seafood. The main postharvest CCPs for  Salmonella  control in sea-
food, irrespective of whether the primary source is a marine or an aquaculture prod-
uct, include: primary chilling immediately in an ice-water slurry on vessels and at 
the harvest site; in cooked products, applying time–temperature regimes to give log 
reductions of contamination levels at sites of microbiological concern; rapid chill-
ing after cooking; plate freezing, followed by frozen storage. 

 Studies have shown that there is an additional risk of cross-contamination or 
recontamination between raw and cooked products at processing plants (Norhana 
et al.  2010 ). A number of fi sh products receive heat treatment during processing. 
Examples of such products include: pasteurized or cooked and breaded fi sh fi llets, 
cooked shrimp and crabmeat, cook–chill products, and hot-smoked fi sh. After the 
heat-treatment, the various products may pass through further processing steps before 
being packed and stored/distributed as chilled or frozen products. Some of these 
products may receive additional heat treatment before consumption or they may be 
eaten without further treatment (ready-to-eat). The last category includes products 
that are extremely sensitive to secondary contaminations. Hence, in the application of 
the HACCP system, the heat treatment is a very critical processing step. 

 A further important aspect of quality and safety assurance is the ability to trace 
products, ingredients, suppliers, retailers, processing operations, or storage proce-
dures throughout the food production chain (McKean  2001 ). Many food (fi sh) pro-
cessing companies already have effective internal traceability systems as part of 
their HACCP-based quality assurance systems. This is especially relevant when 
failures occur. Traceability is important in the fresh fi sh chain, since it may guaran-
tee freshness, which is almost exclusively a function of time and temperature. 
Moreover, it may trace fi sh from polluted waters. 

 Achieving food safety in the global marketplace is a fundamental human right 
and a global responsibility, in order to protect both the public and the economic 
health of a nation. 

 Federal agencies, state governments, and private industry all bear responsibility 
for reducing seafood-associated infections (Iwamoto et al.  2010 ). 

 Effective alternatives are now offered by the so-called rapid methods, like mem-
brane fi ltration, automated electrical techniques, and immunological assays 
(Martinez-Urtaza and Liebana  2005 ), but the most promising are those based on 
polymerase chain reaction (PCR) and real-time PCR (Amagliani et al.  2010 ; 
DePaola et al.  2010 ; Kumar et al.  2008 ; Minami et al.  2010 ; Shabarinath et al. 
 2007 ), thanks to their high sensitivity and specifi city. 

 One of the main limitations imputable to DNA-based diagnostic methods concerns 
the possibility of the detection of nucleic acids from non-living (thus, non- infecting) 
microorganisms, leading to false-positive results. This problem is usually circumvented 
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by adding a culture-enrichment step of the food under inspection, before DNA extraction, 
which ensures that positive results are obtained only from viable cells. 

 In addition, epidemiological surveillance takes advantage of the application of 
molecular typing [i.e., PFGE, (Martinez-Urtaza and Liebana  2005 ; Ponce et al. 
 2008 ); PCR ribotyping and ERIC-PCR (Kumar et al.  2008 )], which makes it pos-
sible to trace related strains and vehicles, and prevent the spread of infection.  

11.3     Predicting Spoilage and Shelf Life of Seafood 

 An exciting area for the use of the SSO concept is its ability to use mathematical 
models that quantitatively describe the growth of SSOs to predict the shelf life of 
seafood. Models for the growth of  Brochothrix thermosphacta ,  P. phosphoreum , 
 Pseudomonas  spp., and  S. putrefaciens  have been successfully validated for shelf- 
life prediction of different aerobically stored and CO 2 -packed fresh fi sh 
(Koutsoumanis and Nychas  2000 ; Dalgaard et al.  1997 ; Koutsoumanis  2001 ). 
In addition, stochastic models that take into account the distribution of spoilage 
bacteria on products and the storage temperature have been developed for shelf-life 
prediction of fresh aerobically stored fi sh (Giannakourou et al.  2001 ; Rasmussen 
et al.  2002 ). Several successfully validated models for the growth of SSOs have 
been included in application software, and this has facilitated prediction of seafood 
shelf life under constant and dynamic temperature storage conditions (Dalgaard 
et al.  2002 ). A simple model to predict interactions between groups of bacteria 
growing on seafood was also recently suggested (Gimenez and Dalgaard  2003 ). The 
construction of models to predict the development of microbial spoilage associa-
tions in new formulations of lightly preserved seafood remains an important chal-
lenge in the fi eld of seafood microbiology.  

11.4     Probiotics 

 Probiotics are living microorganisms, generally LAB, which, when ingested in suf-
fi cient quantities, exert a positive effect on health, such as regulation of transit (diar-
rhea or constipation), stimulation of the immune system, and reduction of the 
digestive infl ammatory diseases. Most of the studies concerning probiotics for 
humans have been performed on LAB isolated from dairy products (Ebringer et al. 
 2008 ), probably because they have been ingested for thousands of years by humans 
through traditional products like yogurt, cheese, koumiss, kefi r, etc. A few examples 
of probiotics available in the form of fermented milk products, dietary supplements, 
or medicinal products are strains of  Bifi dobacterium lactis ,  B. animalis ,  Lactobacillus 
casei ,  L. acidophilus ,  L. rhamnosus ,  L. johnsonii ,  L. reuteri , and  Enterococcus fae-
cium . The yeast  Saccharomyces boulardii  is also available as a commercial prepara-
tion on the probiotics market. 
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 LPFP, which are the main category of marine products containing viable LAB, 
have never been considered as probiotics for humans, because they are not eaten in 
suffi cient quantities. For this reason, incorporating new strains into seafood does not 
seem a realistic approach. However, the effi cacy of some strains isolated from those 
products could be investigated to develop new dietary supplements. In case of strong 
evidence of benefi cial effects for humans, evaluation as to whether those strains 
share the safety status of traditional food-grade organisms should be carefully 
assessed. 

 In the last several years, some work has been carried out on the use of LAB as 
probiotics for living fi sh. Many studies still remain at an in vitro level (Ringø  2008 ; 
Ma et al.  2009 ) and some promising strains did not confi rm their effect in living fi sh 
(Spanggaard et al.  2000 ). However, some authors have demonstrated the in vivo 
potential of LAB, and Lauzon et al. ( 2008 ) have emphasized the importance and 
potential of LAB in aquaculture (Lauzon et al.  2008 ). A strain of  Carnobacterium  
spp. isolated from the intestines of Atlantic salmon has been successfully implanted 
in salmonids, which reduced the diseases due to  Aeromonas salmonicida ,  Vibrio 
ordalii , and  Yersinia ruckeri  (Robertson et al.  2000 ).  Lactobacillus fructivorans  iso-
lated from the seabream intestinal microbiota signifi cantly improved the survival of 
seabream larvae and fry, and stimulated the immune system (Picchietti et al.  2007 ). 
Merrifi eld et al. ( 2010 ) and Ringø et al. ( 2010 ) have reviewed the application of 
favorable LAB for salmonids as pre- and probiotics. Despite the successful proof of 
these concepts, it is still diffi cult to fi nd a strategy applicable at the industrial level 
of farming (Merrifi eld et al.  2010 ; Ringø et al.  2010 ). The science of probiotics in 
aquaculture is in its infancy (Azad and Al-Marzouk  2008 ) and there is a real issue 
in developing feed with benefi cial effects for fi sh.   

12     Conclusions 

 The characteristics of fi sh fl esh favor the growth of psychrotrophic Gram-negative 
bacteria that are much more competitive than LAB in this matrix. Change in con-
sumers’ habits has led to an increase of ready-to-eat and convenient food, a concept 
that includes both the easy-to-use aspect and an extended shelf life of the products. 
The nutritional aspects are also taken more and more into consideration by consum-
ers who want natural products, with technological treatment and level of preserva-
tives being as low as possible. LPFP, like VP or MAP fi sh fi llets, carpaccio, 
cold-smoked fi sh, peeled and mildly cooked shrimp, etc., meet those requirements 
and their production has increased dramatically in the last several years. In those 
products, the environmental conditions favor the development LAB, explaining the 
high interest for this bacterial group in the last decade. Whether the presence of 
LAB in the fi nal product is from fi sh origin or postcontamination during processing 
is not yet established and more detailed studies, as have been performed for  L. 
monocytogenes  in some fi sh industries, should be done in order to better understand 
and control the route of contamination. The role of LAB in marine products is 
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complex, depending on the fi sh species, treatment and storage conditions, bacterial 
species and strains, and interaction between the bacteria. Sometimes, LAB have no 
particular negative effect, but in certain cases, they are responsible for strong sen-
sory degradation, leading to rejection of the products. The use of LAB in the fi sh 
industry is not extensively developed, except in Asia for the preparation of fi sh 
sauces and traditional food with a fermented mixture of fi sh and vegetables. In most 
cases, fermentation is due to LAB naturally present in the fi sh or in the carbohydrate- 
added sources (vegetables, garlic etc.), and no selected starter is added to control the 
fermentation. In the last several years, the bioprotective potential of endogenous 
LAB in relation to pathogens has been highlighted. Increasing numbers of studies 
are aiming to exploit this ability to control the quality and safety of marine products 
and some industries producing LAB starters are currently testing several bacteria 
for application in fi sh. However, this technology is still in its infancy compared to 
dairy products. The LAB have not been traditionally used in seafood for technologi-
cal applications, so the strains now available have still not received the Qualifi ed 
Presumption of Safety (QPS) status. Moreover, combining the bioprotection of sea-
food with no modifi cation of the sensory characteristics of the product remains a 
challenge. An application of marine LAB as probiotics for humans does not seem 
realistic in the next few years, as many strains are psychrotrophic bacteria that do 
not support temperatures higher than 30 °C. Moreover, seafood products are not 
consumed in a high enough quantity to naturally observe a positive effect. However, 
some  Lactobacillus  and  Carnobacterium  strains that are easy to cultivate and resis-
tant to various conditions could be studied. Their production on fi sh protein hydro-
lysates and ingestion as dietary supplements may combine the benefi cial effects of 
fi sh and LAB. Finally, very encouraging results have been obtained with the use of 
marine LAB as probiotics for fi sh, and this is probably an approach to rapid devel-
opment for the marine LAB market.     
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1            Introduction 

 Chitin is a linear polysaccharide consisting of β-(1-4)-N-acetyl D-glucosamine 
residues. It is widely distributed in nature and is the second most abundant polysac-
charide in nature after cellulose. It may be regarded as cellulose with hydroxyl at 
position C-2 replaced by an acetamino group. Chitin is a white, hard, inelastic, 
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nitrogenous polysaccharide found in the cell walls of bacteria and fungi, mush-
rooms, exoskeletons of crustaceans and insects, the microfi larial sheath of parasitic 
nematodes, and the lining of the digestive tracts of many insects. These organisms 
use chitin to protect the invader from the harsh conditions inside the animal or 
plant host (Elias et al.  2005 ). It can be degraded by chitinase. Chitin is highly 
hydrophobic and it is insoluble in water and most organic solvents. It exists mainly 
in two forms: α-chitin and β-chitin. α-chitin consists of sheets of tightly packed 
alternating parallel and antiparallel chains (Minke and Blackwell  1978 ). 
Meanwhile, β-chitin is arranged in parallel (Gardner and Blackwell  1975 ), which 
occurs less frequently in nature than α-chitin. Being non-toxic and environmen-
tally safe, chitin has become of great interest not only as a utilized resource, but 
also as a new functional biomaterial of high potential in many fi elds, such as medi-
cal, agricultural, and cosmetic applications. It is readily obtained for commercial 
use from crustacean shell waste products generated by the seafood industry (Kurita 
 2006 ; Shahidi and Synowiecki  1991 ; Ravi Kumar  2000 ; Pillai et al.  2009 ). 
Chitosan, a partially deacetylated polymer of N-acetylglucosamine, is produced 
commercially by the deacetylation of chitin (Aranaz et al.  2009 ; Dutta et al.  2004 ). 
During the past several decades, chitosan has received considerable attention due 
to its biodegradable, non-toxic, and non-allergenic properties, which made it pos-
sible to be used in many fi elds, including food, cosmetics, biomedicine, agricul-
ture, and environmental protection (Shahidi et al.  1999 ; Kim and Rajapaksea 
 2005 ). Recent studies have focused on the conversion of chitosan to chitooligosac-
charides (COS), since COS are not only water-soluble (Yang et al.  2010 ) and pos-
sess higher oral absorption (Chae et al.  2005 ), but they also have various biological 
effects, including antimicrobial, antitumor, anticancer, antioxidant, anti-infl amma-
tory, and anti-angiotensin I-converting enzyme activities (Kim and Rajapaksea 
 2005 ; Park and Kim  2010 ; Xia et al.  2011 ). Especially, chitin and its derivatives 
have been determined to be therapeutic agents against allergic diseases (Catalli and 
Kulka  2010 ).  

2     Source of Chitin 

2.1     Shellfi sh Waste 

 Crustaceans are known to be the major source of chitin for industrial processing. 
It is estimated that about 600 and 1,600 million tons of this polysaccharide is syn-
thesized annually from freshwater and marine ecosystems (Cauchie  1997 ). Shellfi sh 
(including shrimp, crab, lobster, and krill), oyster, and squid are the best sources of 
chitin, with quantities of about 29.9, 1.4, and 0.7 million tons per year (Synowiecki 
and Al-Khateeb  2000 ). The crustacean shell consists of 13–42 % chitin, along with 
30–40 % protein and 30–50 % mineral salts (Ikeda et al.  1996 ). Among crustacean 
shell wastes, crab and shrimp offal are the most exploited sources of chitin. 
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The shell discards from crab ( Cancer magister ) and Pacifi c shrimp ( Pandalus bore-
alis ) are available in the USA in amounts of up to 39,000 t annually (Knorr  1991 ). 
Another promising source of chitin is the Antarctic krill ( Euphausia superba ). It has 
been estimated that about 100 million tons of this crustacean are obtained annually 
(Kołakowski et al.  2000 ). With this amount of krill, a potential source of chitin can 
be achieved. The clams, oyster shells, and marine diatoms can also be considered as 
an attractive source of chitin. However, the low availability of these organisms lim-
its its possible utilization.  

2.2     Microbial Sources 

 Various microbial species are also suitable for chitin isolation, such as  Allomyces , 
 Aspergillus ,  Penicillium ,  Fusarium ,  Mucor ,  Rhizopus ,  Choanephora ,  Thamnidium , 
 Zygorhynchus , and  Phycomyces  (Muzzarelli et al.  1994 ). The development of chitin 
and chitosan utilization from fungal cell walls is advantageous, as they are readily 
available. All groups of these microorganisms possess a high growth rate. The cost 
for the cultivation of fungi is low by using cellulose-containing by-products from 
the paper and food industries. Moreover, the productivity of chitin from fungal 
sources can be effectively adjusted through the control of fermentation and process-
ing conditions, and through benefi cial genetic manipulation.   

3     Production of Chitin 

3.1     Chemical Method 

 The production of chitin is involved in deproteinization and demineralization of the 
crustacean shells. Shell wastes are deproteinized using aqueous sodium or potas-
sium hydroxide solutions. The effectiveness of alkali deproteinization depends on 
the temperature of processing, base concentration, and the ratio of its solution to the 
shells. Crustacean shell wastes are usually treated with dilute sodium hydroxide 
solution at concentrations ranging from 1 % to 10 % (w/v), an elevated temperature 
(65–100 °C), and reaction time from 0.5 to 6 h. 

 The removal of calcium carbonate and calcium phosphate is accomplished by 
dissolution with dilute acids. Hydrochloric acid is used most commonly (1–8 %) in 
1–3 h of extraction at room temperature (Hackman and Goldberg  1965 ; No et al. 
 1989 ). The demineralization of the shells using acetic acid or sulfuric acid has also 
been reported (No and Meyers  1997 ). The use of EDTA for decalcifi cation of the 
shells can protect chitin chains from hydrolysis and deacetylation (Austin et al. 
 1981 ; Roberts  1997 ).  
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3.2     Enzymatic Methods 

 Proteases can be used for the deproteinization of crustacean shells for the production 
of chitin. Bacterial protease from  Pseudomonas maltophilia  was used in a culture 
medium with crustacean shells, and it was observed that, after 24 h, the protein 
content remaining in the shells was only about 1 % (Shimahara and Takiguchi 
 1988 ). Moreover, proteolytic enzymes were also used to deproteinize crustaceans, 
such as tuna proteinase (pH 8.6 and 37.5 °C), papain (pH 5.6–6.0 and 37.5 °C), and 
bacterial proteinase (pH 7 and 60 °C), for over 60 h (Takeda and Abe  1962 ; Takeda 
and Katsuura  1964 ; Broussignac  1968 ). After treatment with the enzymes, the 
amount of protein still associated with chitin was about 5 %. The use of papain, 
pepsin, or trypsin was recommended for the deproteinization of crustacean shells 
during chitin preparation (Broussignac  1968 ).   

4     Chitin Receptor 

 Chitin is able to modulate the innate immune system by binding to its receptors, 
such as mannose receptor, toll-like receptor 2, or Dectin-1. These receptors have 
been identifi ed to be expressed on cells of the innate immune system, such as neu-
trophils, macrophages, and dendritic cells, which play an important role in modulat-
ing and maintaining infl ammatory immune responses (Catalli and Kulka  2010 ; 
Mogensen  2009 ; Rasmussen et al.  2009 ). According to    Shibata et al. ( 1997b ), chitin 
has been shown to bind to mannose receptors on mouse spleen-derived macro-
phages, which facilitates their uptake via phagocytosis. Moreover, Da Silva and 
colleagues have reported that smaller chitin fragments (<40 μm) preferentially bind 
to Dectin-1, while larger particles (40–70 μm) activate TLR2 receptors on mouse 
peritoneal macrophages (Da Silva et al.  2009 ).  

5     The Modulatory Effect of Chitin on Allergic Responses 

5.1     Allergic Responses 

 Allergic diseases are one of the major public health problems in the developed 
world. It was estimated that approximately one-third of the general population and 
one-fi fth of the population in Western countries were affected by allergic diseases 
(Ono  2000 ; Ouwehand  2007 ). Especially, allergic rhinitis, asthma, and atopic 
eczema are among the most common causes of chronic ill health. The prevalence, 
severity, and complexity of these allergic diseases are rapidly rising and consider-
ably adding to the burden of healthcare costs (Kay  2000 ). Therefore, knowledge 
about the pathophysiology of allergic diseases has increased, offering new oppor-
tunities for therapeutic intervention. Substantially, allergy is caused by an 
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exaggerated reaction of the immune system to harmless environmental substances, 
such as animal dander, house dust mites, foods, pollen, insects, and chemical 
agents (Arshad  2010 ; Milián and Díaz  2004 ). The initial event responsible for the 
development of allergic diseases is the generation of allergen-specifi c CD4 +  Th2 
cells. Once generated, effector Th2 cells produce IL-4, IL-5, IL-9, and IL-13, 
which cause the production of allergen-specifi c IgE by B cells (Akdis et al.  2005 ). 
Subsequently, allergic reactions are induced upon the binding of allergen to IgE, 
which is tethered to the high-affi nity IgE receptor on the surface of mast cells and 
basophils. Following the aggregation of cell-surface receptors is a cascade of intra-
cellular events, including the increase of the intracellular Ca 2+  level, the release of 
preformed infl ammatory mediators from secretory granules such as histamine and 
β-hexosaminidase, and the generation and secretion of the newly synthesized sub-
stances such as leukotrienes, prostaglandins, and cytokines. These mediators cause 
allergic infl ammatory responses due to airway constriction, mucous production, 
and the recruitment of infl ammatory cells (Galli et al.  2008 ). According to this 
mechanism, the control of Th2-type cytokine expression and IgE levels are espe-
cially important for the regulation of type I allergic reaction, thus allergic diseases 
may be managed.  

5.2     Chitin Modulates Th2 and Th1 Immunity 

 As is known, Th1 cells are characterized by the prevalent production of IL-12 and 
IFN-γ, while Th-2 cells are characterized by the prevalent production of IL-4, IL-5, 
IL-9, and IL-13 (Romagnani  2004 ). Evidently, Th2 cytokines play a crucial role in 
allergic infl ammatory responses. Thus, immune modulation due to the suppression 
of Th2 responses has been proposed as a promising concept for the treatment of 
allergic diseases (Nguyen and Casale  2011 ; Araujo et al.  2010 ). Especially, type I 
cytokines are produced by innate immune cells and it has been determined that they 
downregulate type II allergic immune responses (Shibata et al.  2000 ). Notably, chi-
tin has been evidenced as a potent innate immune stimulator of macrophages and 
other innate immune cells, and, thus, chitin is able to suppress allergen-induced type 
II allergic responses. Indeed, Shibata and colleagues have determined the immuno-
logical effects of chitin in vivo and in vitro using phagocytosable, small-sized chitin 
particles. It has shown that the intravenous administration of fractionated chitin 
particles into the lung activated alveolar macrophages to express cytokines such as 
IL-12, tumor necrosis factor (TNF)-α, and IL-18, leading to INF-γ production, 
mainly by NK cells (Shibata et al.  1997a ). The production of cytokines induced by 
chitin is identifi ed to be mediated by a mannose receptor (Shibata et al.  1997b ). 
In another study, Lee and colleagues determined that chitin stimulates macrophages 
by interacting with different cell surface receptors such as macrophage mannose 
receptor, toll-like receptor 2 (TLR-2), C-type lectin receptor Dectin-1, and leukotri-
ene 134 receptor (BLT1) (Lee  2009 ). These studies have shown the direct interac-
tions between chitin and its cell surface receptors and, thus, chitin regulates the 
specifi c signaling pathways in immune responses. 
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 In the further study of Shibata and colleagues, the suppressive effect of Th2 
responses has been confi rmed when chitin was given orally in BALB/c and C57BL/6 
mice (Shibata et al.  2000 ). It was observed that chitin treatment resulted in decreases 
of serum IgE levels and lung eosinophil numbers in both strains. The inhibitory 
mechanisms of Th2 responses by chitin was found to be due to decreases of Th2 
cytokines, including IL-4, IL-5, and IL-10 levels, and the production of Th1 cyto-
kine IFN-γ in spleen cells isolated from the ragweed-immunized mice. These results 
indicated that the immune responses were redirected toward a Th1 response by 
chitin treatment, and, thus, downregulating Th2-facilitated IgE production and lung 
eosinophilia in the allergic mouse. Moreover, the Th1 adjuvant role of chitin has 
been determined via upregulating Th1 immunity induced by heat-killed 
 Mycobacterium bovis  and downregulating Th2 immunity induced by mycobacterial 
protein (Shibata et al.  2001 ). Likewise, Hamajima et al. ( 2003 ) also reported the 
Th1 adjuvant effect of chitin microparticles in inducing viral-specifi c immunity. 

 Notably, the effectiveness of chitin microparticles when given intranasally as a 
treatment for the symptoms of respiratory allergy and allergy asthma has been tested 
in two different mouse models of allergy, namely,  Dermatophagoids pteronyssinus  
and  Aspergillus fumigatus  (Strong et al.  2002 ). The intranasal application of micro-
gram doses of chitin microparticles substantially reduced the allergen-induced 
serum IgE levels, peripheral eosinophilia, airway hyperresponsiveness, and lung 
infl ammation in both allergy models. This effectiveness was found to be due to the 
increase in Th1 cytokines IL-12, IFN-γ, and TNF-α and decrease in IL-4 production 
during allergen challenge. The immunostimulatory properties of chitin microparti-
cles could offer a novel and natural approach to treating allergic disease in humans.   

6     Conclusion 

 Numerous assessments have concerned biological activities and the application of 
chitin. In this regard, chitin has been shown to be an immunomodulator of allergic 
reaction via increase in Th1 cytokine production and decrease in Th2 cytokine pro-
duction, and, thus, suppressing the generation of serum IgE in vivo. Accordingly, 
chitin is considered a potential agent in the control of allergic diseases. The devel-
opment of new technologies for the utilization of chitin as antiallergic agents will 
play a signifi cant role in the treatment of allergic diseases in the future.     
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1            Introduction 

 Chitosan has a wide range of applications, as it is economical and easily available. 
Especially, chitosan has many medical applications, including accelerated wound 
healing by wound dressing (Dutta et al.  2004 ) and as effective drug delivery systems 
(Bansal et al.  2011 ). It is used in agriculture for fertilizer production (Corradini 
et al.  2010 ) and is often used in food processing as an ingredient, food-coating 
material (Deği̇rmenci̇oğlu et al.  2009 ). It is also promoted in the United States and 
some other countries as a dietary fi ber to reduce fat absorption (Anonymous  2010 ). 
Chitosan has recently been used in the cosmetics industry as a skin moisturizer 
(Dutta et al.  2004 ). The derivatives of chitosan, produced by modifying its basic 
structure to obtain polymers with a wide range of properties (Bansal et al.  2011 ), are 
the key for the versatility of applications. Modern technological advancement has 
lead towards the development of chitosan microparticles followed by chitosan 
nanoparticles, ensuring the effective use of chitosan in various industries. 

 This chapter focuses on chitosan nanoparticles to identify their preparation 
methods, physicochemical characteristics, applications, and potential risks.  

2     Sources and Availability of Chitosan 

 Over the past two decades, the interest in chitosan has increased, as it appeared to be 
an excellent solution for many challenges faced by the commercial industries across 
the globe. The unique physical and chemical characteristics of chitosan opened the 
path to a wide array of avenues, which lead this remarkable material to be used in 
different products and applications, ranging from pharmaceutical and cosmetic prod-
ucts to water treatment and plant protection (Dutta et al.  2004 ). Chitosan is a cationic 
polysaccharide obtained by partial deacetylation of chitin, the major component of 
crustacean shells (López-León et al.  2005 ). It is a linear polymer of α (1-4)-linked 
2-amino-2-deoxy-β-D-glucopyranose, derived by N-deacetylation (Dutta et al. 
 2004 ). In general, when the nitrogen content is more than 7 % and the degree of 
deacetylation reaches over 60 %, the term “chitosan” is used instead of chitin (Peter 
et al.  1986 ). However, the degree of deacetylation is varied depending upon the pur-
pose of use and 66–95 % deacetylated chitosan is available commercially, with an 
average molecular weight ranging from 3,800 to 20,000 Daltons (Bansal et al.  2011 ). 
If the chemical composition of the chitosan taken into account, it is clear that chito-
san is not a single chemical entity, but, instead, varies in composition depending on 
the source and method of preparation, and also on the physiological conditions 
(Bansal et al.  2011 ). In fact, the remarkable properties of chitosan, such as biode-
gradability, biocompatibility, biorenewability, non-toxicity, and antimicrobial activ-
ity (VandeVord et al.  2001 ; Chung et al.  2004 ; Keong and Halim  2009 ; Lim et al. 
 2010 ), along with modern technological advancements, gave rise to the extensive 
applications in commercial industries during the recent past. 

U.M.S.P. Perera and N. Rajapakse



373

 After cellulose, chitin is the second most ubiquitous natural polysaccharide on 
this planet (Dutta et al.  2004 ). Chitin, as well as chitosan, can be found as support-
ing materials in many aquatic organisms, terrestrial organisms, and some microor-
ganisms (Tokura and Tamura  2007 ). Commercially, chitins and chitosans are 
produced from biowastes generated from the processing of marine organisms, such 
as shrimps, crabs, lobsters, krill, and squid (Teng et al.  2001 ; Nwe et al.  2010 ). The 
industrial-scale production of chitosan from biowaste from aquatic organisms has 
encountered limitations due to the seasonal and variable supply of raw materials, as 
well as variability and diffi culties in the processing conditions (Crestini et al.  1996 ; 
Nwe and Stevens  2008 ). Therefore, the potential use of terrestrial organisms like 
insects, terrestrial crustaceans, and mushrooms for the production of chitosan has 
been discussed as an alternative source (Brück et al.  2010 ). 

 Among the terrestrial organisms, silkworms and honeybees have been given a 
major focus, as the waste materials of these two industries appeared to be a good 
source for the large-scale production of chitin and chitosan (Nwe et al.  2010 ). In the 
microbial world, both chitin and chitosan can be found in molds, yeasts, some cili-
ates, chrysophyte algae, and in several bacteria, including the spores of streptomy-
cete and the stalks of some prosthecate bacteria (Gooday  1990 ). The production of 
chitin and chitosan from microbial sources appears promising because the process 
can be manipulated to obtain a pure, rather uniform product with specifi c character-
istics (Knezevic-Jugovic et al.  2010 ). Though chitin and chitosan can be extracted 
from a wide range of aquatic and terrestrial macro- and microorganisms, commer-
cial exploitation has focused on a limited number of organisms (Hayes et al.  2008 ).  

3     Chitosan Nanoparticles 

 Nanoparticles are defi ned as particulate dispersions or solid particles with a size in 
the range 1–1,000 nm (Zhao et al.  2011 ). Simply, the nanoparticles prepared using 
chitosan or its derivatives can be called chitosan nanoparticles. The  N -deacetylated 
product of chitin is an interesting biopolymer from which to prepare nanoparticles, 
owing to its unique polymeric cationic character, good biocompatibility, non- toxicity, 
biodegradability, mucoadhesivity, and absorption-enhancing effects (Kunjachan 
et al.  2010 ). Being a linear polyamine containing a number of free amine groups that 
are readily available for cross-linking and the cationic nature allowing for ionic 
cross-linking with multivalent anions (Agnihotri et al.  2004 ) can be considered as the 
key factors which make chitosan signifi cant in producing nanoparticles. The unique 
characteristics of chitosan nanoparticles could provide a higher affi nity for nega-
tively charged biological membranes and site-specifi c targeting in vivo (Qi et al. 
 2004 ). Hence, it can be successfully used in the encapsulation of drugs, enzymes, 
and DNA (   Bowman and Leong  2006 ; Colonna et al.  2007 ). These nanoparticles are 
ideal materials to be used in controlled release systems (Corradini et al.  2010 ), with 
a wide range of applications in a variety of industries. Chitosan nanoparticles do pos-
sess their own physical, chemical, and morphological characteristics that are 
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responsible for their bioactivity and those characteristics are infl uenced by the 
method of preparation and the conditions existing within the system. It is clear that 
the morphology of the particles is not similar. Chitosan nanoparticles exhibit regular 
assemblage shapes such as snowfl akes, round shape, and spherical shape.  

4     Methods of Preparation of Chitosan Nanoparticles 

 Several methods have been described in order to prepare chitosan nanoparticles, and 
the main methods of preparation include emulsion cross-linking, emulsion-droplet 
coalescence, coacervation/precipitation, ionotropic gelation, reverse micelles, tem-
plate polymerization, and molecular self-assembly (Shi et al.  2011 ). The selection 
of any of the methods depends upon factors such as particle size requirement, ther-
mal and chemical stability of the active agent, reproducibility of the release kinetic 
profi les, stability of the fi nal product, and residual toxicity associated with the fi nal 
product (Agnihotri et al.  2004 ). 

4.1     Emulsion Cross-linking 

 This method is commonly used to produce both chitosan nanoparticles and chitosan 
microparticles (Agnihotri et al.  2004 ; Kunjachan et al.  2010 ). The emulsion cross-
linking method utilizes the reactive functional groups of chitosan to cross-link with 
a cross-linking agent (Bodnar et al.  2005 ). As described by Shi et al. ( 2011 ), this 
method employs the development of a water-in-oil emulsion by emulsifying chitosan 
solution in an oil phase. The aqueous droplets are stabilized using a suitable surfac-
tant. The emulsion is then reacted with an appropriate cross-linking agent, such as 
glutaraldehyde, to stabilize the polysaccharide droplets. Finally, the nanoparticles are 
washed and dried. In this method, the size of the particles can be controlled by vary-
ing the size of the aqueous droplets. However, the amount of cross-linking agent used 
for hardening and the speed of stirring during the formation of the emulsion deter-
mine the particle size of the fi nal product (Agnihotri et al.  2004 ). However, this 
method has some drawbacks as well. The major ones are the use of organic solvents 
and harsh cross-linking agents, which ultimately have adverse effects on the stability 
of proteins and cell viability. Also, complete removal of unreacted cross-linking 
agent may be diffi cult in this process (Agnihotri et al.  2004 ; Shi et al.  2011 ).  

4.2     Emulsion-Droplet Coalescence 

 The principles of this method involve both emulsion cross-linking and precipitation. 
The method was initially developed by Tokumitsu et al. ( 1999 ) in order to develop 
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gadopentetic acid (Gd-DTPA)-loaded chitosan nanoparticles (Gd-nanoCPs) for 
gadolinium neutron-capture therapy (Gd-NCT). In this method, two emulsions are 
prepared in a similar manner. A stable emulsion containing aqueous chitosan solu-
tion along with the drug in liquid paraffi n oil is prepared fi rst. Then, the second 
stable emulsion containing chitosan aqueous solution of NaOH is prepared. 
Following that, both emulsions are mixed under high-speed stirring, droplets of 
each emulsion collide at random, coalesce, and, fi nally, precipitate as small-sized 
particles. Nanoparticles are obtained within the emulsion droplets.  

4.3     Coacervation/Precipitation 

 As illustrated by Nishimura et al. ( 1986 ), the nanoparticles were formed by spray-
ing the chitosan solution into sodium hydroxide, NaOH methanol, or ethanediamine 
alkaline solutions, using compressed air to originate coacervated droplets. 
Afterwards, the separation and purifi cation of the particles is done by either fi ltra-
tion or centrifugation, followed by successive washing with hot and cold water. In 
addition,    Berthod and Kreuter ( 1996 ) demonstrated a quite different method to 
obtain nanoparticles. According to their method, sodium sulfate solution is added 
dropwise to an acidic solution of chitosan containing surfactant while undergoing 
stirring and continuous sonication for 30 min.  

4.4     Ionotropic Gelation 

 Since chitosan contains a number of ammine groups in its backbone and they are 
subjected to protonization to form NH 3  +  in acidic solutions, it can be chemically and 
physically cross-linked in order to prepare nanoparticles (Kafshgari et al.  2011 ). 
Physical cross-linking has gained considerable attention, as it possesses many 
advantages over chemical cross-linking, such as avoiding the use of toxic reagents, 
reduced undesirable effects, and improved biocompatibility (Agnihotri et al.  2004 ; 
   Rayment and Butler  2008 ). Also, the very simple and mild process supports physi-
cal cross-linking (Shi et al.  2011 ). Physical cross-linking is based on the complex-
ation of positively charged chitosan with negatively charged multivalent ions, 
derived from sodium tripolyphosphate (TPP) (Bodmeier et al.  1989 ), citrate, and 
sulfate (Shu and Zhu  2001 ). The ionic gelation method was fi rst introduced by 
Bodmeier et al. ( 1989 ), who prepared a chitosan–tripolyphosphate complex by add-
ing acidic chitosan to tripolyphosphate solution. Briefl y, chitosan is dissolved in an 
aqueous acidic solution such as acetic, malic, tartaric, or citric acid (Bodnar et al. 
 2005 ; Kafshgari et al.  2011 ) in order to obtain cations of chitosan. Then, the solu-
tion is added to tripolyphosphate solution drop-wise under constant stirring. Due to 
the complexation between oppositely charged species, chitosan undergoes ionic 
gelation and precipitates to form spherical particles (Agnihotri et al.  2004 ).  
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4.5     Reverse Micelles 

 Reverse micellar medium is used to prepare ultrafi ne polymeric nanoparticles with 
a narrow size distribution (Bodnar et al.  2005 ). Reverse micelles are thermodynami-
cally stable liquid mixtures of water, oil, and surfactant. The remarkable property of 
a reverse micelles hosted system is that it has a dynamic behavior compared to the 
other conventional methods of emulsion polymerization due to the production of 
ultrafi ne particles with a narrow size range (Agnihotri et al.  2004 ). In this technique, 
the surfactant was dissolved in organic solvent to prepare reverse micelles. The 
micellar droplets are displaced randomly and subjected to Brownian motion. They 
exchange their water content and reform into two distinct micelles (Pileni  2006 ). 
Then, the aqueous phase containing the chitosan and drugs are added to this emul-
sion with constant vortexing and the nanoparticles form in the core of the reverse 
micelles. The aqueous phase is regulated in such a way as to keep the entire mixture 
in an optically transparent microemulsion phase (Agnihotri et al.  2004 ). An addi-
tional amount of water may be added to produce larger sized nanoparticles (Shi 
et al.  2011 ), as the size of the water-in-oil droplets increase linearly, i.e., the micellar 
concentration decreases with increasing water content (Pileni  2006 ). To this trans-
parent solution, a cross-linking agent is added with constant stirring, and cross- 
linking is achieved by stirring overnight. The maximum amount of drug that can be 
dissolved in reverse micelles varies from drug to drug and has to be determined by 
gradually increasing the amount of drug until the clear microemulsion is trans-
formed into a translucent solution. Ultimately, the solvent is evaporated and then the 
dry mass is purifi ed in order to obtain the nanoparticles (Agnihotri et al.  2004 ).  

4.6     Molecular Self-Assembly 

 Molecular self-assembly to prepare nanostructured materials has been a great inter-
est in extensive studies in the agriculture, food, and pharmaceutical arenas, as it is 
considered a powerful strategy to create such materials (Gonçalves et al.  2010 ; 
Wang and Zhang  2012 ). Since this method is cost-effective, versatile, and facile, it 
opens up a path for diverse applications. The self-assembly process, defi ned as the 
autonomous organization of components into structurally well-defi ned aggregates, 
is characterized by diffusion followed by specifi c association of molecules through 
non-covalent interactions, including electrostatic and/or hydrophobic associations. 
The hydrophobic association with hydrophilic polymer to produce chitosan 
nanoparticles can be achieved in three different ways: the fi rst is hydrophobic chains 
grafted to a hydrophilic backbone, the second is hydrophilic chains grafted to a 
hydrophobic backbone (grafted polymers), and the last is alternating hydrophilic 
and hydrophobic segments (block polymers). Upon contact with an aqueous envi-
ronment, amphiphilic polymers spontaneously form self-aggregated nanoparticles, 
via intra- or intermolecular associations between the hydrophobic moieties, primar-
ily to minimize the interfacial free energy process (Gonçalves et al.  2010 ).  
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4.7     Large-Scale Production of Chitosan Nanoparticles: 
Spinning Disk Processing Technology (SDP) 

 In industrial perspectives, large-scale production that reliably manufactures chito-
san nanoparticles of requisite quality at a reasonable price has been a major concern. 
As SDP technology appears to be an attractive solution regarding large-scale 
production, studies have been carried out to evaluate the potential of this technology 
to be used in mass production and compared the method with the conventional 
bench-top production of chitosan nanoparticles often used in laboratories (Loh 
et al.  2010 ). In this study, the synthesis of nanoparticles was done by ionotropic 
gelation using a spinning disk processor operating at ambient temperature. Then, 
the chitosan and tripolyphosphate solutions were feed onto the spinning disk and 
the effl uent was collected. The processing conditions were moderated by chang-
ing the solvents [acetic or L-(+)-tartaric acid] for dissolving chitosan and changing 
the speed of the spinning disk (1,000–3,000 rpm). The effl uent was then fi ltered 
and dialyzed. Finally, the resultant dispersion was lyophilized, UV-sterilized 
overnight, and stored at −20 °C for future use. The blank chitosan nanoparticles 
were produced in a beaker with agitation using a magnetic stirrer. The conditions 
of the system were maintained same as the SDP method and the same procedure 
was carried out for the resultant dispersion. 

 In this method, the liquid reactants, chitosan solution and TPP solution, are fed 
through controllable feed jets into the center of a disk, spinning at an adjustable 
speed in the range 300–3,000 rpm. Then, the high centrifugal force applied on the 
liquids, causing intense interfering waves which, when combined with the spread-
ing of the liquid into thin fi lm, provide for a high surface area to volume contact, 
intimate mixing, as well as uniform mass and heat transfer within seconds. A 
grooved disk can be used when great intensifi cation is required. 

 Studies have proven the fact that SDP is a robust technology capable of 
expanding the production of chitosan nanoparticles that are consistent in fea-
tures with those prepared by bench-top methods. Spherical chitosan nanoparti-
cles are produced from both acetic acid and tartaric acid solvents. The 
characteristics of the nanoparticles depend upon the type and concentration of 
the acid used. Post-SDP processing by dialysis and lyophilization can produce 
comparatively more stable chitosan nanoparticles, which can be reconstituted in 
acidic media and stimulated biological media. The SDP process has many 
advantages, such as avoiding harsh processing conditions commonly employed 
in many conventional methods, minimization of waste produced, improved 
safety during production, and controlling the particle size through its tunable 
feed rate, temperature reaction, and spinning rate. More importantly, not requir-
ing changes to the process parameters of production in scaling up the manufac-
turing and its cost-effectiveness compared to conventional methods make the 
SDP process signifi cant from an economic point of view.   

18 Chitosan Nanoparticles: Preparation, Characterization, and Applications



378

5     Characterization of Chitosan Nanoparticles 

 The characteristics of the nanoparticles are greatly affected by the processing 
method and conditions. The nanoparticles usually change with the time and envi-
ronment, as they are highly dynamic (Baer et al.  2010 ). Therefore, it is important to 
form a comprehensive understanding about the behavior of nanoparticles, prepared 
by a particular method, in order to make assure the effective use of the intended 
applications. Hence, the characterization of nanoparticles plays a major role and 
more focus is directed towards suitable and accurate methods (Cong et al.  2011 ). 
The traditional approach of characterization was concerned about characteristics 
such as composition (molecular structure), melting point, boiling point, pH, vapor 
pressure, and solubility. On the contrary, the new approach is focused on rather dif-
ferent properties, such as the particle size distribution, morphology, zeta potential, 
surface area and porosity, aggregation, hydrated surface analysis, and chemical 
interactions (Corradini et al.  2010 ). 

5.1     Size, Size Distribution, and Morphology of Nanoparticles 

 Size, size distribution, and morphology are important characteristics commonly 
being evaluated. The size of the particles formed is not the same at all times. It var-
ies widely depending on the method of preparation and various other extrinsic and 
intrinsic factors. Generally, either narrow or comparatively broad distributions can 
be observed. When the distribution is narrow, greater homogeneity can be achieved. 

 Generally, morphology refers to the shape of the nanoparticles, which is also 
highly variable. The characterization of theses aspects of nanoparticles is usually 
done using complex technologies. The size distribution is determined by dynamic 
light scattering (DLS) using a zetasizer, at a scattering angle of 90° at 25 °C using 
nanoparticles dispersed in deionized distilled water (Qi et al.  2004 ; Kafshgari et al.  2011 ). 
The size and morphology of the nanoparticles are mainly determined by atomic 
force microscopy (AFM), transmittance electron microscopy (TEM), and scanning 
electron microscopy (SEM).  

5.2     Zeta Potential 

 The zeta potential, i.e., surface charge, is another important physical property exhib-
ited by any particle in a suspension. The knowledge about the zeta potential can be 
used to optimize the formation of suspensions and emulsions. It has long been rec-
ognized that the zeta potential is a very good index of the magnitude of the interac-
tion among colloidal particles and it is widely used to assess the stability of colloidal 
systems. The surrounded liquid layer of the particle exists as two layers, the inner 
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stern layer and outer diffused layer. The ions are strongly bound to the stern layer, 
whereas ions are less fi rmly bound to the outer layer. Within the diffused layer, there 
is a distinct boundary in which the particles and the ions form a stable entity. When 
a particle moves due to gravity or other forces, ions within the boundary move it. 
The ions existing beyond the boundary stay with the bulk dispersant. The potential 
at this boundary (surface of hydrodynamic shear) is called the zeta potential. The 
general dividing line between stable and unstable suspensions is generally taken at 
either +30 or −30 mV. Particles with zeta potentials more positive than +30 mV or 
more negative than −30 mV are normally considered stable. The zeta potential usu-
ally depends on the pH, conductivity, and concentration of the formulation. The zeta 
potential of nanoparticles is also measured using the same method as for the particle 
size distribution.  

5.3     Chemical Interactions 

 When a particular active compound is incorporated into chitosan nanoparticles, it is 
important to evaluate and confi rm their chemical interactions (Kafshgari et al.  2011 ). 
In order to achieve this, Fourier transform infrared spectroscopy (FT-IR) is used. In 
this method, infrared radiation is passed through a sample and some of the IR radia-
tion is absorbed, with the rest being transmitted by the sample. The resulting spec-
trum represents the molecular absorption and transmission, creating a molecular 
fi ngerprint of the sample. Similar to a fi ngerprint, no two unique molecular struc-
tures produce the same infrared spectrum. 

 When nanoparticles are used in industrial applications, they are sometimes 
purchased from other manufacturers, so characterization of the nanoparticles is 
essential prior to use. Cong et al. ( 2011 ) conducted a study to characterize com-
mercially available silver particles to fi nd out whether they possess those exact 
initial characteristics indicated by the manufacturers. The results revealed clear 
differences between the test results and the manufacturers’ information with 
respect to particle size. Batch-to-batch variation during production, changes in 
material properties between synthesis and initial characterization, and particular 
experimental conditions (e.g., pH, ionic strength, and temperature, salinity, com-
peting natural cations) are the possible causes for such variation. Therefore, it is 
important to perform the characterization under conditions as close as possible to 
the exposure medium. In fact, the characterization of nanostructured materials is 
increasingly important. Even though there are many methods and technologies 
for the characterization of nanoparticles, many challenging studies need to be 
carried out on surface and interface contaminations. Also, the needs for under-
standing and improving sample handling protocols and using complimentary 
analysis tools and theory are often essential. In some cases, new concepts and 
tools are needed to understand and characterize the fundamental nature of nano-
structured materials (Baer et al.  2010 ).   
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6     Applications of Chitosan Nanoparticles 

6.1     Biomedical Applications 

 Chitosan nanoparticles have been extensively used in biomedical applications. 
During the past decade, chitosan nanoparticles have been widely studied, as they pos-
sess the ability to control the drug release rate, prolong the duration of therapeutic 
effectiveness, and deliver drugs, proteins, DNA, and antigens to the targeted specifi c 
site inside the body (Ritthidej et al.  2007 ; Papadimitriou et al.  2008 ). It is reported that 
such drug or other active agents-loaded chitosan nanoparticles have been successively 
used in drug delivery applications such as pulmonary inhalations, mucoadhesive sys-
tems, oral delivery systems for treating peptic ulcers, and, fi nally, for intratumoral 
drug targeting (Kunjachan et al.  2010 ). As far as the biomedical applications are con-
cerned, it is interesting to understand the mechanisms of drug loading and release. 

 Drugs loading can be done by either physical entrapment into the polymeric 
matrix or covalently bound to the polymer backbone. However, physical entrap-
ment is considered to be more effi cient and commonly used in drug delivery appli-
cations. The physical drug loading can be performed in two ways, i.e., during the 
preparation of nanoparticles, which is known as incorporation, and after the forma-
tion of nanoparticles, which is known as incubation. In these systems, the drug is 
physically embedded into the matrix or adsorbed onto the surface. Various meth-
ods have been developed to improve the effi ciency of loading, which largely 
depends upon the method of preparation, as well as the physicochemical properties 
of the drug. Considering the two systems, incorporation provides maximum drug 
loading capacity over incubation. Both water-soluble and -insoluble drugs can be 
loaded by these methods. However, the objective of any method is focused on the 
incorporation of biomolecules without compromising its bioactivity (Agnihotri 
et al.  2004 ; Gonçalves et al.  2010 ). The drug delivery mediated by nanoparticles 
can be either an active or a passive process. Passive delivery refers to the transport 
through leaky capillary fenestrations, into, e.g., tumor interstitium and cells, by 
passive diffusion. Active targeting involves the use of peripherally conjugated tar-
geting moieties, for enhanced delivery to a specifi c site, based on molecular recog-
nition. One such approach is to surface-coat nanoparticles with an antibody, which 
can interact with its specifi c antigenic target cell site (Zambaux et al.  1999 ; 
Gonçalves et al.  2010 ). 

 In vitro drug release studies are also important in obtaining a proper understand-
ing of the behavior of the drug-loaded nanoparticles. Drug release from chitosan- 
based particulate systems depends upon the extent of cross-linking, morphology, 
size and density of the particulate system, physicochemical properties of the drug, as 
well as the presence of adjuvant. In vitro release also depends upon the pH, polarity, 
and presence of enzymes in the dissolution media. Three basic mechanisms that are 
generally employed in releasing drugs are release from the surface of particles, dif-
fusion through the swollen rubbery matrix, and release due to polymer erosion. Most 
of the time, drug release follows more than one mechanism at any particular time 
(   Agnihotri et al.  2004 ). 
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 The method described by Kaloti and Bohidar ( 2010 ) can be taken as a good 
example for drug loading and release for chitosan nanoparticles. In this study, 
cycloheximide, which is a hydrophobic drug that is soluble in chloroform, was used 
and incubation was done. Briefl y, a known amount (5 mg/100 μl) of drug dissolved 
in chloroform was added to a known amount (4 ml) of nanoparticles in a solution 
using a sonication bath until the turbid solution turned clear. Once the free drug was 
entrapped inside the hydrophobic core of the nanoparticles, absorbance of the free 
drug was determined using a UV-visible spectrophotometer at 249 nm and the 
entrapment effi ciency was calculated. Then, in order to study the release kinetics, 
two physiologically important media, phosphate buffer (pH 7.4), which mimics the 
blood pH, and simulated intestinal fl uid (pH 6.8), which mimics the intestinal pH 
without pancreatic enzyme, were used in vitro at 37 °C. Chitosan nanoparticles 
were then dialyzed against the medium. After regular time intervals, a known 
amount was tested spectrometrically.  

6.2     Applications in the Food Industry 

 The versatility of chitosan nanoparticles has generated a wide range of applications in 
the food industry. The main focus was to develop chitosan-based fi lms to be used as 
packaging material to act against bacteria and fungi, like microorganisms, to improve 
shelf life by preserving the food and maintaining food quality in the meantime. 
Although conventional packaging materials such as plastics are effective for food 
preservation, they have created many serious environmental problems. The use of 
environmentally friendly, cost-effective packaging materials has gained the consider-
able attention of scientists and the use of bio-based active fi lms appeared to be a better 
solution in respect to these requirements (Aider  2009 ). The use of chitosan nanoparti-
cle-based edible fi lms has been reported on many occasions. De Moura et al. ( 2009 ) 
investigated the possibility of producing N,N,N-trimethyl chitosan (TMC) nanopar-
ticles for application in the food industry as intelligent packaging. TMC was obtained 
by quaternization reaction and then the TMC tripolyphosphate (TPP) nanoparticles 
were produced using ionic gelation of chitosan with TPP anions. Then, the effect of 
certain preparation conditions and properties of TMC nanoparticles were investigated. 
The results suggest that the possibility of producing TMC-TPP nanoparticles with 
controlled sizes is of key importance to optimize its use in the food industry, because 
nanotechnology can improve the functionality of edible fi lms for food applications. 

 In a previous study, De Moura et al. ( 2009 ) developed a hydroxypropyl 
methylcellulose- based edible fi lm with chitosan nanoparticles. In their study, chito-
san/tripolyphosphate nanoparticles were incorporated into hydroxypropyl methyl-
cellulose. Then, the mechanical properties, such as water vapor permeability, 
thermal stability, and other physicochemical properties, of the fi lm were analyzed. 
It has been shown that the incorporation of chitosan nanoparticles into the fi lm has 
signifi cantly improved the mechanical and fi lm barrier properties and thermal sta-
bility. Further, chitosan nanoparticles tend to occupy the empty spaces in the pores 
of the matrix, increasing the collapse of the pores and, thereby, improving the fi lm’s 
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tensile properties and water vapor permeability. Also, the use of carboxymethylcellulose 
fi lm containing chitosan nanoparticles as potential material for food and beverage 
packaging applications has been discussed due their increased mechanical proper-
ties and high stability (De Moura et al.  2011 ). 

 It is accepted that chitosan nanoparticle-based fi lms can be effectively used in the 
food industry, as they provide various benefi ts, including good edibility, biocompat-
ibility with human tissues, aesthetically pleasing appearance, barrier properties 
against pathogenic microorganisms, non-toxicity, non-polluting, and low cost 
(Vasconez et al.  2009 ). The use of chitosan active bio-based fi lm as a food coating 
has been reported with respect to a variety of food, including cheese and meat prod-
ucts, such as fermented sausages (Wang et al.  2004 ). 

 Moreover, chitosan nanoparticles have opened pathways to minimize the loss of 
important food constituents during processing. According to Jang and Lee ( 2008 ), 
chitosan nanoparticles can be used to enhance the stability of L-ascorbic acid during 
heat processing. The study was conducted by preparing ascorbic acid-loaded chito-
san using ionic gelation with tripolyphosphate anions. Various concentrations of 
ascorbic acid-loaded nanoparticles were subjected to various different temperatures 
and the release profi le was evaluated. The results showed that, at the beginning of 
the release profi les, the burst release-related stability of the surface increased with 
increase of the temperature. Then, the release of the internal ascorbic acid was con-
stantly higher with a longer release time. Consequently, it was confi rmed that the 
stability of ascorbic acid-loaded chitosan nanoparticles was affected by temperature 
and the internal stability was greater than the surface stability. Ascorbic acid-loaded 
chitosan nanoparticles were reported to enhance antioxidant effects due to the con-
tinuous release of ascorbic acid from chitosan nanoparticles. Also, Sato et al. ( 2012 ) 
demonstrated the possibility of producing food-grade stable nanoparticles with 
simple processing techniques, using lecithin and sodium caseinate, which could be 
further used as base systems for the production of nanocapsules. 

 The United States Department of Agriculture (USDA  2011 ) has implemented a 
project to develop green nanotechnology for eliminating foodborne pathogens. 
In this study, the USDA envisage the development of a nanoparticle wash treatment 
with the capability of signifi cantly reducing or eliminating pathogenic bacteria 
associated with fresh or fresh-cut fruits and vegetables, to be used in minimal pro-
cessing. The specifi c tasks involve the design, synthesis, and characterization of 
ultrapotent chitosan nanoparticles coated by antimicrobial peptides, evaluation of 
peptide-enhanced nanoparticles as a lysis agent in realistic food processing environ-
ments, and the development of a postharvest nanoparticle electric fi eld treatment for 
decreasing the bacterial load of fresh fruits and vegetables.  

6.3     Other Applications 

 In addition to biomedical and food applications, chitosan nanoparticles have many 
other applications, as described previously. More importantly, they have various 
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applications in the fi eld of agriculture. It is reported that chitosan nanoparticles are 
used to encapsulate 1-naphthalene acetic acid (NAA), which is a plant growth regu-
lator, for controlled release as a way to achieve effi cient use of harmful agrochemi-
cals (Gill  2003 ). Corradini et al. ( 2010 ) tried to use chitosan nanoparticles as a 
controlled release agent for nitrogen (N), phosphorus (P), and potassium (K) fertil-
izers for the fi rst time. In this work, chitosan nanoparticles were obtained by polym-
erizing methacrylic acid. The interaction and stability of chitosan nanoparticle 
suspensions containing N, P, and K in terms of particle size analysis and zeta poten-
tial were evaluated by FT-IR spectroscopy. The results confi rmed the positive poten-
tial of chitosan nanoparticle incorporation in NPK fertilizers. However, further 
studies are needed in order to understand the mechanism and to optimize the incor-
poration of N, P, and K elements into the nanoparticles. A study conducted by 
Hettiarachchi et al. ( 2012 ) evaluated the potential use of silver nanochitosan com-
posites against banana pathogen  Colletotrichum musae  and confi rmed the fungi-
cidal effects of the chitosan silver nanocomposite application. These studies open 
up new dimensions for chitosan nanoparticles to be used in various disciplines of 
agriculture. 

 The use of chitosan-based particulate systems in wastewater treatment and the 
cosmetics industry has attracted much attention recently. It is reported that chitosan 
could carry out effi cient removal of metal ions and humic acids, and act as a good 
absorbent to absorb impurities present in wastewater (Yang et al.  2009 ). In the cos-
metics industry, chitosan is used in several applications, including hair care, skin 
care, and oral care (Dutta et al.  2004 ). Lee et al. ( 2011 ) developed hair dye incorpo-
rating poly-γ-glutamic acid chitosan nanoparticles to be used as a solution for the 
problematic allergic reactions that occur due to  p -phenylenediamine or its related 
chemicals that are commonly used in hair dye formulations. Also, there are evi-
dences of the potential use of chitosan nanoparticles in anti-aging skin care products 
(Leonida et al.  2011 ), proving the inimitable uses of chitosan nanoparticles.   

7     Possible Risks and Regulations 

 Even though the chitosan nanoparticles appear to be safe in laboratory-scale studies, 
the knowledge of the risks involved in real-world applications leaves much to be 
desired. There are some cases in which the use of chitosan nanoparticles has been 
questionable (Kuzma et al.  2008 ). As described earlier, 1-naphthalene acetic acid 
(NAA)- incorporated chitosan nanoparticles were used for controlled release, as 
they increase precision and potency per volume that would result in the delivery of 
a smaller amount of potentially harmful agrichemicals (Gill  2003 ). However, the 
use of these particles on the macroscale is questionable, as nanomaterials exhibit 
novel properties due to their extremely small size, high surface area, and reactivity 
(Oberdorster et al.  2005 ; Maynard  2006 ). Therefore, the consequences of releasing 
them into the environment need to be assessed. In another study, poly lactic-co- 
glycolic acid (PLGA) chitosan nanospheres have been used to determine where 
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non-point sources pollution originates, travels, and resides in agro ecosystems. 
Chitosan capsules have been used in drug delivery systems, which showed that they 
are generally non-toxic and biodegradable, and considered non-problematic to 
release into the environment (Vila et al.  2002 ; Olivier  2005 ). However, previous 
toxicity studies were conducted using only small amounts of capsules consistent 
with their use for drug delivery and studies on the effects of the environmental 
release of PLGA-chitosan capsules have not yet been conducted. It is important to 
assess the extent and timing of degradation of PLGA-chitosan under various envi-
ronmental conditions, as well as the potential impacts of the particles and their 
breakdown products on biota and ecosystems. As described by the authors, no eco-
logical or environmental analyses for chitosan nanoparticles have been conducted. 
The early fi ndings of these particles in favor of human use at the nanolevel are 
promising signs for their possible safe environmental applications. In addition, 
some doubts have been aroused with respect to the use of nanoencapsulated food 
additives and nanocoated fi lms in food packaging. However, complete toxicity 
effects have not yet been studied and more exposure assessments are required in 
order to obtain a better picture of the relationship between applications of nanopar-
ticles and their health risks. Most of the time, the risks of nanoparticles are assessed 
with their chemical composition and, to date, no widely accepted or well-defi ned 
risk assessment methods or test strategies exist explicitly designed for nanoparticles 
(Cong et al.  2011 ). It is important to gather more information regarding health and 
environmental risks associated with applications of nanoparticles, identify the 
proper risk assessment strategies, and implement regulatory policies, in order to 
ensure the safety of these nanomaterials to mankind.     
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1            Introduction 

 Chitin and chitosan, which are naturally occurring biopolymers, have attracted a 
great deal of attention during the past several decades, due to their wide range of 
applications in various fi elds. Chitin, (1→4)-linked 2-acetamido-2-deoxy-β-D-
glucan, is widely distributed among invertebrates and crustaceans as structural 
material in their exoskeletons (Jeon and Kim  2002 ; Muzzareli  2002 ). Chitin is a 
polysaccharide, which is a white, hard, inelastic, nitrogenous compound, and a 
water-insoluble material resembling cellulose in its solubility. It may be regarded as 
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cellulose with a hydroxyl group at position C-2 replaced by an acetamido group. 
In addition, it has similar function to cellulose in plants, serving as a supportive and 
protective material. 

 Chitosan, a partially deacetylated polymer of  N -acetylglucosamine, is prepared 
with alkaline deacetylation of chitin in the presence of alkali at high temperature. It 
consists of β-(1→4)-2-amino-D-glucose residues and is water soluble by making 
salt with various acids on the amino groups of D-glucosamine units. Furthermore, 
partially acetylated chitosan having about 50 % D-glucosamine units is only able to 
dissolve in water (Aiba  1989 ; Rinaudo  2006 ). The structures of chitin and chitosan 
are shown in Fig.  19.1 .

   Chitin and chitosan have been applied in a broad range of fi elds, such as agricul-
ture, water and waste treatment, and food processing. Furthermore, new applica-
tions are concentrated on producing more and more valuable products by means of 
cosmetics, drug carriers, gene carriers, food additives, semipermeable membranes, 
and biopharmaceuticals. 

 Chitin and its derivatives have a number of biological functions that serve as use-
ful and safe bioactive substances in various applications because they have specifi c 
bioactivities, such as antimicrobial activity, immune-enhancing effects (Nishimura 
and Azuma  1992 ; Suzuki  1998 ), hypocholesterolemic activity (   Ngo et al.  2008a ,  b ), 
antitumor, antioxidant) Prashanth and Tharanathan  2005 ; Liang et al.  2007 ; Ngo 
et al.  2008a ,  b ), anticoagulant activity (Huang et al.  2003 ), inhibitor of enzymes 
(e.g., β-secretase causing Alzheimer’s disease, angiostensin I-converting enzyme 
causing hypertension, prolyl endopeptidase) (Byun et al.  2005 ; Je and Kim  2005 ; Je 
et al.  2006 ,  2007 ; Ngo et al.  2007 ,  2008a ,  b ), and stimulation of wound healing 
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(Usami et al.  1997 ; Okamura et al.  2005 ). Especially, biocompatibility, biodegrad-
ability, polyelectrolyte properties, presence of reactive functional groups, and the 
ability to modify the structure via chemical modifi cations have attracted applicabil-
ity in the biomedical and pharmaceutical industries (Kim and Park  2001 ; Huang 
et al.  2003 ; Sashiwa and Aiba  2004 ). 

 Even though chitin and chitosan were known to have very interesting functional 
properties in many areas, their high molecular weights (MWs), high viscosity, and 
water insolubility are the major limiting factors for their utilization in vivo. 
Furthermore, the actions of chitin and chitosan in vivo still remain ambiguous as the 
physiological functional properties because most animal intestines, including the 
human gastrointestinal tract, do not possess enzymes which digest the β-glycosidic 
linkage in chitin and chitosan, with the result of unchanged feces without any degra-
dation of signifi cant absorption (Weiner  1992 ). In recent researches, therefore, more 
interest has been directed to converting chitin and chitosan to their oligomers. 

 Chitin, chitosan, and their derivatives are known to have immunoenhancing effects, 
such as macrophage activation and the activation of polymorphonuclear cells. Seferian 
and Martinez ( 2000 ) reported on the immunostimulating activity of zinc-chitosan par-
ticles in adjuvant formulations and an emulsion formulation containing chitosan. 
These chitosan-based adjuvant formulations were effective in sensitizing mice and 
guinea pigs for antigen-specifi c delayed-type hypersensitivity responses, supporting 
the fact that chitosan can stimulate both B and T lymphocytes. Chitooligosaccharides 
(COS) were effective in stimulating the release of TNF-α and IL-1β in macrophages 
(Han and Yu  2005 ). In addition, Seo et al. ( 2000 ) reported that water-soluble COS in 
combination with IFN-γ could exhibit antitumor activity, and it was shown to be cor-
related with nitric oxide (NO) synthesis in activated macrophages. 

 Furthermore, Tamai et al. ( 2002 ,  2003 ) demonstrated that  N -acetylglucosamine 
and glucosamine are effective for the prevention and treatment of degenerative joint 
disease.  N -acetylglucosamine prepared with the hydrolysis of chitin has been used 
as a material for therapeutic activity in osteoarthritis and the regeneration of carti-
laginous tissues (Sashiwa et al.  2002 ,  2003 ). Oligomers and monomers of chitin and 
chitosan stimulated acceleration of the mechanisms of wound healing (Okamura 
et al.  2005 ). This chapter will focus on researches investigating oxidative stress and 
infl ammatory diseases.  

2     Antioxidant Activities Assays in Cell Systems 

2.1     Myeloperoxidase Activity Assay 

 For the determination of myeloperoxidase (MPO) released to cells, cells were 
treated with different concentrations of samples and blank (no inhibitor) in an assay 
mixture containing 2 mM H 2 O 2  with 1.6 mM 3,3′5,5′-tetramethybenzidine (TMB) 
added, and the amount of MPO released was measured spectrophotometrically at 
655 nm (Naito et al.  1998 ).  
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2.2     Membrane Protein Oxidation Assay 

 The oxidation degree of cell membrane proteins was assessed by determining the 
content of protein by carbonyl group (Levine et al.  1990 ). Cultured cells were 
washed three times with PBS and lysed in lysis buffer without reducing agents. 
Aliquots of cell lysate were transferred into microtubes and treated with different 
concentrations of NA-COSs or their derivatives. After incubation for 30 min at 
37 °C, 0.1 mM FeSO 4  and 2 mM H 2 O 2  were added to the mixture and it was allowed 
to continue to incubate for 1 h. Solubilized protein was precipitated by centrifuga-
tion after the addition of 400 μL of 20 % trichloroacetic acid. The pellet was resus-
pended in 0.2 % 2,4-dinitrophenylhydrazine in 2 N HCl and allowed to stand at 
25 °C for 40 min. The protein was precipitated again with 20 % trichloroacetic acid 
and the pellet was washed three times with ethanol:ethyl acetate (1:1 v/v) solution. 
It was then dissolved in 200 μL 6 N guanidine hydrochloride and incubated for 15 
min at 37 °C. After centrifugation at 1,500 × g for 5 min, the absorbance of the 
supernatant was recorded against a complementary blank at 370 nm using a UV/Vis 
microplate reader. A blank was prepared with a parallel procedure using 2 N HCl 
alone instead of 2,4-dinitrophenylhydrazine reagent. The carbonyl group of protein 
was expressed by comparing with the control group (Ngo et al.  2009 ).  

2.3     Membrane Lipid Peroxidation Assay 

 Cells were analyzed for the generation of lipid peroxidation products by the DPPP 
method. A sensitive fl uorescence probe (DPPP) was used to measure the lipid hydro-
peroxide level of cells produced by a strong carbon-centered radical generating agent 
(AAPH). DPPP penetrated into the cell membranes and hydroperoxides, an oxidative 
product of lipids, preferably react with DPPP to produce DPPP-oxide. DPPP itself is 
not fl uorescent, but DPPP-oxide is, with high fl uorescence (Takahashi et al.  2001 ). 
Briefl y, cells growing in culture dishes were washed three times with PBS and labeled 
with 13 μM DPPP for 30 min at 37 °C, followed by washing three times with PBS 
and seeded into fl uorescence microtiter 96-well plates. After complete attachment of 
the cells, they were treated with predetermined concentrations of samples and incu-
bated for 1 h. AAPH (3 mM) was added and the DPPP oxide fl uorescence intensity 
was measured after 3 h (λ excitation  = 361 nm, λ emission  = 380 nm) (   Ngo et al.  2012a ,  b ).  

2.4     Determination of Radical-Mediated DNA Damage 

 Genomic DNA, which was extracted from the cells using a standard phenol/protein-
ase K procedure with minor modifi cation (Sambrook and Russell  2001 ), was pre-
treated with various concentrations of samples exposed to •OH using Fenton chemistry, 
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as described by Milne et al. ( 1993 ). For that, 40 μL of DNA reaction mixture was 
prepared by adding predetermined concentrations of test sample (or the same volume 
of distilled water as the control), 100 μM fi nal concentration of FeSO 4 , 0.1 mM fi nal 
concentration of H 2 O 2 , and genomic DNA in the same order. Then, the mixture was 
incubated at room temperature for 10 min and the reaction was terminated by adding 
10 mM fi nal concentration of EDTA. The reaction mixture containing DNA was elec-
trophoresed on a 1 % agarose gel for 40 min at 100 V. Gels were then stained with 
1 mg/mL ethidium bromide and visualized by UV light (Ngo et al.  2010 ).  

2.5     Cellular ROS Determination by DCFH-DA 

 Oxidation-sensitive dye DCFH-DA was used to detect the formation of intracellular 
reactive oxygen species (ROS), as described previously (Engelmann et al.  2005 ). For 
that, cells growing in fl uorescence microtiter 96-well plates were labeled with 20 μM 
DCFH-DA in HBSS (Hanks balanced salt solution) for 20 min in the dark. The cells 
were then treated with different concentrations of samples and incubated for another 
1 h. After washing the cells with PBS three times, 500 μM H 2 O 2  was added. The inten-
sity of the fl uorescence signal emitted by 2′,7′-dichlorofl uorescein (DCF) due to the 
oxidation of DCFH by cellular ROS was detected time dependently (λ excitation  = 485 nm, 
λ emission  = 528 nm) using a fl uorescence microplate reader. Following the maximum rate 
of fl uorescence increase, each well was normalized to cell numbers using the MTT 
cell viability assay. The effects of treatments were plotted and compared with the fl uo-
rescence intensity of the control and blank groups (Ngo et al.  2009 ).  

2.6     Measurement of Intracellular GSH Level 

 The cellular GSH level was determined using monobromobimane (mBBr) as a 
thiol-staining reagent (Poot et al.  1986 ). The cells were seeded into fl uorescence 
microtiter 96-well plates at a density of 1 × 10 7  cells/mL and, following attachment, 
treated with different concentrations of sample for 30 min. The cells were then 
labeled with 40 μM mBBr for 30 min at 37 °C in the dark. After staining, the mBBr- 
GSH fl uorescence intensity was measured (λ excitation  = 360 nm, λ emission  = 465 nm) 
using the previously mentioned fl uorescence microplate reader. The average fl uo-
rescence values of the cell populations were plotted and compared with the blank 
group, in which cells were grown without treatment of samples (Ngo et al.  2009 ).  

2.7     Assessment of Cellular NO Production 

 The cells were cultured in 96-well plates using DMEM without phenol red and pre-
treatment for 1 h following the treatment of test materials. Cellular NO production 
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was induced by adding 1 μg/mL fi nal concentration of LPS and incubated for 48 h. 
After incubation, 50 μl of conditioned media containing NO 2  −  (primary stable oxida-
tion product of NO) was mixed with the same volume of Griess reagent and incubated 
for 15 min (Green et al.  1982 ). The absorbance of the mixture at 550 nm was mea-
sured with a microplate reader.  

2.8     Antioxidant Activities 

 In order to protect the cellular biomolecules (lipid, protein, and DNA) in biological 
systems from oxidation, equilibrium between oxidants formation and the endoge-
nous antioxidant defense mechanisms exists. If this balance is disturbed, it can pro-
duce oxidative stress (Kang et al.  2005 ). This state of oxidative stress can result in 
injury to all the important cellular components, thus the reactive oxygen species 
(ROS) generated excessively in tissues can cause cell death. Furthermore, ROS have 
direct or indirect relationships with the oxidation of cellular biomolecules and play 
an important role in many diseases, such as cancer, arthritis, neurodegenerative, 
diabetes, hypertension, infl ammation, and aging (Perry et al.  2000 ; Calabrese et al. 
 2005 ; Valko et al.  2007 ). Therefore, research to fi nd antioxidant compounds from 
many natural resources has evoked great interest to overcoming the radical- mediated 
deleterious effects in biological systems. Many biological compounds have been 
identifi ed as potent radical scavengers, including peptides, carbohydrates, and some 
phenolic compounds. Especially, many researchers reported the antioxidant activity 
of marine polysaccharides such as agaro-oligosaccharides, K-carrageenan oligosac-
charides, seaweed extracts, and algae extracts (Ahn et al.  2004 ; Chen and Yan  2005 ; 
Yuan et al.  2005 ). 

 In recent research, the antioxidant activity of chitin and its derivatives have 
attracted great attention. Most of the reports indicate that chitin, chitosan, and their 
oligomers are non-toxic and their derivatives are non- or less toxic. Therefore, they 
can be applied in living systems. The antioxidant effect of chitosan with different 
MWs (30, 90, and 120 kDa) in salmon showed that the 30 kDa of chitosan gave rise 
to the highest antioxidant activity in all tests (Kim and Thomas  2007 ). 
Chitooligosaccharides (COSs) have shown that their radical-scavenging properties 
are dependent on the degree of deacetylation (DD) and MWs. Based on the results 
obtained from studies carried out using the electron spin trapping technique, COS 
with MW in the range 1–3 kDa and highly deacetylated (90 %) COSs have been 
identifi ed to have a higher potential to scavenge different radicals, such as DPPH, 
hydroxyl, superoxide, and alkyl radicals (Park et al.  2004 ). Ngo and colleagues 
( 2009 ) produced two kinds of chitin oligosaccharides or N-acetyl chitooligosaccha-
rides (NA-COSs) with different MWs from crab chitin hydrolysis solution and also 
determined their effect against oxidative stress in live cells. Two kinds of NA-COSs 
with MW in the range 1–3 kDa (NA-COS 1–3 kDa) and below 1 kDa 
(NA-COS < 1 kDa) were obtained using an ultrafi ltration membrane system. The 
results show that NA-COS 1–3 kDa was more effective than NA-COS < 1 kDa 
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against protein oxidation and the production of intracellular free radicals in live 
cells. Actually, they exhibited an inhibitory effect against DNA and protein oxida-
tion to protect cells. In addition, in their presence, the intracellular glutathione 
(GSH) level and direct intracellular radical-scavenging effect were signifi cantly 
increased in a time-dependent manner in mouse macrophages (RAW 264.7 cells) 
and rendered an inhibitory effect against cellular oxidative stress. Furthermore, chi-
tin oligosaccharides with a low MW distribution of 229.21–593.12 Da were pro-
duced from crab chitin by acid hydrolysis. They also showed reducing power and 
scavenging effects on 1,1-diphenyl-2-picrylhydrazyl (DPPH), hydroxyl, and alkyl 
radicals. It was observed that the radical-scavenging activity of NA-COS increased 
in a dose-dependent manner. Their IC 50  values for DPPH, hydroxyl, and alkyl radi-
cals were 0.8, 1.75, and 1.14 mg/mL, respectively (Ngo et al.  2010 ). 

 Chen et al. ( 2003 ) investigated the antioxidant activity of chitobiose and chitot-
riose using the inhibition of H 2 O 2 -induced hydroxylation of benzoate and free 
radical- scavenging effects. The results showed that chitobiose is more effective as 
an antioxidant than chitotriose and even glucosamine hydrochloride displayed an 
antioxidant effect. Moreover, the derivatives of chitin, chitosan, and their oligomers, 
such as acylated chitosan, N,O-carboxymethyl chitosan (NOCC), hydroxypro-
pylated chitosan (HPC), hexanoyl chitin (HCH), N-benzoylhexanoyl chitosan 
(NBHC), sulfated chitosan, low MW carboxymethyl chitosan (LMWCMC), chito-
san gallic acid, aminoderivatized chitosan, quaternary chitosan, carboxylated chi-
tooligosaccharides, and sulfated glucosamine, were prepared by chemical 
modifi cation, and have been assayed by their antioxidant capacity (Matsugo et al. 
 1998 ; Xue et al.  1998 ; Xie et al.  2001 ; Xing et al.  2005a ,  b ; Sun et al.  2007 ; 
Pasanphan and Chirachanchai  2008 ;    Je and Kim  2006 ; Guo et al.  2006 ; Rajapakse 
et al.  2007 ; Mendis et al.  2008 ; Ngo et al.  2011a , 2012). Acylated chitosan inhibited 
thiobarbituric acid reactive substrate formation in tert-butyl hydroperoxide and ben-
zoyl peroxide induced lipid peroxidation. However, they did not show any scaveng-
ing activity toward superoxide (Matsugo et al.  1998 ). NOCC and HPC inhibited the 
peroxidation of phosphatidylcholine, HCH and NBHC, liposoluble derivatives, and 
also retarded the hydroperoxide accumulation of methyl linoleate by effectively 
trapping peroxide radicals in organic solvents (Xue et al.  1998 ). Xie et al. ( 2001 ) 
prepared hydroxypropyl chitosan maleic acid sodium and carboxymethyl chitosan 
maleic acid sodium by graft copolymerization, and investigated hydroxyl radical- 
scavenging effects. Different MWs of sulfated chitosan were synthesized and tested 
for their antioxidant activity. The results suggested that their antioxidant activity 
depended on the MW, and low MWs showed a stronger effect (Xing et al.  2005a ). 

 Sun et al. ( 2007 ) synthesized LMWCMC, which had superoxide anion scaveng-
ing activity. In addition, a novel synthetic chitosan derivative, chitosan gallic acid, 
has a wide range of antioxidant activity, including alkyl and hydroxyl radicals 
(Pasanphan and Chirachanchai  2008 ). Je and Kim ( 2006 ) also synthesized novel 
aminoderivatized chitosans (aminoethyl-chitosan, AEC, dimethylaminoethyl- 
chitosan, DMAEC, and diethylaminoethyl-chitosan, DEAEC) with different DDs 
(50 % and 90 %). AEC with 90 % DD showed the highest scavenging effects against 
hydroxyl and superoxide anion radicals, being 91.67 % and 65.34 % at 0.25 and 
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5 mg/mL, respectively. The results also showed that their antioxidant effect depends 
on the substituted group. Furthermore, when comparing the scavenging effect of 
quaternized COS with carboxylated COS, Huang et al. ( 2006 ) found that their scav-
enging effects against hydroxyl and alkyl radicals depend not only on the substi-
tuted group but also the special structure of the group. 

 However, there are some discrepancies about the hydroxyl radical-scavenging 
activities of COSs and some of their derivatives (Xie et al.  2001 ). Rajapakse et al. 
( 2007 ) and Mendis et al. ( 2007 ) investigated carboxylated COS and sulfated glucos-
amine, which are non-toxic and exhibited inhibition of free radical-mediated oxida-
tion of cellular biomolecules in live cells. Even though the precise mechanism of the 
radical-scavenging activity of chitin, chitosan, and their oligomers are not yet clear, 
it is attributed that the amino and hydroxyl groups attached to the C-2, C-3, and C-6 
positions of the pyranose ring react with unstable free radicals to form stable mac-
romolecule radicals. In the recent studies of Ngo et al. ( 2011a ,  b ), gallyl-COS was 
synthesized and its inhibition of oxidative damage to lipids, proteins, and DNA in 
cells was demonstrated. In addition, gallate-COS could decrease the activation and 
expression of NF-κB and increase the level of intracellular antioxidant enzymes 
(SOD and GSH) in oxidative stress-induced cells. Furthermore,    Ngo et al. ( 2012a ,  b ) 
carried out a study on the inhibitory effect of oxidation of aminoethyl-COS to pro-
tect cells against DNA, lipid, and protein damage. Moreover, it stimulated an 
increase in the intracellular glutathione (GSH) level and inhibited direct intracellu-
lar free radicals in a time-dependent manner in cells (Ngo et al. 2012).   

3     Anti-infl ammatory Activities 

 Infl ammation is the reaction of a living tissue against damage and is a part of the 
host response to either internal or external environmental stimuli. It is a defensive 
mechanism to return to a normal state by localizing the damage when a biologic 
tissue is damaged for some reason. The reactions of blood vessels, nerves, body 
fl uid, and cells are related to infl ammation. Causes of infl ammation include biologi-
cal agents (bacteria), physical agents (injury), chemical agents (endogenous or 
exogenous chemical substances), and immunological agents. 

 Infl ammation reactions are characterized by the change in blood vessels, exuda-
tion of liquid, and invasion of leukocytes, and typical symptoms are swelling, red-
ness, fever, pain, and, sometimes, loss of function. The natural cell control carrier of 
the present invention is particularly superior in the restoration of leukocyte invasion 
(Gao et al.  2006 ;    Goswami et al.  2008 ). In addition, infl ammation is one phase in 
four phases of normal wound healing (hemostasis, infl ammation, proliferation, and 
remodeling). However, a chronic wound can be defi ned as a wound in which the 
normal process of healing has been disrupted at one or more points in the four 
phases, especially the infl ammatory or proliferation phases, which can last a long 
time and will slow down the process of wound healing (Enoch and Harding  2003 ; 
   Diegelmann and Evans  2004 ). 
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 Furthermore, if acute infl ammation is manifested for a short period of time, it is 
a part of the host defense response, whereas for infl ammation that lasts too long and 
becomes chronic, it can prove harmful and may lead to disease. Chronic infl amma-
tion has been found to mediate a wide variety of diseases, including cardiovascular 
diseases, diabetes, arthritis, cancer, Alzheimer’s disease, pulmonary diseases, and 
autoimmune diseases (Alexandrova and Bochev  2005 ; Canonica  2006 ). 

 For infl ammation exhibited through cell signaling pathways, among them, 
nuclear factor-kappa B (NF-κB) and activator protein 1 (AP-1) are the pivotal tran-
scription factors that orchestrate the expression of many genes involved in infl am-
mation as well as other important events, such as embryonic development, lymphoid 
differentiation, oncogenesis, and apoptosis (Li and Verma  2002 ; Prashanth and 
Tharanathan  2005 ). 

 NF-κB and AP-1 activities are induced by a plethora of physiological and envi-
ronmental stimuli through different cellular signal transduction cascades. 
The NF-κB transcription family proteins consists of c-Rel, p65 (RelA), RelB, p50 (NF- 
κB1), and p52 (NF-κB2). These factors are found in a variety of active homo- and 
heterodimers. A heterodimer consisting of a p50 or p52 subunit and p65, which 
contains transactivation domains necessary for gene induction, are usually in the 
inactivated form of NF-κB (Baeuerele and Henkel  1994 ). The activated or inacti-
vated forms of NF-κB are regulated by the inhibitor of NF-κB proteins, known as 
IκB. When IκB interacts with NF-κB, it forms the inactive NF-κB/IκB complexes in 
the cytoplasm (Prashanth and Tharanathan  2005 ). In the activated form, NF-κB 
enters the nucleus, where it binds to cognate DNA binding sites within the promot-
ers of target genes, thereby enhancing transcription. 

 As a transcription factor, NF-κB is central to driving the expression of many 
mediators of infl ammation, including proinfl ammatory cytokines, such as interleu-
kins (IL-1α, IL-1β, IL-6), and tumor necrosis factor alpha (TNF-α), as well as 
numerous chemokines, including IL-8. The full induction of IL-2 and IFN-γ pro-
duction by T cells is also mediated by NF-κB. In addition, NF-κB is responsible for 
increasing the cell surface expression of various cell adhesion molecules required 
for leukocyte transendothelial migration, as well as cyclooxygenases (COXs such as 
COX-1, COX-2, and COX-3; enzymes required for prostaglandin synthesis) and 
NO synthases (NOSs such as endothelial NOS, eNOS, neuronal NOS, nNOS, and 
inducible NOS, iNOS, an enzyme required for NO production). NF-κB is not the 
only transcription factor involved in the regulation of these genes, and it frequently 
functions together with other transcription factors, most notably, activator protein 1 
(AP-1). The impacts of the activation of NF-κB and AP-1 during the infl ammatory 
sequence directly correlated with the expression and activation of infl ammation- 
related genes and their protein products (Ngo et al. 2012). 

 That is because the above transcription factors are essential for the transcription 
of genes that encode a number of proinfl ammatory molecules which participate in 
the acute infl ammatory response. Transcriptional upregulation of this battery of 
genes constitutes a phenotypic switch that might be propagated to other cells in a 
feed-forward manner (Peng et al.  1995 ). Especially, the immune cells, macrophages, 
and monocytes play a crucial role in eliciting the infl ammatory response cascades 
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via NF-κB and AP-1 in the acute phase of infl ammation (Baumann and Gauldie 
 1994 ). After being stimulated, they produce a number of chemokines, enzymes such 
as cytokine, iNOS, and COX-2, for the primary protection of the host (Kim et al. 
 2003 ). However, the accumulation of these defense molecules is excessive and 
uncontrollable, leading to a more severe and acute level of infl ammation. 

 NO and prostaglandins, the end products of major infl ammatory enzymes, iNOS 
and COX-2, have been extensively studied for their activation through NF-κB and 
AP-1 (Bengmark  2006 ). Both iNOS and COX-2 genes have putative binding sites 
for NF-κB and/or AP-1 at their promoter sites to activate gene expressions. The 
activation and expression of NF-κB and AP-1 during infl ammation has a remark-
able link with the production of NO and a number of other infl ammatory prostaglan-
dins, including prostaglandin E 2  (PGE 2 ). In addition, they also attend in matrix 
metalloproteinases (MMPs) of infl ammation, a group of zinc-dependent gelatinases 
and collagenases that are activated through MAPK pathways, promoting the activa-
tion of NF-κB and AP-1 (Huang et al.  2005 ). As major sources of MMPs, immune 
cells rely heavily on these enzymes to mediate extravasation into tissues during the 
infl ammatory process and, if there is overproduction of MMPs during chronic 
infl ammation, this may lead to cancer. Therefore, aside from non-steroidal anti- 
infl ammatory drugs (NSAIDs), which share the therapeutic action of aspirin, a well- 
known non-specifi c NSAID to inhibit NF-κB-induced COX-2 activation and 
expression (Hawkey et al.  2001 ; Arellano et al.  2006 ), in recent studies, researchers 
have been interested in natural compounds which can inhibit infl ammation; one of 
them is chitin and its derivatives. Until now, there have been few reports on their 
anti-infl ammatory and stimulatory effects accelerating the wound-healing process. 

 Okamura et al. ( 2005 ) investigated the effects of chitin, chitosan, and their oligo-
mers/monomers on the release of type I collagenase (MMP-1) from fi broblasts. The 
results showed that they infl uenced the release of MMP-1, which plays a central role 
in the fi nal phase of wound healing; most of them tend to increase MMP-1 release 
from adult human fi broblasts (Okamura et al.  2005 ). In addition, glucosamine 
hydrochloride (GlcN) and  N -acetyl-D-glucosamine (GlcNAc) were of benefi t for 
cartilage repair (Tamai et al.  2002 ,  2003 ), GlcNAc inhibited IL-1β and TNF-α, 
induced NO production in normal human articular chondrocytes, as well as COX-2 
and IL-6 from chondrocytes (Shikhman et al.  2001 ). 

 Chitosan activates peritoneal macrophages; this may be the mechanism by which 
it accelerates wound healing (   Mori et al. 2005). Sacchachitin membrane from fun-
gal mycelia is able to promote wound healing by inducing cell proliferation (Su 
et al.  1999 ). Furthermore, chitosan inhibited the formation of PGE 2 , COX-2 induc-
tion accompanied the inhibition of TNF-α and IL-1β formation, and these effects 
depend on the MW. It was shown that chitosan had a benefi cial effect on accelerat-
ing wound healing and anti-infl ammation (Chou et al.  2003 ). Rajapakse et al. ( 2008 ) 
investigated the effect of carboxybutyrylated glucosamine (CGlcN) on the expres-
sion of iNOS and COX-2 in bacterial lipopolysaccharide (LPS)-induced RAW264.7 
cells. The results showed that CGlcN inhibited the production of NO and PGE 2  and 
gave rise to the possibility of downregulating their respective genes, iNOS and 
COX-2, via the attenuation of NF-κB signaling by the p38 mitogen-activated 
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protein kinase (p38 MAPK) and the c-Jun N-terminal kinase (JNK). The authors 
suggested that CGlcN is a potential anti-infl ammatory material. In the latest 
research, Ngo et al. (2012) investigated the potency of aminoethyl-chitooligosac-
charide (AE-COS) against lipopolysaccharide-induced infl ammatory responses in 
BV-2 cells. They found that it reduced the level of NO and PGE 2  production by 
decreasing the expression of two kinds of enzymes, inducible NO synthase and 
cyclooxygenase- 2, without signifi cant cytotoxicity. The authors also demonstrated 
the inhibitory effect of AE-COS on the generation of TNF-α and IL-1β. Therefore, 
chitin, chitosan, and their derivatives could be useful therapeutic agents for the 
treatment of infl ammatory diseases.  

4     Some Applications 

 At present, chitin, chitosan, and their derivatives have recently attracted commercial 
interest as a potential source for industrial applications. There are many reports on 
their biological activities and applications as food supplements, nutraceuticals, and 
cosmeceuticals because of their antioxidant activity. Furthermore, they can also be 
used as a therapeutic agent in the treatment of infl ammatory diseases. 

 The applications of chitin and chitosan are summarized in Table  19.1  (Shahidi 
et al.  1999 ; Jeon et al.  2000 ; Kim et al.  2006 ; Rinaudo  2006 ; Jayakumar et al. 
 2010 ,  2011 ).

   In particular, chitin, chitosan, and their derivatives were studied for their applica-
tion in tissue engineering and wound healing. Tissue engineering is an emerging 
fi eld that aims to regenerate natural tissues or create new tissues using biomaterials 
for clinical medicine. Current applications of tissue engineering in regenerative 
stimulators include the development of various scaffolds for the treatment of skin, 
cartilage, and bone injuries or diseases. Biomaterials that are selected for scaffold 
development should possess basic characters such as biocompatibility, biodegrad-
ability, mechanical stability, and surface affi nity as well as others. A number of 
studies have demonstrated that chitin, chitosan, and their derivatives can be success-
fully applied as a promising biomaterial to develop scaffolds for the transplantation 
and regeneration of tissues with desirable biological properties (Aimin et al.  1999 ; 
VandeVord et al.  2002 ; Li and Zhang  2005 ; Bhardwaj and Kundu  2011 ; Chen et al. 
 2011 ). The majority of wound healings occur without any complications and with 
little tissue loss, whereas chronic wounds disrupt phases of the normal healing pro-
cess and often require external supporting factors to be recovered. Therefore, 
chronic non-healing wounds involving progressive tissue loss have becomes a major 
challenge to wound-care product researchers. During the past several years, 
researchers have discovered chitin, chitosan, and their derivatives as ideal wound 
covering and grafting materials to treat such wounds, accelerating wound healing 
and mimicking many properties of natural human skin (Jayakumar et al.  2010 ). For 
example, chitosan-LA was soft, fl exible, pliable, and bioadhesive, and did not cause 
infl ammation, edema, or systemic toxicity as a successful wound dressing. 
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Moreover, chitin and chitosan have enhanced the wound-healing process because of 
their stimulation of the attachment and proliferation of keratinocytes and fi broblasts 
favoring tissue regeneration, especially epithelial restructuring. Chitosan and its 
oligomers help macrophages and neutrophils to accelerate their innate immunity 
and healing process by modulating factors released from immune cells in prolifera-
tion. Another attractive property of chitin and chitosan is that they can be easily 
incorporated with other biomaterials, such as collagen, gelatin, alginate, carra-
geenan, pectin, carboxymethyldextran, and hyaluronic acid in the presence of glu-
taraldehyde or other common cross-linking agents (Hu et al.  2003 ) to improve the 
physicochemical and biological properties of wound dressings. Furthermore, other 
additives such as growth factors, cytokines, and antibacterial agents play important 
roles in each stage of the process of wound healing. Therefore, alterations in one or 
more components of these factors many account for the impaired healing observed 
in chronic wounds. The incorporation of some materials such as growth factors, 
extracellular matrix components, and antibacterial agents to chitosan-based wound 
dressings or scaffolds can improve the wound-healing effi cacy in animal models. 
Such improvements in wound healing were due to the polyelectrolyte property of 
chitosan materials that allows retainment above biomolecules within their structure 
and gradual releasing over time (Kim et al.  2006 ). Many products containing chitin, 
chitosan, and their derivatives for the treatment of wounds have already been mar-
keted in various forms, including hydrogels, bandages, woven fi bers, and wound 
dressing powders (Jayakumar et al.  2010 ,  2011 ).  

   Table 19.1    Applications of chitin and chitosan   

 Field  Applications 

 Food and beverages  Dietary fi ber (reduce cholesterol and lipid-binding agent) 
 Food and fruit preservation (antibacterial and antifungal agents 

and fi lm) 
 Food stabilizer 

 Medicine and pharmaceutics  Wound-healing ointments and dressings 
 Contact lenses 
 Orthopedic surgery 
 Drug and gene carriers 
 Antitumor agents 
 Immunological stimulant 
 Dental implants 
 Anticoagulant 

 Cosmetics and toiletries  Skin care (skin moisture, acne treatment) 
 Hair treatment 
 Oral care (toothpaste, chewing gum) 

 Water and waste treatment  Drinking water and pools 
 Removal of metal ions 
 Ecological polymer 

 Agriculture  Seed coating 
 Foodstuff for animal 

 Biotechnology  Enzyme and cell immobilization 
 Nanoparticles 
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5     Conclusion 

 Chitin, chitosan, and their derivatives have important biological properties such as 
immunostimulatory, antioxidant, anti-infl ammatory, antimicrobial, anticancer, anti-
cholesteremic, anticoagulant, and wound-healing agents. To date, there have been 
many reports on the biological activities of derivatives of chitin and chitosan, which 
are easily soluble in water, helping people to apply them in various scenarios to 
escape from the limits of chitin, an insoluble polymer in water. In particular, scien-
tists have synthesized many novel derivatives that have activity against oxidative 
stress and infl ammation. Therefore, chitin, chitosan, and their derivatives are being 
applied more and more often as functional food and wound-healing products.     
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1            Introduction 

 Microalgae are eukaryotic photosynthetic microorganisms that can grow rapidly 
and live in harsh conditions due to their unicellular or simple multicellular struc-
ture (Li et al.  2008 ). Eukaryotic algae are a very diverse group of organisms, 
which inhabit a huge range of ecosystems, from the Antarctic to deserts (Guschina 
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and Harwood  2006 ). Green algae are the primary food chain source of omega-3 
fatty acids in fi sh, and some species (e.g.,  Nannochloropsis ) are being cultivated 
for their DHA-enriched oil. Microalgae are valuable sources of a multitude of 
products. They account for over half the primary productivity at the base of the 
marine food chain (Guschina and Harwood  2006 ). Depending on the microalgae 
species, various high-value chemical compounds may be extracted, such as pig-
ments, antioxidants, carotenes, polysaccharides, triacylglycerols, fatty acids, vita-
mins, and biomass, which are largely used as bulk commodities in different 
industrial sectors (Barrow and Shahidi  2008 ), such as pharmaceutical, cosmetics, 
nutraceutical, functional foods, and biofuel production. The red microalgae are 
characterized by their accessory pigments, known as phycobiliproteins, which are 
red or blue. These algal pigments have potential as natural colorants for use in 
food, cosmetics, and pharmaceuticals, particularly as substitutes for synthetic 
dyes (Arad and Yaron  1992 ). Besides, microalgae also act as prebiotic agents that 
positively affect the health of humans. Today, microalgae, marketed as health 
food or food supplements, are commonly sold in the form of tablets, capsules, and 
liquids. They are also incorporated in pasta, snack food, candy bars or gums, in 
drink mixes and beverages, to name a few, either as a nutritional supplement or as 
a source of natural colorant (Goh et al.  2009 ). Lipid bodies are cytoplasmic lipid 
globules that exist naturally in microalgae and it is believed that lipid bodies are 
the best vesicle to transport omega-3 fatty acids to several food systems, such as 
emulsions. This chapter describes lipid bodies in microalgae, the extraction pro-
cedure of lipid bodies, and avenues of post-extraction algal residue utilization for 
bioethanol and methane production.  

2     Microalgae 

 The microalgae cell is generally surrounded by a rigid cell wall, which consists of 
two components: a microfi brillar framework of cellulose and unstructured muci-
laginous material. It has been reported that the cell walls of microalgae in the 
Haptophyta division (e.g.,  Pavlova lutheri ) are typically covered in calcium carbon-
ate scales, which are crystallized onto an organic matrix, while microalgae in the 
Prasinophyceae class (e.g.,  Tetraselmis  sp.) of the Chlorophyta division have a cell 
wall covered in several polysaccharide scales measuring 50 nm (Barsanti and 
Gualtieri  2006 ). Organelles within the cytoplasm of the microalgae cell are: nuclei 
containing the major part of the genome, chloroplasts (enveloped by a double mem-
brane and comprised of thylakoid membrane stacks), mitochondria, ribosomes, 
endoplasmic reticulum, vacuoles, centrioles, and Golgi bodies. Storage structures, 
such as starch granules (SG) and lipid bodies (LB), are common in the cytoplasm of 
microalgae, although their abundance depends on the function of culturing condi-
tions (Wang et al.  2009 ). Figure  20.1  illustrates the ultrastructure of the  Isochrysis 
galbana  cells that consist of LB, SG, plastoglobuli (PG), and thylakoid membranes 
(TM) of the chloroplasts.
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3        Culturing Microalgae 

 There are two modes of cultivation of microalgae cells: batch culture and continu-
ous culture. Batch culture is the most common method due to the simplicity of the 
culture system and operational ease. It is widely used for the cultivation of microal-
gae in commercial settings (Lee and Shen  2004 ). Carbon dioxide, water, nutrients, 
and trace elements are the essential biochemical components, and the growth can be 
synthesized by means of photosynthesis (Barsanti and Gualtieri  2006 ). 

3.1     Growth Phases 

 Changes in microalgae biomass and the surrounding environment of a batch culture 
medium can be divided into phases according to growth. There are six well-defi ned 
growth phases in microalgae culturing; Lag, Acceleration, Exponential, Retardation, 
Stationary, and Negative, as demonstrated in Fig.  20.2 .

   During the lag phase, physical adaptations of the inoculum take place. 
The growth rate of the algae in this phase is zero. Following the acceleration phase, 
which is characterized by an increasing rate of growth, the exponential growth 
phase is achieved. During this short-lasting phase, there is a constant increasing rate 
of growth. However, the environment of the cells is altered by increased culture 
concentration. Decreasing growth during the retardation phase is due to limiting 
factors such as light, nutrients, pH, or carbon dioxide. Cell concentration during the 
stationary phase is maintained at its maximum value (Barsanti and Gualtieri  2006 ). 

  Fig. 20.1    Transmittance 
electron micrographs of 
 Isochrysis galbana  cells, 
showing lipid bodies ( LB ), 
starch granules ( SG ), 
plastoglobuli ( PG ), and 
thylakoid membranes ( TM ) 
of the chloroplast. 
Scale bar = 2 μm       
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 Since the stationary phase is associated with limiting factors restricting the 
growth rate, cells are experiencing stress. Nurturing the highest percentage of lipids 
within the microalgae cells also happens through the stationary phase (Bigogno 
et al.  2002 ). During the early stationary phase, saturated fatty acids (SFAs) and 
monounsaturated fatty acids (MUFAs) are most abundant. As the culture progresses 
to the late stationary phase, a maximal value of n-3 and n-6 polyunsaturated fatty 
acids (PUFAs) begin to build in the lipid bodies (Lin et al.  2007 ). A negative growth 
rate during the fi nal phase is due to    catalyzer accumulation and nutrient depletion 
(Barsanti and Gualtieri  2006 ). Most green microalgae produce starch under normal 
conditions. Upon exposure to nutritional stress, such as nitrogen or phosphate star-
vation, they start to synthesize triacylglycerol, which are stored in their oil bodies 
(Shifrin and Chisholm  1981 ).   

4     Chemical Composition of Microalgae 

 As a general rule, protein is the major macromolecular constituent of the cell, fol-
lowed by lipids and carbohydrates (Becker  2004 ). The composition of microalgae 
grown in the late exponential growth phase consists of 30–40 % protein, 10–20 % 
lipids, and 5–15 % carbohydrates. Microalgae contain lipids and fatty acids as 
membrane components, storage products, metabolites, and sources of energy. 
The chemical compositions of various microalgae are shown in Table  20.1 . Algal 
oils have a range of potential applications in food and feed formulations, cosmetics, 
and biodiesel production (Chu  2012 ), which are discussed in a later section.

5        Lipid Bodies in Microalgae 

 Lipid bodies or oil bodies are cytoplasmic lipid globules, which exist in nature in 
heterogeneous forms: their size and composition vary according to the organisms 
and environmental conditions (Murphy  2001 ). These macromolecular proteolipid 
assemblies consist of a hydrophilic phospholipid monolayer membrane interspersed 

  Fig. 20.2    Population growth 
curve of algae under 
conditions for batch culture 
( 1  Lag,  2  Acceleration, 
 3  Exponential,  4  Retardation, 
 5  Stationary,  6  Negative) 
(Adapted from Barsanti and 
Gualtieri  2006 )       
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with amphiphilic oleosin proteins and associated phytochemicals (Gray et al.  2010 ). 
This structure surrounds a hydrophobic core of neutral lipids. Figure  20.3  shows the 
typical structure of a lipid body (oil body).

   Triacylglycerol (TAG), diacylglycerol, and sterol esters are among some of the 
lipids and lipid derivatives stored in lipid bodies (Nguyen et al.  2012 ). The size of 
such lipid bodies in microalgae varies between 0.1 and 8.0 μm, and have round 
shapes. The size and lipid composition depend on different growth phases, growth 
conditions (stress), and species. The Zeiss Axioskop epifl uorescence microscope 
photograph in Fig.  20.4  illustrates several lipid bodies (yellowish green) accumu-
lated in the algal cell (   Cooper et al.  2010 ). Generally, microalgae lipid bodies have 
the ability to concentrate SFAs and MUFAs. Some microalgae have the capacity to 
accumulate high levels of long-chain PUFAs as TAG in their lipid bodies (Bigogno 
et al.  2002 ; Alonso et al.  1998 ). During periods of normal growth, lipid bodies may 
disappear completely, or exist as tiny organelles, but they are abundant under condi-
tions not optimal for growth.

5.1       Lipid Body Formation According to Growth Phase 

 Lipid body formation commences during the exponential stage (Lin et al.  2007 ), 
whilst cytoplasmic lipid globules are produced most abundantly during the 

   Table 20.1    Chemical composition of oleaginous microalgae. Data are given as % of dry matter   

 Microalgae 
 Protein 
(%) 

 Carbohydrate 
(%) 

 Lipid 
(%)  Reference 

  Scenedesmus obliquus   50–56  10–17  12–14  Becker ( 1993 ) 
  Scenedesmus dimorphus   8–18  21–52  16–40 
  Chlamydomonas 

rheinhardii  
 48  17  21 

  Chlorella vulgaris   51–58  12–17  14–22 
  Chlorella pyrenoidosa   57  26  2 
  Spirogyra  sp.  6–20  33–64  11–21 
  Dunaliella salina   57  32  6 
  Euglena gracilis   39–61  14–18  14–20 
  Porphyridium cruentum   29–39  440–57  9–14 
  Prymnesium parvum   28–45  25–33  22–38 
  Phaeodactylum  sp.  55  10.5  19.8  Thomas et al. ( 1984 ) 
  Monallanthus  sp.  41.3  13.9  20.7 
  Tetraselmis  sp.  64.4  10.7  23.4 
  Isochrysis  sp.  44.9  23.1  28.5 
  Botryococcus  sp.  24  11  29 
  Pavlova lutheri   51.6  22–24  19.56  Reed Mariculture products™, 

  http://www.reed-maricul-
ture.com     

  Isochrysis galbana   46.7  24.2  17.1 
  Nannochloropsis  sp.  52.11  16  16.7 
  Tetraselmis  sp.  54.7  18.3  14.3 
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  Fig. 20.4    Oil-containing 
stained lipid bodies ( green ) 
are easily distinguished from 
chloroplasts ( red ) in  O. maius 
Naegeli  freshwater 
fi lamentous algal cells. Scale 
bar = 10 μm (Adapted from 
Cooper et al.  2010 )       

  Fig. 20.3    Structure of a lipid 
body (oil body) (Adapted 
from Qu et al.  2013 )       

stationary phase (Wang et al.  2009 ). The lipid body number varies between growth 
phases, with the maximum number being produced during the stationary phase (Liu 
and Lin  2005 ). 

 Many researchers have documented that nitrogen starvation greatly induces lipid 
body formation in microalgae (Wang et al.  2011 ; Solovchenko et al.  2008 ). 
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Figure  20.5  shows the increase of the quantity of starch granules, and its co- existence 
with lipid bodies in the cells due to nitrogen starvation. This suggests that carbon 
sources in these cells during nitrogen starvation are not only allocated to storage 
lipid production, but also to starch biosynthesis (Wang et al.  2011 ). This informa-
tion implies that, when microalgae consist of lipid bodies, an appropriate quantity 
of starch is also contained in microalgae cells.

5.2        Nutritional Importance of Lipid Bodies 

 There is a large potential for microalgae to enhance the nutritional content of conven-
tional food preparations, as microalgae represent a valuable source of all essential vita-
mins (e.g., A, B1, B2, B3, B5, B6, B12, C, E, biotin, and folic acid), enzymes, fatty 
acids, and carotenoids that benefi t humans (Mendes et al. 1995 ; Becker  2004 ; Goh et al. 
 2009 ). Moreover, algal lipid bodies are a rich source of α-tocopherols (Durmaz  2007 ). 

 The bulk of lipid bodies typically consist of triglycerides of at least 80–90 wt%. 
Phospholipids are normally present in the oil bodies in a concentration of 0.2–5 wt%. 
The structural proteins usually represent 0.2–7 wt% of the oil bodies. The triglycer-
ides contained in the lipid matrix preferably contain at least 10 %, most preferably 
at least 20 %, ω-3 long-chain polyunsaturated fatty acids (LC-PUFAs) by weight of 
the lipid bodies (Michael et al.  2008 ). The fatty acid compositions of several marine 
microalgae oils are given in Table  20.2 .

   The ω-3 LC-PUFAs in the lipid bodies help to reduce or prevent serum oxidative 
stress leading to physiological disorders. Moreover, lipid bodies are also 

  Fig. 20.5    TEM of UTEX 2219-4 before and after nitrogen starvation. ( a ) Before nitrogen starva-
tion. ( b ) After 3 days of nitrogen starvation.  C  chloroplast,  S  starch granule,  OB  oil body (Adapted 
from Wang et al.  2011 )       
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advantageously used in the improvement or treatment of cognitive and mental 
 conditions and disorders, as well as the maintenance of normal functions of brain-
related systems and processes, preferably attention defi cit hyperactivity disorder 
(ADHD), aging, Alzheimer’s disease, Parkinson’s disease, multiple sclerosis (MS), 
dyslexia, depression, learning capabilities, stress, anxiety, concentration, and atten-
tion. Another utilization aspect of the algal lipid bodies is the treatment or preven-
tion of disorders or of impaired cognitive function. Examples of disorders that may 
suitably be prevented with the algal oil bodies include atherosclerosis, cardiovascu-
lar disorders, and coronary heart disease (Michael et al.  2008 ). 

 The European patent 1952695A1 reported that lipid bodies extracted from 
microalgae edible composition contain added vitamins selected from at least one of 
the following: vitamin A, vitamin B1, vitamin B2 (ribofl avin), vitamin B3 (niacina-
mide), vitamin B5 (d-Ca pantothenate), vitamin B6, vitamin B11, vitamin B12 
(cyanocobalamin), vitamin C (ascorbic acid), vitamin D, vitamin E (tocopherol), 
vitamin H (biotin), and vitamin K. The composition also preferably comprises 
added minerals selected from at least one of the following: calcium, magnesium, 
potassium, zinc, iron, cobalt, nickel, copper, iodine, manganese, molybdenum, 
phosphorus, selenium, and chromium (Michael et al.  2008 ).   

6     Utilization of Lipid Bodies 

 More recently, the natural encapsulation of oil has received interest as a potential 
method for reducing the lipid oxidation of PUFAs (Gray et al.  2010 ). The encapsu-
lation of lipids in nature occurs in the form of lipid bodies. It has been proposed that 
PUFAs stored in lipid bodies within cells are less susceptible to lipid oxidation than 
TAG molecules free in other food systems. 

 Lipid bodies isolated from plant seeds into aqueous media are, therefore, a 
natural emulsion that may represent a vehicle to deliver natural, minimally pro-
cessed, pre-emulsifi ed oil into appropriate food systems (White et al.  2009 ). 
Similarly, work carried out by Michael et al. ( 2008 ) mentioned that microalgal oil 
bodies can also be incorporated into food products and beverages (e.g., nutri-
tional beverages and dairy drinks) and spreads, such as: nutrition bars, pasta prod-
ucts, ice cream, desserts, dairy products (e.g., yogurt, quark, cheese), dressings, 
sauces, soups, instant powders, fi llings, dips, and breakfast-type cereal products 
(e.g., porridge). 

 Michael et al. ( 2008 ) showed that microalgae lipid bodies which accumulate 
lipids in large spherical lipid-dense bodies have the ability to retard lipid oxida-
tion at a higher rate compared to the algal oil extracted from the same species. 
Similar observations have been made (Gray et al.  2010 ) that neutral lipids stored 
in seed lipid bodies are more stable to oxidation than lipids in an emulsion. The 
reason for the increased stability is likely to lie in the phytochemical profi le of the 
surface (for example, tocopherols) and the extensive coverage by oleosin and 
some other proteins.  
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7     Isolation of Lipid Bodies from Microalgae 

 Microalgae oils are commonly used for biodiesel production. Many researchers 
have carried out advanced technologies for extracting and purifying microalgae oil 
(Mercer and Armenta  2011 ). Isolating microalgae lipid bodies will help to establish 
the oxidative stability of naturally encapsulated PUFAs in microalgae; these organ-
elles should also carry many nutrients (vitamins, carotenoids, omega-3 LC-PUFAs, 
some proteins, etc.). However, few (if any) reports of microalgal oil body isolation 
and characterization exist. Michael et al. ( 2008 ) described a method for isolating 
lipid bodies from a dry mass of microalgae. For isolating purposes, they used a 
sugar solution for the fl oating lipid bodies and attached debris was removed by 
using NaCl solution. They further reported that these lipid bodies have a volume 
weighted mean diameter within the range 0.1–100 μm (Michael et al.  2008 ). 

 Figure  20.6  presents the method developed by the present authors for isolating 
microalgae ( Isochrysis galbana ) lipid bodies with algal slurry at a low temperature. 
In this method, the microalgae cell wall was disrupted by mechanical force (high- 
speed homogenization). The isolation of crude lipid bodies was done with density 

  Fig. 20.6    Method of isolating microalgae lipid bodies       
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gradient centrifugation after mixing with sugar solution. Golden brown or bronze 
colored microalgae lipid bodies accumulated on top of the solution as a soft pad. 
The microalgae residue (step 5b in Fig.  20.6 ) with a liquid/slurry nature is a waste 
material, which has an opportunity for application in bioethanol production.

8        Production of Bioethanol from Microalgae Biomass 

 In the twenty-fi rst century, bioethanol has been considered as a candidate of alterna-
tive energy to fossil resources. Biofuels (bioethanol, biodiesel, CH 3 ) are basically 
obtained from plant-based products, especially waste materials. It refers to renewable 
fuels from biological sources that can be used for heat, electricity, and fuel. 
As ethanol is less toxic, readily biodegradable, and produces fewer airborne pollut-
ants than petroleum fuel (Eshaq et al.  2010 ), many countries, for example, Brazil, the 
USA, Canada, the UK, etc., are currently utilizing bioethanol for their transportation 
systems. Since biomass assimilation by algal growth utilize atmospheric carbon diox-
ide, their biomass for bioethanol production can reduce greenhouse gas levels. 

 Saccharifi cation and fermentation of starches and sugars in algae biomass is the 
main step in the production of bioethanol. Saccharifi cation or hydrolysis can be 
done with the enzymes produced by  Aspergillus niger , which is cellulolytic and 
amylolytic in nature, as it produces cellulases and amylases. These enzymes hydro-
lyze the cellulose and starch present in  Spirogyra  and release free sugars (Miller 
 1959 ). Thereafter, fermentation is done by  Saccharomyces cerevisiae  for the pro-
duction of bioethanol and distillation is carried out to obtain bioethanol. 

 Microalgae provide carbohydrates (in the form of glucose, starch, and other 
polysaccharides) and proteins that can be used as carbon sources for fermentation 
by bacteria, yeast, or fungi (Harun et al.  2010 ). A study carried out with microalgae 
( Chlorococum  sp.) as a substrate for bioethanol production via yeast ( Saccharomyces 
bayanus ) under different fermentation conditions resulted in a maximum ethanol 
concentration of 3.83 g L −1  obtained from 10 g L −1  of lipid-extracted microalgae 
debris and the productivity level is approximately 38 % w/w (Harun et al.  2010 ). 

 Feinberg ( 1984 ) reported that conventional ethanol-fermentation yeasts, such as 
 Saccharomyces cerevisiae , can convert up to 95 % of the “available” carbohydrate, 
i.e., glucose, into a 1:l (weight) ratio of ethanol and carbon dioxide. Further, a com-
bined hydrolysis-fermentation yield of 80 % is assumed for this carbohydrate fraction, 
which is much less homogeneous but more accessible to hydrolysis than, say, ligno-
cellulose. These assumptions result in a net alcohol production of 0.329 L/kg (0.04 gal/
lb) and a total energy content of 7.74 MJ/kg (3,330 Btu/lb) of total carbohydrate. 
Figure  20.7  shows the ethanol yield and energy production as functions of the carbo-
hydrate content. Carbon dioxide (approximately 39 L/L or 5.2 ft/gal of ethanol), a 
fermentation by-product, is also produced by this method (Feinberg  1984 ). The pro-
duction of bioethanol by using microalgae can also be performed via self-fermenta-
tion; for example, dark fermentation in the marine green algae  Chlorococcum littorale  
was able to produce 450 mol ethanol g −1  at 30 °C (Ueno et al.  1998 ).
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   Some researchers practiced a pretreatment with chemicals before subjecting bio-
mass for ethanol production; however, the research conducted to evaluate the effec-
tiveness of chemical pretreatment damaged the pure cellulose in the cell wall, leading 
to a lower yield of alcohol when compared with untreated  Spirogyra  biomass. The 
research concluded that, as the  Spirogyra  cell wall is made up of pure cellulose and 
simple starch, it does not demand any type of pretreatment (Eshaq et al.  2010 ). 

 The production of bioethanol using microalgae-induced glucan ( Schizochytrium  
sp.) and  Escherichia coli  KO11 was tested with SSF (simultaneous saccharifi cation 
and fermentation) (Kim et al.  2012 ). This is resulted in 11.8 g-ethanol/ l  from 25.7  g/l  
of glucose; i.e., the maximum ethanol yield based on glucan in hydrolyzate was 
89.8 % (Kim et al.  2012 ). This information yielded the opportunity for the produc-
tion of bioethanol through yeast and bacteria fermentation. 

8.1     Utilization of Post-extracted Microalgae Residue 

 The lipid body isolated “post-extracted microalgae residue” described in the present 
method is slurry in a sugar solution. When lipid bodies are generated in microalgae 
cells due to nitrogen starvation, starch granules are also formed. The algal cell walls 
consisted of polysaccharides and, therefore, this post-extracted microalgae residue 
contained many components which can be converted into free sugars. As many 
proteins in algae cells are attached to the surrounding structure of the lipid bodies 
and separated with the algal lipid bodies, the residue may contain a smaller amount 
of protein compared to the total proteins present at the initial stage. 

 The fl ow chart in Fig.  20.8  illustrates the major steps of free sugar production 
from post-extracted microalgae residue (or lipid body isolated microalgae slurry). 
The Novazyme CT-2™ enzyme consists of cellulase, hemicellulase, and β-glucanase. 

  Fig. 20.7    Ethanol yield from microalgae biomass (Adapted from Feinberg  1984 )       
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  Fig. 20.8    Conversion of 
post-extracted microalgae 
slurry to glucose by 
enzymatic degradation       

  Fig. 20.9    Integrated process for microalgae lipid body isolation and bioethanol production       
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It confi rms the positive effect of converting starches and celluloses in microalgae to 
free sugars.

    Saccharomyces cerevisiae ,  Saccharomyces bayanus , and  Saccharomyces uvarum  
are three yeasts that can convert sugars and starches to ethanol effi ciently. Figure  20.9  
illustrates the integrated process for microalgae lipid body isolation and bioethanol 
production from the post-extracted microalgae residue. The fermentation process 
requires lower energy consumption and follows a simplifi ed process compared to 
biodiesel production system. The CO 2  produced, as a by-product from the fermenta-
tion process, can be recycled as carbon sources to microalgae in the cultivation 
process, thus reducing the greenhouse gases emissions. From this study, it can 
be concluded that algal biomass is a benefi cial raw material for isolating lipid 
bodies which can be used as a vehicle to transfer omega-3 fatty acids to infant food 
formulas with high oxidative stability; the post-extracted microalgae residue in the 
   sugar-rich grinding medium then becomes a by-product of the lipid body isolating 
process, which can be successfully utilized for bioethanol production.
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1            Introduction 

 “Let food be thy medicine and medicine be thy food” Hippocrates, 460 BC. 
In recent years, many studies have shown that diets containing a high content of 
phytochemicals can provide protection against various diseases. Approximately 
90 % of all cancer cases are correlated with environmental factors, including dietary 
habits. One-third of all cancer deaths in the United States are avoidable by changing 
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dietary habits (Willett  1995 ). These discoveries have rapidly amplifi ed consumer 
awareness of the potential benefi ts of naturally occurring compounds from plants in 
health promotion and maintenance. In this regard, researches in Nutraceuticals and 
Functional Foods (NFF) and Natural Health Products (NHP) have been hot topics in 
recent years (Goldberg  1994 ; Nice  1997 ). In the search for medicinal foods, increas-
ing attention has been given to marine-based sources. 

 Marine organisms are potentially productive sources of highly bioactive second-
ary metabolites that may lead to the development of new pharmaceutical agents 
(Mayer and Hamann  2002 ; El Gamal  2012 ). The trend of eating natural foods has 
been increased to improve health and vitality and one such natural resource is sea-
weed. Seaweeds (or marine macroalgae) are one of the most ecologically and eco-
nomically important resources of the oceans (Dhargalkar and Pereira  2005 ). 
Seaweeds have been traditionally used as a human dietary component in Asian 
countries but are now consumed in North America, South America, and Europe 
(McHugh  2003 ). Seaweeds are the lower cryptogams which are classifi ed into three 
main phyla: Phaeophyceae, or brown seaweeds, which are predominantly brown 
due to the presence of the xanthophyll pigment fucoxanthin, in addition to chloro-
phyll ‘a’ and ‘c’; Chlorophyceae, or green seaweeds, which are dominated by chlo-
rophyll ‘a’ and ‘b’, along with various characteristic xanthophylls (yellowish or 
brownish pigments); and Rhodophyceae, or red seaweeds, in which the principal 
pigments are phycoerythrin and phycocyanin (O’Sullivan et al.  2010 ). Globally, 
there are about 900 green, 4,000 red, and 1,500 brown species of seaweeds (Dawes 
 1998 ). Red and green seaweeds are found mostly in subtropical and tropical waters, 
while brown seaweeds are more common in cooler, temperate waters (Khan and 
Satam  2003 ). According to the Food and Agriculture Organization (FAO  2012 ), the 
global production of aquatic plants rose from 3.2 million tons in 1990 to 19 million 
tons (wet weight) in 2010. Currently, around 18 million tons (wet weight) of sea-
weeds and other aquatic plants are cultivated and utilized annually, with an esti-
mated value of 4.4 billion US dollars (FAO  2012 ). 

 Around 265 species of seaweeds are harvested commercially and, of these, 145 
species are used for food purposes and 110 for phycocolloid production (Zemke- 
White and Ohno  1999 ). Edible seaweeds are rich in bioactive compounds, antioxi-
dants, soluble dietary fi bers, proteins, minerals, vitamins, phytochemicals, and 
polyunsaturated fatty acids (Gómez-Ordóñez et al.  2010 ). The most popular com-
mercial food ingredient derived from brown seaweeds is fucoxanthin. Several com-
panies in Korea and Japan are producing standardized phlorotannins from brown 
seaweeds (Apostolidis and Lee  2012 ). Seaweeds are staple food (served as salads, 
soups, jellies, etc.) in some countries, such as Malaysia, Indonesia, Thailand, Korea, 
Japan, and Australia. Besides vast applications of seaweeds as food, they can also 
be utilized as feed additives and manure. They are also a proven source of food and 
pharmacologically important metabolites. Seaweeds are used as a source of vitamin 
supplements for the treatment of various intestinal disorders, such as vermifuges 
and hypocholesterolemic and hypoglycemic conditions (El Gamal  2012 ). In recent 
years, biological activities, nutritional values, and potential health benefi ts of marine 
algae have been intensively investigated and reviewed. This chapter focuses 
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specifi cally on the important bioactive metabolites of marine macroalgae and 
emphasizes their potential application as future pharmaceutical and functional food 
candidates.  

2     Commercial Uses of Marine Macroalgae 

 Seaweeds are excellent resources of bioactive metabolites that could potentially be 
exploited as new functional food ingredients in both human and animal feed devel-
opment. The major uses of seaweeds are discussed here. 

2.1     Algal Products for Human Nutrition 

 Due to their high nutritional value, seaweeds are traditionally used for food, espe-
cially in Asian countries (Mabeau and Fleurence  1993 ; Norziah and Ching  2000 ; 
McHugh  2003 ). These are used in the preparation of salads, soups, jellies, and vin-
egar. Recently, the utilization of seaweeds as food, particularly as spice and delica-
cies, has been extended to western countries due to the change in lifestyle and 
dietary conventions. The most popular algal products are listed in Table  21.1 .

2.2        Algal Products for Animal Feed 

 Seaweed utilization as animal feed was localized in coastal European countries such 
as Ireland, Iceland, Norway, France, Spain, and Portugal (McHugh  2003 ; Vinoj 
Kumar and Kaladharan  2007 ). The alginate extracted from seaweeds was used in 
the preparation of seaweed meal in fi sh farming. In Australia, the brown seaweed 
 Macrocystis pyrifera  and red seaweed  Gracilaria edulis  have been used. In South 
Africa, kelp ( Ecklonia maxima  and  Laminaria pallida ), red seaweeds ( Gracilaria , 
 Gracilariopsis ,  Gelidium  species,  Plocamium corallorhiza ), and green seaweeds 
( Ulva  species) are used as abalone feed alternatives (Troell et al.  2006 ). Due to their 
high nutrient content, many of the seaweeds are used for accelerating the growth of 
oysters, tilapia, salmon, and trout. Therefore, all seaweeds have great commercial 
importance (Fleming et al.  1996 ; Vinoj Kumar and Kaladharan  2007 ).  

2.3     Algal Products for Agriculture 

 Seaweed extracts have been used in agriculture as plant growth stimulants due to 
their high content of cytokinins (Stirk and Van Staden  1997 ), auxins (Stirk et al. 

21 Bioactive Metabolites and Value-Added Products from Marine Macroalgae



426

 2004 ), and polyamines (Papenfus et al.  2013 ). Seaweed liquid extracts as foliar 
applications are effective in improving the growth of many crops, including vari-
ous grasses, cereals, fl owers, and vegetables (Crouch and Van Staden  1993 ). 
In South Africa,  Ecklonia maxima  is extensively used as a seaweed liquid additive 
(McHugh  2003 ).  

2.4     Algal Products for Medicine 

 The uses of marine algae for medicinal purposes is not new, being mentioned in the 
Chinese “Materia Medica” of Shen-nung 2700 B.C. Seaweeds were used in folk 
medicines for the treatment of goiter, nephritic diseases, anthelmintic, catarrh, ver-
mifuge, skin diseases, and others (Hoppe et al.  1979 ). Hoppe ( 1979 ) has reported 
detailed information on the utilization of marine algae in folk medicines.   

3     Bioactive Metabolites and Value-Added Products 

3.1     Polyunsaturated Fatty Acids (PUFAs) 

 PUFAs are essential structural components of cell and organelle membranes, con-
tributing to the regulation of membrane properties such as fl uidity, structure, phase 
transitions, and permeability (Yap and Chen  2001 ). Marine-based long-chain poly-
unsaturated fatty acids (LC-PUFAs) have 20 or more carbons with two or more 
double carbon bonds, and are classifi ed by the position of the fi rst double bond from 

  Table 21.1    The most 
popular algal products used 
as human food  

 Algal food  Raw material 

 Hijiki   Hizikia fusiformis  
 Nori or purple laver   Porphyra  species 
 Anori or green laver   Monostroma  species 

  Enteromorpha  species 
 Kombu or haidai   Laminaria japonica  
 Sea lettuce   Ulva lactuca  
 Wakame or quandai-cai   Undaria pinnatifi da  
 Mozuku   Cladosiphon okamuranus  
 Sea grapes or green caviar   Caulerpa lentillifera  
 Dulse   Palmaria palmata  
 Irish moss or carrageenan moss   Chondrus crispus  
 Winged kelp   Alaria esculenta  
 Ogo, ogonori, or sea moss   Gracilaria  species 
 Carola   Callophyllis variegata  

  Source: Hoppe et al. ( 1979 ), McHugh ( 2003 )  
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the methyl (omega) terminus. Of particular interest is the omega-3 fatty acids in 
which the fi rst double bond is located at the third carbon from the methyl terminus. 
Omega-3 fatty acids can contain up to six double bonds and cannot be synthesized 
by animals. The well-studied marine omega-3 fatty acids are eicosapentaenoic acid 
(EPA), with 20 carbons and fi ve double bonds, and docosahexaenoic acid (DHA), 
with 22 carbons and six double bonds (Sijtsma and Swaaf  2004 ). These two omega-3 
fatty acids are of increasing interest due to research revealing their benefi cial effects 
on many aspects of human health, such as reducing the risk factors associated with 
cardiovascular problems, fetal development, Alzheimer’s disease, assisting visual 
and neurodevelopment, and ameliorating diseases such as coronary artery disease, 
arthritis, and hypertension (Simopoulos  1991 ; Swanson et al.  2012 ). 

 Seaweeds are rich in LC-PUFAs with nutritional implications and are, thus, stud-
ied extensively for biotechnological, food, feed, cosmetic, and pharmaceutical 
applications (Chandini et al.  2008a ). The predominant fatty acid in various seaweed 
products is EPA (C20:5, n-3), occurring at concentrations as high as 50 % of the 
total fatty acid content (Murata and Nakazoe  2001 ; Dawczynski et al.  2007 ). Marine 
algae also contain the n-3 PUFA 18:4 n-3, which is not found in other organisms. 
Notably, red seaweed species contain signifi cant quantities of PUFAs such as EPA 
and DHA. The green algal species are unusual in containing hexadecatetraenoic 
acid, varying from 4.9 % to 23.1 % of the total fatty acids, and palmitic acid, oleic 
acid, and linolenic acid have also been found in high amounts. They were predomi-
nant in all studied brown seaweeds, whereas saturated fatty acids are predominant 
in red seaweeds, but both groups are balanced sources of n-3 and n-6 acids. Even 
when seaweeds are processed (canned and dried), the products are left with substan-
tial nutritional value of protein, ash, and n-3 and n-6 fatty acid contents (Mabeau 
and Fleurence  1993 ; Sánchez-Machado et al.  2004 ). Algae are, therefore, a good 
source of EPA n-3 and an important source of n-3 PUFAs for the maintenance of 
health.  

3.2     Phlorotannins 

 Phlorotannins are phenolic compounds formed by the polymerization of phloroglu-
cinol or defi ned as 1,3,5-trihydroxybenzene monomer units and are biosynthesized 
through the acetate–malonate pathway. In the brown seaweeds, the only group of 
tannins present is the phlorotannins. They are polymers of phloroglucinols 
(1,3,5- trihydroxybenzene) (Fig.  21.1 ) and may constitute up to 15 % of the dry 
weight of brown algae (Ragan and Glombitza  1986 ; Targett and Arnold  1998 ). The 
phlorotannins are highly hydrophilic components, with a wide range of molecular 
sizes ranging between 126 and 650 kDa (Ragan and Glombitza  1986 ).

   The Laminariaceae are reported to be rich resources of phlorotannins compared 
to other marine algae (Okada et al.  2004 ). The well-studied phlorotannins from 
 Eisenia bicyclis  and  Ecklonia cava  are phloroglucinol, phloroglucinol tetramer, 
eckol, phlorofucofuroeckol A, dieckol, 8,8′-bieckol, and dioxinodehydroeckol 
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(Shibata et al.  2004 ; Li et al.  2009 ). Moreover, a few other novel phlorotannins from 
other edible seaweeds have been reported (Table  21.2 ). Phlorotannins have several 
benefi cial biological health activities, including antioxidant (Kim et al.  2009 ; Li 
et al.  2009 ), anti-HIV (Artan et al.  2008 ), antiproliferative (Kong et al.  2009 ), anti- 
infl ammatory (Lee  2010 ), anti-Alzheimer’s disease (Yoon et al.  2009 ; Kannan et al. 
 2013 ), antimicrobial (Nagayama et al.  2002 ), anticancer (Parys et al.  2010 ), antihy-
persensitive (Jung et al.  2006 ), anticoagulant (Li et al.  2007 ), and radioprotective 
(Moon et al.  2008 ; Zhang et al.  2008 ) activities. The nutritional and medicinal 
importance of biologically active phlorotannins was highlighted by recent reviews 
(Li et al.  2011 ; Thomas and Kim  2011 ; Eom et al.  2012 ; Lee and Jeon  2013 ). 
Detailed information on the biological activities of phlorotannins isolated from 
various brown seaweeds is presented in Table  21.2 .

3.3        Polyamines 

 Polyamines are a group of bioactive organic compounds having two or more pri-
mary amino groups. They were fi rst discovered by van Leeuwenhoek in the 1700s 
as three-sided crystals in human semen and were named spermine due to their high 
concentration within human semen. The three most common amines, diamine 
putrescine (Put, butan-1,4-diamine) and the polyamines spermidine (Spd, [N-(3- 
aminopropyl) butane-1,4-di-amine]) and spermine (Spm, [N, N′-bis-(3-amino- 
propyl) butane-1,4-diamine]) (   Hopkins and Hüner  1995 ), are reported to be essential 
components in all living cells due to their role in cellular growth, normal function, 
proliferation, the stabilization of negative charges of DNA, RNA transcription, pro-
tein synthesis, apoptosis, and the regulation of the immune response (Larqué et al. 
 2007 ; Nishibori et al.  2007 ). In children, high polyamines intake during the fi rst 
year of life has been signifi cantly correlated to food allergy prevention (Dandrifosse 
et al.  2000 ). Spermine and spermidine display a signifi cant antiglycation effect at 
physiological concentrations, suggesting a new role for polyamines in diabetes 
(Gugliucci and Menini  2003 ). 

 The common polyamines found in plants are cadaverine, and the spermidine- and 
spermine-related compounds, homospermidine, norspermidine, homospermine, nor-
spermine, and thermospermine (Martin-Tanguy  2001 ). The polyamines content in 
plants may vary from micromolar to millimolar levels (Kakkar and Sawhney  2002 ). 
Several studies have shown that there are appreciable quantities of polyamines within 

  Fig. 21.1    Phloroglucinol (1,3,5-trihydroxybenzene)        

K.R.R. Rengasamy et al.



429

    Ta
bl

e 
21

.2
  

  B
io

ac
tiv

e 
ph

lo
ro

ta
nn

in
s 

is
ol

at
ed

 f
ro

m
 s

ea
w

ee
ds

               

 Se
aw

ee
d 

sp
ec

ie
s 

 Ph
lo

ro
ta

nn
in

s 
 B

io
lo

gi
ca

l a
ct

iv
ity

 
 R

ef
er

en
ce

 

  E
ck

lo
ni

a 
ca

va
  

 6,
6′

-B
ie

ck
ol

, 8
,8

′-b
ie

ck
ol

 
 A

nt
i-

H
IV

 
 A

hn
 e

t a
l. 

( 2
00

4 )
, A

rt
an

 e
t a

l. 
( 2

00
8 )

 
 D

io
xi

no
de

hy
dr

oe
ck

ol
 

 A
nt

ic
an

ce
r 

 K
on

g 
et

 a
l. 

( 2
00

9 )
 

 E
ck

ol
 

 A
nt

ib
ac

te
ri

al
 

 C
ho

i e
t a

l. 
( 2

01
0 )

 
 D

ie
ck

ol
 

 A
nt

if
un

ga
l 

 L
ee

 e
t a

l. 
( 2

01
0 )

 
 Ph

lo
ro

gl
uc

in
ol

, e
ck

ol
 

 A
nt

i-
in

fl u
en

za
 

 R
yu

 e
t a

l. 
( 2

01
1 )

 
 7-

Ph
lo

ro
ec

ko
l, 

ph
lo

ro
fu

co
fu

ro
ec

ko
l, 

di
ec

ko
l 

 A
nt

i-
in

fl u
en

za
 

 R
yu

 e
t a

l. 
( 2

01
1 )

 
 D

ie
ck

ol
 

 A
nt

id
ia

be
tic

 
 K

an
g 

et
 a

l. 
( 2

01
3 )

 
 D

ie
ck

ol
 

 Ty
ro

si
na

se
 in

hi
bi

tio
n 

 K
an

g 
et

 a
l. 

( 2
01

2a
 ) 

 2,
7-

Ph
lo

ro
gl

uc
in

ol
, 6

,6
′-b

ie
ck

ol
 

 A
nt

io
xi

da
nt

 
 K

an
g 

et
 a

l. 
( 2

01
2a

 ) 
 6,

6′
-B

ie
ck

ol
 

 A
nt

i-
in

fl a
m

m
at

or
y 

 Y
an

g 
et

 a
l. 

( 2
01

2 )
 

  E
ck

lo
ni

a 
ku

ro
m

e  
 8,

8′
-B

ie
ck

ol
, e

ck
ol

, d
ie

ck
ol

, p
hl

or
of

uc
of

ur
oe

ck
ol

 A
 

 A
nt

ib
ac

te
ri

al
 

 N
ag

ay
am

a 
et

 a
l. 

( 2
00

2 )
 

 Ph
lo

ro
fu

co
fu

ro
ec

ko
l A

 
 A

lg
ic

id
al

 
 N

ag
ay

am
a 

et
 a

l. 
( 2

00
3 )

 
  E

ck
lo

ni
a 

m
ax

im
a  

 Ph
lo

ro
gl

uc
in

ol
, d

ib
en

zo
 [

1,
4]

 d
io

xi
ne

-2
,4

,7
,9

-t
et

ra
ol

, e
ck

ol
 

 A
nt

i-
A

lz
he

im
er

’s
 

 K
an

na
n 

et
 a

l. 
( 2

01
3 )

 
  E

ck
lo

ni
a 

st
ol

on
if

er
a  

 Ph
lo

ro
fu

co
fu

ro
ec

ko
l A

 
 A

nt
ih

yp
er

te
ns

io
n 

 Ju
ng

 e
t a

l. 
( 2

00
6 )

 
 D

ie
ck

ol
 

 A
nt

ih
yp

er
te

ns
io

n 
 Ju

ng
 e

t a
l. 

( 2
00

6 )
 

 E
ck

ol
 

 A
nt

ih
yp

er
te

ns
io

n 
 Ju

ng
 e

t a
l. 

( 2
00

6 )
 

 Ph
lo

ro
fu

co
fu

re
ck

ol
 A

 
 A

nt
id

ia
be

tic
 

 Ju
ng

 e
t a

l. 
( 2

00
8 )

 
 D

ie
ck

ol
 

 A
nt

ib
ac

te
ri

al
 

 L
ee

 e
t a

l. 
( 2

00
8 )

 
 Ph

lo
ro

fu
co

fu
ro

ec
ko

l A
, d

ie
ck

ol
, d

io
xi

no
de

hy
dr

oe
ck

ol
 

 A
nt

i-
in

fl a
m

m
at

or
y 

 K
im

 e
t a

l. 
( 2

00
9 )

 
 Ph

lo
ro

fu
co

fu
ro

ec
ko

l A
, d

ie
ck

ol
, d

io
xi

no
de

hy
dr

oe
ck

ol
 

 A
nt

io
xi

da
nt

 
 K

im
 e

t a
l. 

( 2
00

9 )
 

  E
ck

lo
ni

a 
st

ol
on

if
er

a  
 Ph

lo
ro

gl
uc

in
ol

 
 A

nt
io

xi
da

nt
 

 A
hn

 e
t a

l. 
( 2

00
7 )

 
 D

ie
ck

ol
 

 Im
m

un
om

od
ul

at
or

y 
 Pa

rk
 e

t a
l. 

( 2
01

0 )
 

 2-
Ph

lo
ro

ec
ko

l, 
ec

ko
l, 

ph
lo

ro
fu

co
fu

ro
ec

ko
l B

, 6
,6

′-b
ie

ck
ol

 
 H

ep
at

op
ro

te
ct

iv
e 

 L
ee

 e
t a

l. 
( 2

01
2a

 ) 
 2-

Ph
lo

ro
ec

ko
l, 

ec
ko

l, 
ph

lo
ro

fu
co

fu
ro

ec
ko

l B
, 6

,6
′-b

ie
ck

ol
 

 A
nt

io
xi

da
nt

 
 L

ee
 e

t a
l. 

( 2
01

2a
 ) 

(c
on

tin
ue

d)

21 Bioactive Metabolites and Value-Added Products from Marine Macroalgae



430

  E
ck

lo
ni

a 
ca

va
  a

nd
 

 E
. s

to
lo

ni
fe

ra
  

 D
ie

ck
ol

 
 E

ck
ol

 
 A

nt
ip

ho
to

ag
in

g 
 A

nt
ip

ho
to

ag
in

g 
 Jo

e 
et

 a
l. 

( 2
00

6 )
, H

eo
 e

t a
l. 

( 2
00

9a
 ) 

 Jo
e 

et
 a

l. 
( 2

00
6 )

, H
eo

 e
t a

l. 
( 2

00
9a

 ) 
  E

ck
lo

ni
a 

ar
bo

re
a ,

 
 E

. c
av

a ,
 a

nd
 

 E
. s

to
lo

ni
fe

ra
  

 6,
6′

-B
ie

ck
ol

, 8
,8

′-b
ie

ck
ol

, p
hl

or
of

uc
of

ur
oe

ck
ol

 A
, B

, 
ec

ko
l, 

di
ec

ko
l 

 A
nt

ia
lle

rg
y 

 Jo
e 

et
 a

l. 
( 2

00
6 )

, S
ug

iu
ra

 e
t a

l. 
( 2

00
6 )

, 
L

e 
et

 a
l. 

( 2
00

9 )
 

  E
is

en
ia

 b
ic

yc
li

s  
 E

ck
ol

 
 A

nt
id

ia
be

tic
 

 O
ka

da
 e

t a
l. 

( 2
00

4 )
 

 E
ck

ol
, d

ie
ck

ol
, d

io
xi

no
de

hy
dr

oe
ck

ol
, f

uc
of

ur
oe

ck
ol

 A
, 

7-
ph

lo
ro

ec
ko

l, 
ph

lo
ro

fu
co

fu
ro

ec
ko

l A
 

 A
nt

ib
ac

te
ri

al
 

 E
om

 (
 20

12
 ) 

  E
ck

lo
ni

a 
ca

va
  a

nd
 

 E
is

en
ia

 b
ic

yc
li

s  
 D

ie
ck

ol
 

 D
ie

ck
ol

, e
ck

ol
, f

uc
of

ur
oe

ck
ol

 A
 

 A
nt

id
ia

be
tic

 
 M

at
ri

x 
m

et
al

lo
pr

ot
ei

na
se

s 
in

hi
bi

tio
n 

 O
ka

da
 e

t a
l. 

( 2
00

4 )
, L

ee
 e

t a
l. 

( 2
00

9 )
 

 R
yu

 e
t a

l. 
( 2

00
9 )

, L
ee

 (
 20

10
 ) 

  E
ck

lo
ni

a 
ca

va
  a

nd
 

 E
. k

ur
om

e  
an

d 
 E

is
en

ia
 b

ic
yc

li
s  

 Ph
lo

ro
gl

uc
in

ol
, e

ck
ol

 
 D

ie
ck

ol
 

 T
ri

ph
lo

re
th

ol
 A

 
 8,

8′
-B

ie
ck

ol
, p

hl
or

of
uc

of
ur

oe
ck

ol
 A

, e
ck

ol
, d

ie
ck

ol
 

 A
nt

io
xi

da
nt

 
 A

nt
io

xi
da

nt
 

 A
nt

io
xi

da
nt

 
 A

nt
io

xi
da

nt
 

 A
hn

 e
t a

l. 
( 2

00
7 )

 
 A

hn
 e

t a
l. 

( 2
00

7 )
 

 K
an

g 
et

 a
l. 

( 2
00

5 ,
  2

00
7 )

 
 Sh

ib
at

a 
et

 a
l. 

( 2
00

8 )
 

  F
uc

us
 v

es
ic

ul
os

us
  

 Fu
co

ph
lo

re
th

ol
 A

, t
et

ra
fu

co
l A

, t
ri

fu
co

di
ph

lo
re

th
ol

 A
 

 A
nt

io
xi

da
nt

 
 L

iu
 a

nd
 G

u 
( 2

01
2 )

 
  Is

hi
ge

 o
ka

m
ur

ae
  

 D
ip

hl
or

oe
th

oh
yd

ro
xy

ca
rm

al
ol

 
 A

nt
id

ia
be

tic
 

 H
eo

 e
t a

l. 
( 2

00
9b

 ,  2
01

0a
 ),

 K
an

g 
et

 a
l. 

( 2
01

2b
 ),

 L
ee

 e
t a

l. 
( 2

01
2b

 ) 
  Is

hi
ge

 o
ka

m
ur

ae
  

 D
ip

hl
or

oe
th

oh
yd

ro
xy

ca
rm

al
ol

 
 A

nt
ic

an
ce

r 
 K

an
g 

et
 a

l. 
( 2

01
2b

 ),
 P

ar
k 

et
 a

l. 
( 2

01
2 )

 
 R

ad
io

pr
ot

ec
tiv

e 
 A

hn
 e

t a
l. 

( 2
01

1 )
 

 A
nt

io
xi

da
nt

 
 H

eo
 e

t a
l. 

( 2
00

8a
 ) 

 Ph
ot

op
ro

te
ct

iv
e 

 H
eo

 a
nd

 J
eo

n 
( 2

00
9a

 ), 
H

eo
 e

t a
l. 

( 2
01

0a
 ) 

 N
eu

ro
pr

ot
ec

tiv
e 

 H
eo

 e
t a

l. 
( 2

01
2a

 ) 
  Sa

rg
as

su
m

 p
at

en
s  

 2-
(4

-(
3,

5-
D

ih
yd

ro
xy

ph
en

ox
y)

-3
,5

-d
ih

yd
ro

xy
ph

en
ox

y)
 

be
nz

en
e-

1,
3,

5-
tr

io
l (

D
D

B
T

) 
 A

nt
id

ia
be

tic
 

 K
aw

am
ur

a-
K

on
is

hi
 e

t a
l. 

( 2
01

2 )
 

Ta
bl

e 
21

.2
 

(c
on

tin
ue

d)

Se
aw

ee
d 

sp
ec

ie
s

Ph
lo

ro
ta

nn
in

s
B

io
lo

gi
ca

l a
ct

iv
ity

R
ef

er
en

ce

K.R.R. Rengasamy et al.



431

seaweed (Hamana and Matsuzaki  1982 ; Badini et al.  1994 ; Lee  1998 ; Marián et al. 
 2000 ; Nishibori et al.  2007 ; Papenfus et al.  2012 ). In recent years, there has been 
considerable interest in the infl uence of ingested polyamines from plant-based foods 
on human health (Lima and Vianello  2011 ). Polyamines are important to human 
health, particularly because they are involved in an array of specifi c roles that are 
essential to cell growth and proliferation (Kalač and Krausová  2005 ). Therefore, 
polyamines may be considered especially important in young children. However, it 
is well established that the capacity for polyamine synthesis decreases with age 
(Larqué et al.  2007 ). Polyamines from food are distributed to all organs and tissues, 
and long-term intake increases polyamine concentration in the blood. As most poly-
amines are associated with red and white blood cells, they act to suppress the synthe-
sis of proinfl ammatory cytokines and leukocyte function- associated antigens. Foods 
with anti-infl ammatory properties such as n-3 PUFAs are known to help prevent 
cardiovascular disease (Soda  2010 ). However, data on the content of dietary poly-
amines in foods, particularly in seaweeds, are relatively scarce, and there is a need to 
focus on the dietary applications of polyamines from seaweeds.  

3.4     Fucoxanthin (Carotenoid Pigments) 

 Carotenoids are tetraterpenoid organic pigments that occur naturally in the chloro-
plasts and chromoplasts of plants and other photosynthetic organisms, like algae, 
some types of fungi, and bacteria. These carotenoids are thought to be responsible 
for the benefi cial properties in preventing human diseases, including cardiovascular 
diseases, cancer, and other chronic diseases. Hence, the consumption of food rich in 
carotenoids from fruits and vegetables is healthier and lowers mortality due to a 
number of chronic illnesses (Diplock et al.  1998 ). The common carotenoids, such as 
lutein, astaxanthin, and zeaxanthin, are known as xanthophylls. Fucoxanthin and 
astaxanthin are known to be major constituents of marine algal carotenoids. 
Fucoxanthin is one of the most abundant marine carotenoids, and contributes more 
than 10 % of the estimated total production of carotenoids in nature, especially in 
the marine environment (Dembitsky and Maoka  2007 ). Fucoxanthin is a character-
istic carotenoid present in edible brown seaweeds, such as  Undaria pinnatifi da  
(Wakame),  Hijikia fusiformis  (Hijiki),  Laminaria japonica  (Ma-Kombu), and 
 Sargassum fulvellum  (D’Orazio et al.  2012 ). Fucoxanthin was fi rst isolated by 
Willstätter and Page ( 1914 ) from the brown seaweeds  Fucus ,  Dictyota , and 
 Laminaria  species. Fucoxanthin has attracted considerable interest because of its 
potent bioactivities, including its antioxidant, anti-infl ammatory, anticancer, anti-
obese, antidiabetic, antiangiogenic, and antimalarial activities, and its protective 
effects on the liver, blood vessels of the brain, bones, skin, and eyes (Peng et al. 
 2011 ). So far, no adverse side effects have been reported in studies using mice 
(Kadekaru et al.  2008 ; Zaragozá et al.  2008 ). Hence, fucoxanthin may be consid-
ered a nontoxic, nonallergenic, biocompatible, and bioactive material in food, cos-
metic, and pharmacological applications. A summary of fucoxanthin isolated from 
various brown seaweeds is presented in Table  21.3 .
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3.5        Polysaccharides 

 The high molecular weight sulfated polysaccharides and low molecular weight oli-
gosaccharides are of interest because of their broad range of biological activities 
and low toxicity. Marine algae are rich sources of polysaccharides (Table  21.4 ), 
particularly structural polysaccharides, mucopolysaccharides, and storage polysac-
charides (Murata and Nakazoe  2001 ; Chandini Kumar et al.  2008b ). Polysaccharides 
are polymers of simple sugars linked by glycosidic bonds. They have an enormously 
wide variety of applications as stabilizers, thickeners, and emulsifi ers in food and 
beverages (Tseng  2001 ). The major polysaccharides found in seaweeds are classi-
fi ed into fucoidan, alginate, galactans, ulvans, and laminaran (Kraan  2012 ).

   Fucoidans, or fucans, are bioactive polysaccharides which were fi rst isolated by 
Kylin in 1913. They contain substantial percentages of L-fucose and sulfate ester groups, 
which have been mainly identifi ed in brown seaweed (Berteau and Mulloy  2003 ). 
Fucoidans have pharmacological interest because of their non-animal origin and anti-
infl ammatory activities with potent modulation of connective tissue proteolysis (Senni 
et al.  2006 ). The fucans have received a great deal of attention in biomedical research 
due to their wide variety of biological activities, including antiadhesive (McCormick 
et al.  2000 ), anticoagulant (Mourão  2004 ; Cumashi et al.  2007 ), anticomplimentary 

   Table 21.3    Fucoxanthin isolated from brown seaweeds and their biological activities   

 Seaweed species  Biological activity  Reference 

  Eisenia bicyclis   Antidiabetic  Jung et al. ( 2012 ) 
  Fucus serratus   Antioxidant  Sasaki et al. ( 2008 ) 
  Halocynthia roretzi   Anticancer  Konishi et al. ( 2006 ) 
  Hijikia fusiformis   Neuroprotective  Okuzumi et al. ( 1990 ) 

 Antioxidant  Nomura et al. ( 1997 ) 
  Laminaria japonica   Photoprotective  Shimoda et al. ( 2010 ) 

 Prevent osteoporosis  Das et al. ( 2010 ) 
  Myagropsis myagroides   Anti-infl ammatory  Heo et al. ( 2010b ) 
  Padina tetrastromatica   Antioxidant  Yan et al. ( 1999 ), Sasaki et al. ( 2008 ) 
  Petalonia binghamiae   Antiobesity  Kang et al. ( 2011 ) 
  Sargassum heterophyllum   Antiplasmodicidal  Afolayan et al. ( 2008 ) 
  Sargassum siliquastrum   Cytoprotective  Heo et al. ( 2008b ) 

 Photoproductive  Heo and Jeon ( 2009b ) 
 Anti-infl ammatory  Heo et al. ( 2012b ) 

  Undaria pinnatifi da   Antioxidant  Sasaki et al. ( 2008 ), Fung et al. ( 2013 ) 
 Anticancer  Kotake-Nara et al. ( 2005 ), Nakazawa et al. 

( 2009 ) 
 Antiobesity  Maeda et al. ( 2005 ,  2007a ,  b ,  2008 ), Woo 

et al. ( 2009 ), Hosokawa et al. ( 2010 ), 
Matsumoto et al. ( 2010 ), Beppu et al. 
( 2012 ) 

 Antidiabetic  Jung et al. ( 2012 ), Nishikawa et al. ( 2012 ) 
 Antiangiogenic  Sugawara et al. ( 2006 ) 

K.R.R. Rengasamy et al.



433

   Ta
bl

e 
21

.4
  

  Po
ly

sa
cc

ha
ri

de
s 

is
ol

at
ed

 f
ro

m
 d

if
fe

re
nt

 s
ea

w
ee

ds
 a

nd
 th

ei
r 

bi
ol

og
ic

al
 a

ct
iv

iti
es

   

 D
iv

is
io

n 
 Se

aw
ee

d 
sp

ec
ie

s 
 B

io
lo

gi
ca

l a
ct

iv
ity

 
 R

ef
er

en
ce

 

 Ph
ae

op
hy

ce
ae

 
  A

sc
op

hy
ll

um
 n

od
os

um
  

 A
nt

i-
in

fl a
m

m
at

or
y,

 a
nt

ic
oa

gu
la

nt
, 

an
tia

ng
io

ge
ni

c,
 a

nd
 a

nt
ia

dh
es

iv
e 

 C
um

as
hi

 e
t a

l. 
( 2

00
7 )

 

  A
de

no
cy

st
is

 u
tr

ic
ul

ar
is

  
 A

nt
ir

et
ro

vi
ra

l 
 T

ri
nc

he
ro

 e
t a

l. 
( 2

00
9 )

 
 A

nt
iv

ir
al

 
 Po

nc
e 

et
 a

l. 
( 2

00
3 )

 
  C

la
do

si
ph

on
 o

ka
m

ur
an

us
  

 A
nt

i-
in

fl a
m

m
at

or
y,

 a
nt

ic
oa

gu
la

nt
, 

an
tia

ng
io

ge
ni

c,
 a

nd
 a

nt
ia

dh
es

iv
e 

 C
um

as
hi

 e
t a

l. 
( 2

00
7 )

 

 A
nt

id
en

gu
e 

vi
ru

s 
 H

id
ar

i e
t a

l. 
( 2

00
8 )

 
 C

ar
di

op
ro

te
ct

iv
e 

 T
ho

m
es

 e
t a

l. 
( 2

01
0 )

 
  C

os
ta

ri
a 

co
st

at
a  

 A
nt

ic
an

ce
r 

 E
rm

ak
ov

a 
et

 a
l. 

( 2
01

1 )
 

  C
la

do
si

ph
on

 o
ka

m
ur

an
us

  
 A

nt
itu

m
or

 
 Te

ru
ya

 e
t a

l. 
( 2

00
7 )

 
 G

as
tr

ic
 p

ro
te

ct
io

n 
 K

aw
am

ot
o 

et
 a

l. 
( 2

00
6 )

, S
hi

ba
ta

 e
t a

l. 
( 2

00
0 )

 
  C

la
do

si
ph

on
 o

ka
m

ur
an

us
 T

ok
id

a  
 A

nt
ip

ri
on

 
 D

oh
-U

ra
 e

t a
l. 

( 2
00

7 )
 

 A
nt

ic
an

ce
r 

 H
an

ej
i e

t a
l. 

( 2
00

5 )
 

  C
ys

to
se

ir
a 

in
di

ca
  

 A
nt

iv
ir

al
 

 M
an

da
l e

t a
l. 

( 2
00

7 )
 

  D
ic

ty
ot

a 
m

er
te

ns
ii

  
 A

nt
i-

H
IV

 
 Q

ue
ir

oz
 e

t a
l. 

( 2
00

8 )
 

  D
ic

ty
ot

a 
ce

rv
ic

or
ni

s  
 A

nt
ic

oa
gu

la
tio

n 
an

d 
an

tit
hr

om
bo

si
s 

 C
os

ta
 e

t a
l. 

( 2
01

0 )
 

  D
ic

ty
ot

a 
m

en
st

ru
al

is
  

 A
nt

ic
oa

gu
la

nt
 

 A
lb

uq
ue

rq
ue

 e
t a

l. 
( 2

00
4 )

 
  D

ic
ty

op
te

ri
s 

de
li

ca
tu

la
  

 A
nt

io
xi

da
nt

 
 M

ag
al

ha
es

 e
t a

l. 
( 2

01
1 )

 
 A

nt
ic

oa
gu

la
nt

 
 A

nt
itu

m
or

 
  E

ck
lo

ni
a 

ca
va

  
 A

nt
ic

an
ce

r 
 E

rm
ak

ov
a 

et
 a

l. 
( 2

01
1 )

 
 A

nt
ic

oa
gu

la
tio

n 
an

d 
an

tit
hr

om
bo

si
s 

 W
ije

si
ng

he
 e

t a
l. 

( 2
01

1 )
 

  E
ck

lo
ni

a 
ku

ro
m

e  
 A

nt
ic

oa
gu

la
nt

 
 N

is
hi

no
 e

t a
l. 

( 1
98

9 ,
  1

99
1 )

 

(c
on

tin
ue

d)

21 Bioactive Metabolites and Value-Added Products from Marine Macroalgae



434

 D
iv

is
io

n 
 Se

aw
ee

d 
sp

ec
ie

s 
 B

io
lo

gi
ca

l a
ct

iv
ity

 
 R

ef
er

en
ce

 

 Ph
ae

op
hy

ce
ae

 
  E

is
en

ia
 b

ic
yc

li
s  

 A
nt

ic
oa

gu
la

nt
 a

nd
 a

nt
itu

m
or

 
 U

su
i e

t a
l. 

( 1
98

0 )
 

  F
uc

us
 d

is
ti

ch
us

  
 A

nt
i-

in
fl a

m
m

at
or

y,
 a

nt
ic

oa
gu

la
nt

, a
nt

ia
ng

io
-

ge
ni

c,
 a

nt
ia

dh
es

iv
e 

 C
um

as
hi

 e
t a

l. 
( 2

00
7 )

 

  F
uc

us
 e

va
ne

sc
en

s  
 A

nt
i-

in
fl a

m
m

at
or

y,
 a

nt
ic

oa
gu

la
nt

, 
an

tia
ng

io
ge

ni
c,

 a
nt

ia
dh

es
iv

e 
ac

tiv
iti

es
 

 K
uz

ne
ts

ov
a 

et
 a

l. 
( 2

00
3 )

, C
um

as
hi

 e
t a

l. 
( 2

00
7 )

 

 A
nt

itu
m

or
 a

nd
 a

nt
im

et
as

ta
tic

 
 A

le
ks

ey
en

ko
 e

t a
l. 

( 2
00

7 )
 

  F
uc

us
 s

er
ra

tu
s  

 A
nt

i-
in

fl a
m

m
at

or
y,

 a
nt

ic
oa

gu
la

nt
, 

an
tia

ng
io

ge
ni

c,
 a

nt
ia

dh
es

iv
e 

 C
um

as
hi

 e
t a

l. 
( 2

00
7 )

 

  F
uc

us
 s

pi
ra

li
s  

 A
nt

i-
in

fl a
m

m
at

or
y,

 a
nt

ic
oa

gu
la

nt
, 

an
tia

ng
io

ge
ni

c,
 a

nt
ia

dh
es

iv
e 

ac
tiv

iti
es

 
 C

um
as

hi
 e

t a
l. 

( 2
00

7 )
 

  F
uc

us
 v

es
ic

ul
os

us
  

 A
nt

i-
H

IV
 

 Q
ue

ir
oz

 e
t a

l. 
( 2

00
8 )

 
 A

nt
i-

in
fl a

m
m

at
or

y 
 Pa

rk
 e

t a
l. 

( 2
01

1a
 ) 

 A
nt

io
be

si
ty

 
 Pa

rk
 e

t a
l. 

( 2
01

1b
 ) 

 A
ga

in
st

 h
yp

er
ox

al
ur

ia
 

 V
ee

na
 e

t a
l. 

( 2
00

7a
 ,  b

 ) 
 A

nt
ic

oa
gu

la
nt

 
 B

er
na

rd
i a

nd
 S

pr
in

ge
r 

( 1
96

2 )
 

 Im
m

un
os

tim
ul

at
or

y 
 K

aw
as

hi
m

a 
et

 a
l. 

( 2
01

2 )
 

  H
iz

ik
ia

 fu
si

fo
rm

e  
 B

lo
od

 a
nt

ic
oa

gu
la

nt
 

 D
ob

as
hi

 e
t a

l. 
( 1

98
9 )

, L
i e

t a
l. 

( 2
00

8 )
 

  H
yd

ro
cl

at
hr

us
 c

la
th

ra
tu

s  
 A

nt
iv

ir
al

 a
ct

iv
ity

 
 W

an
g 

et
 a

l. 
( 2

00
7 )

 
  La

m
in

ar
ia

 d
ig

it
at

a  
 A

nt
ic

oa
gu

la
nt

 
 Sh

an
m

ug
am

 a
nd

 M
od

y 
( 2

00
0 )

 
  La

m
in

ar
ia

 h
yp

er
bo

re
an

  
 A

nt
i-

in
fl a

m
m

at
or

y 
 N

as
u 

et
 a

l. 
( 1

99
7 )

 
  La

m
in

ar
ia

 ja
po

ni
ca

  
 A

nt
io

xi
da

nt
 

 Z
ha

ng
 e

t a
l. 

( 2
00

3 )
, Z

ha
o 

et
 a

l. 
( 2

00
8 )

, 
 W

an
g 

et
 a

l. 
( 2

00
8 )

 
 H

yp
er

ch
ol

es
te

ro
le

m
ia

 
 L

i e
t a

l. 
( 1

99
9 )

 
 H

yp
er

lip
id

em
ia

 
 L

i e
t a

l. 
( 2

00
1 )

 
 A

nt
ih

yp
er

te
ns

iv
e 

 Fu
 e

t a
l. 

( 2
00

4 )
 

 Im
m

un
om

od
ul

at
or

y 
 So

ng
 e

t a
l. 

( 2
00

0 )
 

Ta
bl

e 
21

.4
 

(c
on

tin
ue

d)

K.R.R. Rengasamy et al.



435
 D

iv
is

io
n 

 Se
aw

ee
d 

sp
ec

ie
s 

 B
io

lo
gi

ca
l a

ct
iv

ity
 

 R
ef

er
en

ce
 

 Ph
ae

op
hy

ce
ae

 
  La

m
in

ar
ia

 ja
po

ni
ca

  
 A

nt
i-

in
fl a

m
m

at
or

y 
 K

yu
ng

 e
t a

l. 
( 2

01
2 )

 
 R

ad
io

pr
ot

ec
tiv

e 
 W

u 
et

 a
l. 

( 2
00

4 )
 

 A
nt

itu
m

or
 

 Pe
ng

 e
t a

l. 
( 2

01
2 )

 
  La

m
in

ar
ia

 s
ac

ch
ar

in
a  

 A
nt

i-
in

fl a
m

m
at

or
y,

 a
nt

ic
oa

gu
la

nt
, 

an
tia

ng
io

ge
ni

c,
 a

nt
ia

dh
es

iv
e 

 C
um

as
hi

 e
t a

l. 
( 2

00
7 )

 

  Le
at

he
si

a 
di

ffo
rm

is
  

 A
nt

iv
ir

al
 

 Fe
ld

m
an

 e
t a

l. 
( 1

99
9 )

 
  Le

ss
on

ia
 v

ad
os

a  
 A

nt
ic

oa
gu

la
nt

 a
nd

 e
lic

ito
r 

 C
ha

nd
ía

 a
nd

 M
at

su
hi

ro
 (

 20
08

 ) 
  Lo

bo
ph

or
a 

va
ri

eg
at

a  
 A

nt
i-

H
IV

 
 Q

ue
ir

oz
 e

t a
l. 

( 2
00

8 )
 

  Pa
di

na
 g

ym
no

sp
or

a  
 A

nt
ic

oa
gu

la
nt

 
 Si

lv
a 

et
 a

l. 
( 2

00
5 )

 
  Pa

di
na

 te
tr

as
tr

om
at

ic
a  

 A
nt

iv
ir

al
 

 K
ar

m
ak

ar
 e

t a
l. 

 20
10

  
  Sa

cc
ha

ri
na

 c
ic

ho
ri

oi
de

s  
 A

nt
ic

an
ce

r 
 V

is
hc

hu
k 

et
 a

l. 
( 2

01
3 )

 
  Sa

cc
ha

ri
na

 ja
po

ni
ca

  
 A

nt
itu

m
or

 
 V

is
hc

hu
k 

et
 a

l. 
( 2

01
1 )

 
  Sa

rg
as

su
m

 fu
lv

el
lu

m
  

 A
nt

ic
oa

gu
la

nt
 

 D
e 

Z
oy

sa
 e

t a
l. 

( 2
00

8 )
 

  Sa
rg

as
su

m
 h

or
ne

ri
  

 A
nt

ic
an

ce
r 

 E
rm

ak
ov

a 
et

 a
l. 

( 2
01

1 )
 

  Sa
rg

as
su

m
 h

em
ip

hy
ll

um
  

 A
nt

i-
in

fl a
m

m
at

or
y 

 H
w

an
g 

et
 a

l. 
( 2

01
1 )

 
  Sa

rg
as

su
m

 s
te

no
ph

yl
lu

m
  

 A
nt

ih
er

pe
tic

 
 M

aj
cz

ak
 e

t a
l. 

( 2
00

3 )
 

  Sp
ha

ce
la

ri
a 

in
di

ca
  

 A
nt

iv
ir

al
 

 B
an

dy
op

ad
hy

ay
 e

t a
l. 

( 2
01

1 )
 

  Sp
la

ch
ni

di
um

 r
ug

os
um

  
 A

nt
i-

H
SV

 
 H

ar
de

n 
et

 a
l. 

( 2
00

9 )
 

  Sp
at

og
lo

ss
um

 s
ch

ro
ed

er
i  

 A
nt

i-
H

IV
 

 Q
ue

ir
oz

 e
t a

l. 
( 2

00
8 )

 
 H

em
os

ta
tic

 
 R

oc
ha

 e
t a

l. 
( 2

00
5 )

, F
ar

ia
s 

et
 a

l. 
( 2

01
1 )

 
  St

oe
ch

os
pe

rm
um

 m
ar

gi
na

tu
m

  
 A

nt
iv

ir
al

 
 A

dh
ik

ar
i e

t a
l. 

( 2
00

6 )
 

  U
nd

ar
ia

 p
in

na
ti

fi d
a  

 A
nt

iv
ir

al
 

 C
oo

pe
r 

et
 a

l. 
( 2

00
2 )

, L
ee

 e
t a

l. 
( 2

00
4 )

, T
ho

m
ps

on
 

an
d 

D
ra

ga
r 

( 2
00

4 )
, Q

ue
ir

oz
 e

t a
l. 

( 2
00

8 )
, 

H
em

m
in

gs
on

 e
t a

l. 
( 2

00
6 )

, H
ay

as
hi

 e
t a

l. 
( 2

00
8 )

 
 A

nt
i-

H
SV

 
 H

ar
de

n 
et

 a
l. 

( 2
00

9 )
 

 A
nt

ip
la

sm
od

ia
l 

 C
he

n 
et

 a
l. 

( 2
00

9 )
 

  
  U

nd
ar

ia
 p

in
na

ti
fi d

a  
 A

nt
ia

lle
rg

y 
 M

ar
uy

am
a 

et
 a

l. 
( 2

00
5 )

 
 A

nt
itu

m
or

 
 M

ar
uy

am
a 

et
 a

l. 
( 2

00
6 )

, C
os

ta
 e

t a
l. 

( 2
01

0 )
, 

Sy
ny

ts
ya

 e
t a

l. 
( 2

01
0 )

, V
is

hc
hu

k 
et

 a
l. 

( 2
01

1 )
 

(c
on

tin
ue

d)

21 Bioactive Metabolites and Value-Added Products from Marine Macroalgae



436

 D
iv

is
io

n 
 Se

aw
ee

d 
sp

ec
ie

s 
 B

io
lo

gi
ca

l a
ct

iv
ity

 
 R

ef
er

en
ce

 

 R
ho

do
ph

yc
ea

e 
  G

ig
ar

ti
na

 a
tr

op
ur

pu
re

a  
 A

nt
i-

H
SV

 
 H

ar
de

n 
et

 a
l. 

( 2
00

9 )
 

  P
lo

ca
m

iu
m

 c
ar

ti
la

gi
ne

um
  

 A
nt

i-
H

SV
 

 H
ar

de
n 

et
 a

l. 
( 2

00
9 )

 
  G

ra
ci

la
ri

a 
co

rt
ic

at
a  

 A
nt

iv
ir

al
 

 M
az

um
de

r 
et

 a
l. 

( 2
00

2 )
 

  G
ra

ci
la

ri
a 

le
m

an
ei

fo
rm

is
  

 A
nt

itu
m

or
 

 Fa
n 

et
 a

l. 
( 2

01
2 )

 
  G

ig
ar

ti
na

 s
ko

tt
sb

er
gi

i  
 A

nt
ih

er
pe

tic
 a

nd
 a

nt
ic

oa
gu

la
nt

 
 C

ar
lu

cc
i e

t a
l. 

( 1
99

7 )
 

 A
nt

io
xi

da
nt

 a
ct

iv
ity

 
 B

ar
ah

on
a 

et
 a

l. 
( 2

01
1 )

 
  G

ra
ci

la
ri

a 
bi

rd
ia

e  
 A

nt
i-

in
fl a

m
m

at
or

y 
ac

tiv
ity

 
 de

 S
ou

sa
 O

liv
ei

ra
 V

an
de

rl
ei

 e
t a

l. 
( 2

01
1 )

 
  G

el
id

iu
m

 c
ri

na
le

  
 A

nt
i-

in
fl a

m
m

at
io

n 
an

d 
an

tin
oc

ic
ep

tiv
e 

 de
 S

ou
sa

 e
t a

l. 
( 2

01
3 )

 
  Po

rp
hy

ra
 v

ie
tn

am
en

si
s  

 Im
m

un
om

od
ul

at
io

n 
ef

fe
ct

 
 B

ha
tia

 e
t a

l. 
( 2

01
3 )

 
  C

ha
m

pi
a 

fe
ld

m
an

ni
i  

 A
nt

itu
m

or
 

 L
in

s 
et

 a
l. 

( 2
00

9 )
 

  So
li

er
ia

 fi 
li

fo
rm

is
  

 A
nt

i-
in

fl a
m

m
at

io
n 

an
d 

an
tin

oc
ic

ep
tiv

e 
 de

 A
ra

új
o 

et
 a

l. 
( 2

01
1 )

 
  Se

bd
en

ia
 p

ol
yd

ac
ty

la
  

 A
nt

iv
ir

al
 (

in
fl u

en
za

, h
er

pe
s,

 H
IV

) 
 G

ho
sh

 e
t a

l. 
( 2

00
9b

 ) 
  N

em
al

io
n 

he
lm

in
th

oi
de

s  
 A

nt
iv

ir
al

 (
in

fl u
en

za
, h

er
pe

s,
 H

IV
) 

 Pé
re

z 
R

ec
al

de
 e

t a
l. 

( 2
00

9 )
 

  Sp
ha

er
oc

oc
cu

s 
co

ro
no

pi
fo

li
us

  
 A

nt
iv

ir
al

 (
in

fl u
en

za
, h

er
pe

s,
 H

IV
) 

 B
ou

hl
al

 e
t a

l. 
( 2

01
1 )

 
  B

oe
rg

es
en

ie
ll

a 
th

uy
oi

de
s  

 A
nt

iv
ir

al
 (

in
fl u

en
za

, h
er

pe
s,

 H
IV

) 
 B

ou
hl

al
 e

t a
l. 

( 2
01

1 )
 

 C
hl

or
op

hy
ce

ae
 

  E
nt

er
om

or
ph

a 
pr

ol
if

er
a  

 Im
m

un
os

tim
ul

at
or

y 
 K

im
 e

t a
l. 

( 2
01

1 )
 

  C
od

iu
m

 fr
ag

il
e  

 H
em

os
ta

si
s 

ef
fe

ct
 

 C
ia

nc
ia

 e
t a

l. 
( 2

00
7 )

 
  C

od
iu

m
 v

er
m

il
ar

a  
 H

em
os

ta
si

s 
ef

fe
ct

 
 C

ia
nc

ia
 e

t a
l. 

( 2
00

7 )
, F

er
ná

nd
ez

 e
t a

l. 
( 2

01
2 )

 
  U

lv
a 

la
ct

uc
a  

 A
nt

ip
er

ox
id

at
iv

e 
an

d 
an

tih
yp

er
lip

id
em

ic
 

 Sa
th

iv
el

 e
t a

l. 
( 2

00
8 )

 
  G

ay
ra

li
a 

ox
ys

pe
rm

a  
 A

nt
iv

ir
al

 (
in

fl u
en

za
, h

er
pe

s,
 H

IV
) 

 C
as

so
la

to
 e

t a
l. 

( 2
00

8 )
 

Ta
bl

e 
21

.4
 

(c
on

tin
ue

d)

K.R.R. Rengasamy et al.



437

(Tissot et al.  2003 ), antioxidant (Chew et al.  2008 ), antiproliferative (Patel et al.  2002 ), 
antiplatelet aggregation (Alwayn et al.  2000 ), antitumor (Alekseyenko et al.  2007 ), and 
antiviral properties (Ghosh et al.  2009a ,  b ). Alginates are mainly of linear polymers 
consisting of ß-D-mannuronic (M) and α-L-guluronic (G) acids with different M/G 
ratios and linear arrangements. As alginates can absorb water and form viscous gum, 
they have been used as thickeners, stabilizers, and gelling agents in the food and phar-
maceutical industries. The galactanes, such as agarans and carrageenans found in red 
seaweeds, have great importance as they are widely used in the food industry because of 
their rheological properties as gelling and thickening agents. Ulvan is the major water-
soluble polysaccharide found in green seaweeds of the order Ulvales ( Ulva  and 
 Enteromorpha  species) that has sulfate, rhamnose, xylose, and iduronic and glucuronic 
acids as the main constituents (Percival and McDowell  1967 ; Lahaye and Ray  1996 ).  

3.6     Protein Hydrolysate 

 Protein hydrolysate, commonly known as peptones or peptides, is a mixture of 
amino acids prepared from purifi ed protein sources by heating with acid or the addi-
tion of proteolytic enzymes, followed by purifi cation procedures. This protein 
hydrolysate provides the nutritive equivalent of the original material in the form of 
its constituent amino acids and is used as nutrient and fl uid replenishers in special 
diets or for patients who are unable to take ordinary food proteins (Liu et al.  2013 ). 
Apart from the nutritional properties, protein hydrolysates have diverse applications 
in the biotechnological industry (Pasupuleti and Demain  2010 ), such as:

•    Manufacturing of vaccines by fermentation processes and as vaccine stabilizers  
•   Use in large-scale industrial fermentations as sources of nitrogen and unknown 

growth factors, such as certain peptides  
•   Use in microbiological media and to detect pathogens and perform antibiotic 

sensitivity tests  
•   Use in regular diets as well as prescription diets for companion animals  
•   Plays an important role in animal nutrition, especially for raising healthy animals 

with increased immune resistance  
•   Use as plant growth regulators to increase pest resistance to plants (Inagrosa 

 2002 ; Figueroa et al.  2008 ) and to control weeds (Christians et al.  2010 )    

 The red seaweeds contain signifi cant levels of protein and, in some cases, contain 
higher quantities than conventional protein-rich foods, such as soybean, cereals, 
eggs, and fi sh (Kaliaperumal  2003 ; Fleurence  2004 ). To date, little attention has 
been paid to the protein components from this marine source (Harnedy and 
FitzGerald  2011 ). The protein hydrolysates reported from various seaweeds are 
tabulated and presented in Table  21.5 . The health effects of protein hydrolysates 
such as marine proteins and peptides have gained increased scientifi c interest 
because in vitro and in vivo animal studies indicate that peptides derived from 
marine sources have bioactive properties that may promote human health (Kitts and 
Weiler  2003 ; Kim and Mendis  2006 ; Kim and Wijesekara  2010 ).

21 Bioactive Metabolites and Value-Added Products from Marine Macroalgae



438

   Ta
bl

e 
21

.5
  

  Pr
ot

ei
n 

hy
dr

ol
ys

at
es

 e
xt

ra
ct

ed
 f

ro
m

 s
ea

w
ee

ds
 w

ith
 b

io
lo

gi
ca

l a
ct

iv
iti

es
      

   
   

   

 D
iv

is
io

n 
 Se

aw
ee

ds
 s

pe
ci

es
 

 B
io

lo
gi

ca
l a

ct
iv

iti
es

 
 R

ef
er

en
ce

 

 Ph
ae

op
hy

ce
ae

 
  C

os
ta

ri
a 

co
st

at
a  

 A
nt

ih
yp

er
te

ns
iv

e 
ac

tiv
ity

 
 L

ee
 e

t a
l. 

( 2
00

5 )
 

 A
nt

io
xi

da
nt

 a
ct

iv
ity

 
 L

ee
 e

t a
l. 

( 2
00

5 )
 

 A
nt

itu
m

or
 a

ct
iv

ity
 

 L
ee

 e
t a

l. 
( 2

00
5 )

 
 A

nt
ity

ro
si

na
se

 in
hi

bi
to

ry
 a

ct
iv

ity
 

 L
ee

 e
t a

l. 
( 2

00
5 )

 
  E

ck
lo

ni
a 

ca
va

  
 an

tih
yp

er
te

ns
iv

e 
ac

tiv
ity

 
 C

ha
 e

t a
l. 

( 2
00

6 )
 

 A
nt

io
xi

da
nt

 a
ct

iv
ity

 
 H

eo
 e

t a
l. 

( 2
00

3a
 ,  b

 ,  2
00

5 )
, K

im
 e

t a
l. 

( 2
00

6 )
 

 Im
m

un
om

od
ul

at
or

y 
ef

fe
ct

s 
 A

hn
 e

t a
l. 

( 2
00

8 )
 

  H
iz

ik
ia

 fu
si

fo
rm

is
  

 A
nt

io
xi

da
nt

 c
ap

ac
ity

 
 Si

ri
w

ar
dh

an
a 

et
 a

l. 
( 2

00
4 ,

  2
00

8 )
 

  Is
hi

ge
 o

ka
m

ur
ae

  
 A

nt
io

xi
da

nt
 a

ct
iv

ity
 

 H
eo

 e
t a

l. 
( 2

00
3a

 ,  2
00

5 )
, H

eo
 a

nd
 J

eo
n 

( 2
00

8 )
 

 C
yt

op
ro

te
ct

iv
e 

ac
tiv

ity
 

 H
eo

 a
nd

 J
eo

n 
( 2

00
8 )

 
  La

m
in

ar
ia

 ja
po

ni
ca

  
 A

nt
ic

an
ce

r 
ac

tiv
ity

 
 G

o 
et

 a
l. 

( 2
01

0 )
 

  Sa
rg

as
su

m
 c

or
ea

nu
m

  
 A

nt
io

xi
da

nt
 a

ct
iv

ity
 

 H
eo

 e
t a

l. 
( 2

00
3b

 ,  2
00

5 )
, K

o 
et

 a
l. 

( 2
01

0 )
 

 A
nt

itu
m

or
 a

ct
iv

ity
 

 K
o 

et
 a

l. 
( 2

01
2 )

 
  Sa

rg
as

su
m

 fu
lv

el
lu

m
  

 A
nt

io
xi

da
nt

 a
ct

iv
ity

 
 H

eo
 e

t a
l. 

( 2
00

3a
 ,  2

00
5 )

 
  Sa

rg
as

su
m

 h
or

ne
ri

  
 A

nt
io

xi
da

nt
 a

ct
iv

ity
 

 H
eo

 e
t a

l. 
( 2

00
3a

 ,  2
00

5 )
, P

ar
k 

et
 a

l. 
( 2

00
4 )

 
 A

nt
ic

oa
gu

la
nt

 a
ct

iv
ity

 
 A

th
uk

or
al

a 
et

 a
l. 

( 2
00

7 )
 

  Sa
rg

as
su

m
 th

un
be

rg
ii

  
 A

nt
io

xi
da

nt
 a

ct
iv

ity
 

 H
eo

 e
t a

l. 
( 2

00
3a

 ,  2
00

5 )
 

  Sc
yt

os
ip

ho
n 

lo
m

en
ta

ri
a  

 A
nt

io
xi

da
nt

 a
ct

iv
ity

 
 H

eo
 e

t a
l. 

( 2
00

3b
 ,  2

00
5 )

 
  U

nd
ar

ia
 p

in
na

ti
fi d

a  
 A

nt
ih

yp
er

te
ns

iv
e 

ac
tiv

ity
 

 Su
et

su
na

 a
nd

 N
ak

an
o 

( 2
00

0 )
, S

at
o 

et
 a

l. 
( 2

00
2a

 ,  b
 ) 

 A
nt

ih
yp

er
te

ns
iv

e 
ac

tiv
ity

 
 Su

et
su

na
 e

t a
l. 

( 2
00

4 )
 

 R
ho

do
ph

yc
ea

e 
  G

ra
te

lo
up

ia
 fi 

li
ci

na
  

 A
nt

ih
yp

er
te

ns
iv

e 
ac

tiv
ity

 
 L

ee
 e

t a
l. 

( 2
00

5 )
 

 A
nt

io
xi

da
nt

 a
ct

iv
ity

 
 L

ee
 e

t a
l. 

( 2
00

5 )
 

K.R.R. Rengasamy et al.



439
 D

iv
is

io
n 

 Se
aw

ee
ds

 s
pe

ci
es

 
 B

io
lo

gi
ca

l p
ro

pe
rt

ie
s 

 R
ef

er
en

ce
 

 R
ho

do
ph

yc
ea

e 
  G

ra
te

lo
up

ia
 fi 

li
ci

na
  

 A
nt

itu
m

or
 a

ct
iv

ity
 

 L
ee

 e
t a

l. 
( 2

00
5 )

 
 A

nt
ity

ro
si

na
se

 a
ct

iv
ity

 
 L

ee
 e

t a
l. 

( 2
00

5 )
 

  Pa
lm

ar
ia

 p
al

m
at

a  
 an

tio
xi

da
nt

 c
ap

ac
ity

 
 W

an
g 

et
 a

l. 
( 2

01
0 )

 
 R

en
in

 in
hi

bi
to

ry
 a

ct
iv

iti
es

 
 Fi

tz
ge

ra
ld

 e
t a

l. 
( 2

01
2 )

 
  Po

ly
si

ph
on

ia
 u

rc
eo

la
ta

  
 A

nt
ih

yp
er

te
ns

iv
e 

ac
tiv

ity
 

 H
e 

et
 a

l. 
( 2

00
7 )

 
  Po

rp
hy

ra
 te

ne
ra

  
 A

nt
ih

yp
er

te
ns

iv
e 

ac
tiv

ity
 

 L
ee

 e
t a

l. 
( 2

00
5 )

 
 A

nt
io

xi
da

nt
 a

ct
iv

ity
 

 L
ee

 e
t a

l. 
( 2

00
5 )

 
 A

nt
itu

m
or

 a
ct

iv
ity

 
 L

ee
 e

t a
l. 

( 2
00

5 )
 

 A
nt

ity
ro

si
na

se
 in

hi
bi

to
ry

 a
ct

iv
ity

 
 L

ee
 e

t a
l. 

( 2
00

5 )
 

  Po
rp

hy
ra

 y
ez

oe
ns

is
  

 A
nt

ih
yp

er
te

ns
iv

e 
ac

tiv
ity

 
 Su

et
su

na
 (

 19
98

 ),
 S

ai
to

 a
nd

 H
ag

in
o 

( 2
00

5 )
 

  Po
rp

hy
ra

 c
ol

um
bi

na
  

 A
nt

ih
yp

er
te

ns
iv

e 
ac

tiv
ity

 
 C

ia
n 

et
 a

l. 
( 2

01
2a

 ,  c
 ) 

 A
nt

io
xi

da
nt

 c
ap

ac
ity

 
 C

ia
n 

et
 a

l. 
( 2

01
2a

 ,  c
 ) 

 Im
m

un
om

od
ul

at
io

n 
pr

op
er

tie
s 

 C
ia

n 
et

 a
l. 

( 2
01

2b
 ,  c

 ) 
  Po

rp
hy

ra
 y

ez
oe

ns
is

  
 A

nt
ih

yp
er

te
ns

iv
e 

ac
tiv

ity
 

 Q
u 

et
 a

l. 
( 2

01
0 )

 
 C

hl
or

op
hy

ce
ae

 
  C

au
le

rp
a 

m
ic

ro
ph

ys
a  

 A
nt

itu
m

or
 p

ro
pe

rt
ie

s 
 L

in
 e

t a
l. 

( 2
01

2 )
 

 A
nt

ih
yp

er
te

ns
iv

e 
ac

tiv
ity

 
 L

in
 e

t a
l. 

( 2
01

2 )
 

  C
od

iu
m

 fr
ag

il
e  

 A
nt

ic
oa

gu
la

nt
 a

ct
iv

ity
 

 A
th

uk
or

al
a 

et
 a

l. 
( 2

00
7 )

 
  E

nt
er

om
or

ph
a 

pr
ol

if
er

a  
 A

nt
ih

yp
er

te
ns

iv
e 

ac
tiv

ity
 

 L
ee

 e
t a

l. 
( 2

00
5 )

 
 A

nt
io

xi
da

nt
 a

ct
iv

ity
 

 L
ee

 e
t a

l. 
( 2

00
5 )

 
 A

nt
itu

m
or

 a
ct

iv
ity

 
 L

ee
 e

t a
l. 

( 2
00

5 )
 

 A
nt

ity
ro

si
na

se
 a

ct
iv

ity
 

 L
ee

 e
t a

l. 
( 2

00
5 )

 

21 Bioactive Metabolites and Value-Added Products from Marine Macroalgae



440

4         Concluding Remarks and Future Prospects 

 Macroalgae or seaweeds are lower cryptogams found at the bottom of the food 
chain in marine ecosystems. Seaweeds contain several biologically active metabo-
lites, including polysaccharides, phlorotannins, bioactive peptides, terpenoids, 
PUFAs, carotenoids, and primary and secondary amines. Due to their medicinal 
properties and high nutrient content, seaweeds are traditionally used as food in 
Asian countries. This trend of eating seaweeds has now extended to North America, 
South America, and Europe. The occurrence of these bioactive metabolites in sea-
weeds have made them a unique source for medicinal and food use. However, 
among the bioactive metabolites, most of the research has focused on brown algal 
metabolites such as sulfated polysaccharides, phlorotannins, and fucoxanthins. 
Seaweeds also contain a reasonable quantity of polyamines, which have been 
reported as plant growth regulators, but not much information is available on the 
polyamine content in different seaweeds. Recent studies have shown that the intake 
of polyamine-rich food prevents age-associated chronic diseases, especially cardio-
vascular diseases. However, research on the development of seaweed polyamines as 
dietary ingredients is still in its infancy. There remains vast potential for the discov-
ery of bioactive molecules from marine macroalgae.     
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1  Introduction

Twenty-six types of genetically distinct collagen have now been identified. In accor-
dance to their structure and molecular organization, they can be classified into fibril- 
forming collagens, fibril-associated collagens, network-forming collagens, 
anchoring fibrils, transmembrane collagens, basement membrane collagens, and 
others with unique functions (Gelse et al. 2003). There are three major fibrillar col-
lagens in vertebrates (Kawasaki and Weiss 2006): type I collagen as the scaffold for 
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bone and dentine; type II collagen found in mineralized cartilage; type III collagen 
found in most soft tissues. Collagen-based extracellular matrices must have evolved 
over many millions of years before starting biomineralization (Simmer 2007).

Collagen exists in dental and hard tissues, and is a useful biomaterial. The bio-
compatibility and safety due to its biological characteristics, such as biodegradabil-
ity and weak antigenicity, made bovine collagen the primary resource in biomedical 
applications before the occurrence of bovine spongiform encephalopathy as a zoo-
nosis. It was used for tissue engineering and particular research on bone substitutes, 
and as a matrix system for the evaluation of tissue mineralization (Lee et al. 2001).

Marine collagen from fish scales, skin, and bone has been widely investigated to 
apply as a scaffold and a carrier because of its bioactive properties, such as its excel-
lent biocompatibility, low antigenicity, high biodegradability, and cell growth 
potential (Dillow and Lowman 2002; Yang et al. 2001).

This chapter describes the characteristics and hard tissues applications of fish 
collagen as a potential source of regenerative medicine.

2  Chemical and Physical Properties of Fish Collagen

Extensive usage of marine collagen sources in the food and cosmetics industries has 
been in progress (Swatschek et al. 2002). Generally, fish collagen is more sensitive 
to heat denaturation than bovine collagen because of its low denaturation tempera-
ture, which has made it difficult to use as a biomaterial. The lower stability is con-
sidered to be due to the lower hydroxyproline content of fish collagen compared to 
bovine collagen (Winter and Page 2000).

The composition of amino acid is almost identical between bovine and tilapia 
(Table 22.1), although three amino acids, methionine, isoleucine, and tyrosine, are 
low level compared to those in bovine collagen. The degree of hydration of proline 
is also similar between bovine (45.3 %) and tilapia (43 %). These data indicate that 
the physical properties of tilapia collagen probably meet a clinical demand for 
regenerative medicine.

Although marine collagen is thought to be a potentially pathogen-free alternative 
to established collagen sources, its generally low thermal stability (Burjanadze 
2000) is a main weak point for clinical application. Therefore, its denaturation tem-
perature (Td) must be increased to around human body temperature for biomedical 
usage by cross-linking.

A biologically appropriate method to obtain a more useful Td is to search for fish 
having basically high body temperature from around the world. The extracted col-
lagen of originally tropical fish, tilapia (Oreochromis niloticus), has a high Td of 
36.1 °C (from the data sheet of Nippi Inc., Tokyo, Japan). Our laboratory recently 
confirmed a Td of around 35 °C (unpublished data) for the skin collage of tilapia, 
which is a similar temperature to that obtained by another research group (Ikoma 
et al. 2003). This demonstrates that the collagen which originated from tilapia could 
become a strong candidate as a scaffold for regenerative medicine.

Y. Hayashi et al.



457

3  Biocompatibility of Fish Collagen

The main reason for the usage of collagen is its excellent biocompatibility (Pati 
et al. 2012), low antigenicity (Pati et al. 2012), high direct cell adhesion properties 
(Lee et al. 2001), and high biodegradability compared to chitin/chitosan and syn-
thetic polymers (Lee et al. 2001). The application of fish collagen as a scaffold has 
been tested for tissue engineering (Nagai et al. 2008; Sugiura et al. 2009). Our labo-
ratory has also started to evaluate the safety of fish (tilapia) collagen. We have 
already observed a very mild reaction by tilapia collagen in the rat pulp, even at the 
initially applied stage (unpublished data).

An in vitro degradation study (using collagenase solution) revealed higher stabil-
ity of the cross-linked scaffolds originated from tropical freshwater fish scale col-
lagen with only ~50 % reduction of mass in 30 days, while the uncross-linked one 
degraded completely in 4 days. Furthermore, minimal immunological reaction was 
observed when collagen solution was injected in mice with or without adjuvant, 
without significant dilution of sera (Pati et al. 2012). These findings indicate that 
fish scale collagen are biocompatible in nature and may have potential tissue 
 engineering applications.

Table 22.1 Amino acid 
compositions of bovine and 
tilapia

Residues/1,000

Amino acids Bovinea Tilapiab

Hydroxyproline 87 85.5
Asparaginic acid 35 44.0
Threonine 17 25.2
Serine 35 35.6
Glutamic acid 70 72.3
Proline 105 113.4
Glycine 296 332.3
Alanine 122 131.9
Valine 17 17.2
Methionine 17 9.6
Isoleucine 17 8.8
Leucine 35 22.4
Tyrosine 17 1.5
Phenylalanine 17 12.3
Histidine 7 5.6
Hydroxylysine 17 9.0
Lysine 35 23.6
Arginine 52 49.6
aCourtesy of Prof. Yamauchi Mitsuo, North Carolina Oral Health 
Institute, Chapel Hill, NC, USA
bCourtesy of Department of Protein Engineering, Nippi Inc., 
Tokyo, Japan
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4  Application for Regenerative Medicine

Fish type I collagen is an effective material as a biodegradable scaffold or spacer to 
replicate the natural extracellular matrix, which serves to organize cells spatially, to 
provide them with environmental signals, and direct site-specific cellular regulation 
(Wang et al. 2006; Hayashi et al. 2011, 2012).

4.1  Dental Tissue

The tooth has a unique characteristic in that soft and hard tissues exist together and 
the hard tissue covers the soft tissue, known as dental pulp.

An interesting project about dental pulp regeneration is introduced and over-
viewed in this paragraph. The Japanese Cabinet Office selected 24 projects to stim-
ulate and promote Japanese medical innovation on November 18, 2008. Generally, 
these projects are named Highly Advanced Medical Treatment Development Fields 
(so-called Super Special Fields) in Japan. Only one project was selected from den-
tistry, the title of which is “The application of new treatments for dental caries・pulpitis 
through dentine・pulp regeneration using pulp stem cells.” A representative of this 
special project is Dr. Misako Nakashima, Director, National Center for Geriatrics 
and Gerontology, Obu City, Aichi. Contributory facilities are Aichi Gakuin 
University, Nagasaki University, and Tokyo Medical and Dental University. The 
basic principle of this research is to investigate recovery using regenerative medi-
cine for once extirpated pulp tissue after pulpectomy and infected root canal treat-
ment (Iohara et al. 2006, 2008, 2009, 2011; Nakashima et al. 2006, 2009; Zheng 
et al. 2009; Sugiyama et al. 2011; Nakashima and Iohara 2011; Ishizaka et al. 2012; 
Murakami et al. 2012). In Japan, a super-aging society has already come about, and 
the proportion of older people having over 20 teeth at 80 years of age is now over 
38 %, which means that Japan is the number one country in the world where numer-
ous teeth remain in the oral cavity of elderly people. Generally, non-vital teeth have 
a high risk of tooth fracture, including root fracture (Fuss et al. 1999; Coppens and 
De Moor 2003).

Although our department revealed that chitosan had the possibility of numerous 
biological applications in dental and medical fields (Ikeda et al. 2000, 2002, 2005; 
Yamada et al. 2003, 2007; Fujiwara et al. 2004; Ohara et al. 2004; Matsunaga et al. 
2006; Ganno et al. 2007; Hayashi et al. 2007a, b, 2012; Ishizaki et al. 2009; Hayashi 
2010), the weakest point of chitosan is the inflammatory reaction, especially at 
the initial stage (1–2 weeks) after in vivo application (Yanagiguchi et al. 2001). 
The role of our department for this project is to evaluate the safety and stability 
of the alternative, fish collagen. Furthermore, standard operating procedures 
are established through the transportation of extracted tooth and isolated pulp 
stem cells to popularize this special treatment for general practitioners of dental 
clinics (Fig. 22.1).
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4.2  Hard Tissue

Regenerative medicine of hard tissue in the dentistry field is indicated for the defect 
of alveolar and/or jaw bone originated from diverse etiology. Several procedures 
have been attempted to achieve periodontal regeneration, including bone graft 
placement, guided tissue/bone regeneration, and the use of various growth factors 
and/or host-modulating agents (e.g., Emdogain® and parathyroid hormone) (Zhang 
et al. 2009; Chen et al. 2009).

The degradation or denaturation of salmon atelocollagen by γ-irradiation affects 
the proliferation rates of MC3T3-E1 cells (Nagai et al. 2006). Human periodontal 
ligament fibroblasts could grow and show highly differentiated activity on the 
salmon collagen gel as well as porcine collagen (Nagai et al. 2007). There is the 
possibility that including an appropriate functional scaffold (the intricate 3D mesh 
composed of salmon collagen-coated fibers) would improve the osteogenic poten-
tial of cultured periosteal sheets as a graft biomaterial in vitro and in vivo (Kawase 
et al. 2010). Furthermore, fish collagen peptides promote post-transcriptional modi-
fication for collagen maturation in osteoblastic cells (personal communication). 
These findings indicate that fish collagen application in situ could stimulate hard 
tissue formation as not only a scaffold for seeded cells but also one of nutritional 
factors, such as growth factor.

SOP for Stem cells
Transportation

SOP

Pulp Regeneration for Lasting Tooth Life   Protocols :  Nagasaki Univ.

Human

Collection of Pulp
Stem Cells

Equipment for Isolation

Using Own Serum, Culture and
Proliferation of Pulp Stem Cells

Quality Exam. : Stem
CellsQuality Control . Criteria

Test for
Carcinogenesis

Evaluation
of Safety

Clinical  Study

Multi-facilities Trials

Pulp Disease

Pulpectomy,
Root Canal Preparation

Stem Cells
Transplantation

Pulp
Regeneration

Examinations of Safety and Stability of Human Pulp
Stem Cells

SOP for Tooth
Transportation

SOP: Standard Operating Procedures

Tooth
Extraction

SOP for Pulp
Stem Cells 

Fig. 22.1 Contributory schedules of our laboratory to conclude the special pulp regeneration therapy 
(Original schema was drawn by Dr. Nakashima’s laboratory.)
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5  Conclusions

Fish collagen is applied as a scaffold and a carrier because of its bioactive properties, 
such as its excellent biocompatibility, low antigenicity, high biodegradability, and 
cell growth potential. Tilapia, originally tropical fish, meets the minimum require-
ments for physicochemical properties. The tilapia collagen is now investigated 
to be applied as a scaffold for one of the national special regenerative projects. 
Fish collagen application in situ could stimulate hard tissue formation as not only a 
scaffold for seeded cells but also one of nutritional factors.
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1            Introduction 

 Marine-based food industries are major economic sources for many countries 
around the world. The seafood processing industry generates more than 60 % as 
by-products as waste, while only around 40 % of fi sh products are used for human 
consumption (Chalamaiah et al.  2012 ). Recently, seafood-derived by-products have 
gained much attention due to their potential industrial applications in the food and 
nutraceutical industries. These by-products mainly include bycatch or discarded 
body parts of commercial fi sh, such as heads, gills, skin, trimmings, fi ns, frames, 
bones, viscera, blood, and roes. The majority of these by-products are used in the 
production of animal feed; yet, a considerable amount is discarded without proper 
utilization (FAO Report  2012 ). Thus, the proper utilization of seafood by-products 
is an issue of utmost importance. 

 Seafood by-products can be directly utilized in many food applications, such as 
the manufacturing of fi sh protein concentrate, fi sh oil, and meat analogues. 
Furthermore, some by-products could also be further processed into high-value func-
tional and nutraceutical food products that could impart various health-related benefi -
cial effects in humans. For example, fi sh skin and fi ns can be utilized to extract 
collagen and gelatin. Moreover, seafood processing by-products such as viscera and 
trimmings are rich sources of digestive and other valuable enzymes. Other seafood 
by-products such as bycatch can also be utilized to extract fi sh muscle enzymes. 
Crustaceans produce considerable amounts of by-products and the exoskeletons of these 
aquatic animals can be used to isolate chitin, chitosan, glucosamine, and carotenoids. 
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A large amount of antifreeze proteins has been found in the body fl uids of coldwater 
marine fi sh species. Furthermore, seafood by-products can be considered as valuable 
sources of many bioactive compounds, such as antioxidants and bioactive peptides. 

 This chapter focuses on the unique features of important seafood by-product- 
derived ingredients, extraction procedures, and valuable applications of seafood- 
derived by-products in the food industry and for human nutrition. Furthermore, 
possible future applications of seafood by-products in the food industry are also 
discussed in brief.  

2     Seafood By-products Used in the Food Industry 

2.1     Fish Oil 

 Marine animals are reputed for the abundance of essential fatty acids in their tissues 
(Danielewicz et al.  2011 ; Robert et al.  2009    ; Tabarsa et al.  2012 ; Tsai and Pan  2012 ). 
The main reason for this phenomenon is the accumulation of n-3 long-chain fatty 
acids in marine tissues, which are derived from dietary micro- and macroalgae. 

 Fish liver contains considerable amounts of fat in certain lean fi sh species, such 
as haddock ( Melanogrammus aeglefi nus ), cod ( Gadus morhua ), saithe ( Pollachius 
virens ), and tusk ( Brosme brosme ). In such species, the level of total lipids stored in 
the liver varied from 54 % to 69 % in cod, saithe, and haddock and 43 % in tusk 
(Falch et al.  2006 ). However, in many fatty species, lipid is stored under the skin and 
in muscles (Huss  1988 ). Although the liver of some fi sh species like cod and shark 
is commercially used in the production of fi sh oil, liver from most fi nfi sh and shell-
fi sh species are discarded as by-products in the seafood industry. Hence, such 
by- products could be used to extract valuable long-chain fatty acids. For example, 
Falch et al. ( 2006 ) have shown that the production of fi llets of gadiform species 
could generate two-thirds of the round weight as by-products, and an average pro-
duction of 10,000 kg of fi llets could generate by-products with more than 1,000 kg 
of marine lipids. Furthermore, the same authors have reported that more than 30 % 
of such lipids are the health-benefi cial long-chain n-3 fatty acids with commercial 
applications. 

 Fish oil can also be extracted from other marine by-products, such as heads, 
backbones, viscera, roe, milt, skin, and cutoffs; however, the composition of the oil 
extracted may differ depending on the tissue. Dumay et al. ( 2004 ) reported that fi sh 
oil extracted from heads, backbones, viscera, skin, and cutoffs has lower phospho-
lipid contents compared to roes and milt. According to    Falch et al. ( 2006 ), the vis-
cera from gadiform species contained between 2 % and 9 % as lipids and the 
trimmings contained approximately 1 % as total lipids. However, when subjected to 
natural fermentation, the amount of total lipid recovered from the visceral mass 
obtained from the dressings of freshly harvested Indian major carps was 19–21 % 
(rohu and catla) (Rai et al .   2010 ).  
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2.2     Fish Enzymes 

 Seafood enzymes are generally problematic to the seafood industry, due to their 
direct relationship with the deterioration of fresh seafood. However, the same 
enzymes that cause problems can be utilized as a useful ingredient in the food 
industry when properly extracted. Seafood processing by-products such as viscera 
and trimmings are rich sources of digestive and other valuable enzymes. Other sea-
food by-products such as bycatch can also be used to extract fi sh muscle enzymes. 

 Researchers have continuously worked on extracting enzymes from seafood by- 
products. Reviews on enzymes from fi sh and aquatic invertebrates by Shahidi and 
Kamil ( 2001 ) and fi sh-digestive enzymes by Vecchi and Coppes ( 1996 ) also com-
pile some valuable information in relation to the types of enzymes extracted from 
seafood by-products. The main types of enzymes extracted are digestive enzymes, 
which are very useful in food processing and are discussed in detail later in the 
chapter. 

 The digestive enzymes of fi sh, especially of coldwater fi sh, are known to be 
powerful compared to that of land animals because their enzymes have been adapted 
to carry out metabolic functions effi ciently in the cold-body temperatures resulting 
from the surrounding environment. However, the low thermal stability of coldwater 
fi sh enzymes may cause some problems during extraction and hinder potential 
applications of such enzymes in the food industry (Ásgeirsson and Bjarnason  1993 ; 
Gildberg  2004 ; Klomklao et al.  2005 ).  

2.3     Gelatin and Collagen 

 Collagen, gelatin’s parent molecule, is a fi brous protein found abundantly in all 
multicellular animals, as the main component of their connective tissues (Swatschek 
et al.  2002 ; Zhou and Regenstein  2007 ; Boran et al.  2010 ; Zhu et al.  2010 ). The 
molecular weight of the collagen molecule is around 330 kDa. Gelatin is the colla-
gen fraction after heat hydrolysis that exceeds an arbitrary minimum molecular 
weight of 30 kDa (Boran et al.  2010 ). To date, 27 variants of collagen have been 
identifi ed (Gómez-Guillén et al.  2011 ). According to the nature of their aggregated 
forms or their morphological differences, the majority of collagens can be divided 
into four major groups: thick striated fi bers, non-fi brous networks collagen, non- 
striated fi lamentous collagen, and fi bril-associated collagen. These collagen mole-
cules consist of closely related but genetically distinct proteins, possessing a basic 
structure of three polypeptide chains, each with a glycine-X-Y repeat (where X is 
mostly proline and Y is mostly hydroxyproline), forming tightly bound triple heli-
ces (mainly stabilized by intra- and interchain hydrogen bonding), which subse-
quently aggregate to form various types of supporting structures (Bailey et al.  1998 ; 
Gómez-Guillén et al.  2011 ). Although there are some differences in the amino acid 
composition of collagens derived from different sources, the composition of 
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collagen encompasses all 20 amino acids (Gómez-Guillén et al.  2002 ). The amino 
acid composition of gelatin is closer to that of its precursor gelatin (Karim and Bhat 
 2009 ). The molecular structure of gelatin is shown in Fig.  23.1 .

2.4        Carotenoids 

 Carotenoids are a class of pigments that dissolve in neutral fat (Armstrong  1997 ). 
The yellow, orange, and red colors of the skin, shell, or exoskeleton of aquatic 
animals are due to the presence of carotenoids, where they bind to proteins. 
In nature, carotenoids are the most widespread pigments, and they are found in 
bacteria, yeasts, mold, all green plants, and many animals. They possess various 
functions (Shahidi et al.  1998 ). Animals are incapable of the de novo synthesis of 
carotenoids and they depend on their diets for the carotenoids requirements. 
However, animals are capable of modifying dietary plant carotenoids (Bjerkeng 
et al.  1990 ). Astaxanthin, canthaxanthin, lutein, zeaxanthin, and tunaxanthin can be 
considered as the major carotenoids present in aquatic animals (Martínez-Camacho 
et al.  2001 ; Maoka  2011 ). The predominant carotenoid found in crustacean waste 
is free and esterifi ed astaxanthins (Nègre-Sadargrues et al.  2000 ). Algae are the 
primary source of carotenoids present in aquatic animals. There are over 600 carot-
enoid pigments available, which can be divided into two groups: xanthophylls 
(which contain oxygen) and carotenes (which are pure hydrocarbons, and contain 
no oxygen) (Kouchi et al.  2012a ,  b ).  

2.5     Chitin, Chitosan, and Glucosamine 

 Shellfi sh are aquatic organisms with an exoskeleton. Crustaceans produce consider-
able amounts of by-products, in which heads account for 30–40 % of the total by- 
product (Meyers  1986 ). Shrimp produces 52 % as by-products out of its total body 
weight (Heu et al.  2003 ). Chitin is a glucose-based branched polysaccharide, and it 

  Fig. 23.1    Molecular structure of gelatin.  Source : Rasika et al. ( 2013 )       
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is considered as the second most abundant biopolymer in nature, mainly found in 
the exoskeleton of crustaceans and insects, and the cell walls of some bacteria and 
fungi (AbdElhady  2012 ). Chitosan is the name used for low acetyl  substituted forms 
of chitin and is composed primarily of glucosamine, 2-amino-
2-deoxy-β-D-glucose, known as (1 → 4)-2-amino-2-deoxy-D-glucose (Shahidi and 
Kamil  2001 ). Glucosamine is obtained by the hydrolysis of chitosan and is consid-
ered as one of the most abundant monosaccharides. Under specifi c conditions, con-
centrated hydrochloric acid degrades chitosanous materials to form glucosamine and 
its acetylated form, N-acetylglucosamine (Mojarrad et al.  2007 ; Abdou et al.  2008 ).  

2.6     Functional Substances and Nutraceuticals 

 Functional foods are food products that contain added, technologically developed 
ingredients with specifi c health benefi ts (Tahergorabi et al.  2012 ). The delivery of 
active substances with pharmaceutical properties through food-based approaches in 
order to prevent or treat certain diseases can be regarded as nutraceutical applica-
tions. Marine foods and by-products can be considered as valuable sources of many 
healthy food ingredients and biologically active compounds. However, marine func-
tional ingredients have not been fully exploited for food purposes (Kadam and 
Prabhasankar  2010 ). 

 Antioxidant compounds in food products play a major role in the health and 
wellbeing of humans as important functional ingredients. Antioxidants are used to 
preserve food products by retarding discoloration and deterioration (development of 
undesirable off-fl avors, odors, and potentially toxic products) as a result of oxida-
tion (Decker et al.  2005 ; Bougatef et al.  2010 ). Furthermore, antioxidants can pro-
tect the human body against damage by reactive oxygen species (ROS), which 
attack macromolecules such as membrane lipids, proteins, and DNA, leading to 
many health problems, such as cancer, diabetes mellitus, coronary heart disease, 
Alzheimer’s disease, neurodegenerative, and infl ammatory diseases with severe tis-
sue injuries (Bougatef et al.  2010 ; Ngo et al.  2011 ). Therefore, antioxidants in food 
play an important role in human health. Furthermore, other marine foods, such as 
brown algae, and by-product-derived antioxidants, such as chitooligosaccharide 
derivatives, sulfated polysaccharides, phlorotannins, and carotenoids, also possess 
potential applications in the food industry, due to their ability to protect food prod-
ucts against oxidative degradation, as well as preventing and/or treating free 
radical- related diseases (Heo et al.  2005 ; Kang et al.  2005 ; Kim and Mendis  2006 ; 
Alemán et al.  2011 ; Ngo et al.  2011 ). The use of synthetic antioxidants such as 
butylated hydroxyanisole, butylated hydroxytoluene,  t -butylhydroquinone, and 
propyl gallate is under strict regulation due to the potential health hazards caused 
by such compounds. This indicates the importance of identifying new sources of 
safe and inexpensive antioxidants of natural origin, especially for use in the food 
industry (Je et al.  2005 ; Kim and Wijesekara  2010 ). Fish with low economic value 
and by- products from the fi shing industry, such as the skin and frames of jumbo 
fl ying squid ( Dosidicus gigas ), tuna ( Thunnus  spp.) and halibut ( Hypoglossus  
spp.) (Alemán et al.  2011 ), yellowfi n sole ( Limanda aspera ) (Jun et al.  2004 ), 
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Alaska pollock ( Theragra chalcogramma ) (Je et al.  2005 ), Pacifi c hake ( Merluccius 
productus ) (Samaranayaka and Li-Chan  2008 ), and round scad ( Decapterus 
maruadsi ) (Thiansilakul et al.  2007 ), have been utilized in isolating new secondary 
metabolites and/or antioxidants that have novel activity in biological systems. Other 
than the antioxidant activity, many other fi sh and aquatic invertebrate-derived func-
tional ingredients play an important role in improving nutritional condition and 
human health. For example, recent studies have provided evidence that fi sh and 
aquatic invertebrate-derived functional ingredients such as bioactive peptides play a 
vital role in human health and nutrition (Zhao et al.  2009 ; Samaranayaka and 
Li-Chan  2011 ). Also, fi sh proteins have been recognized to be benefi cial in counter-
acting metabolic syndrome appearance in both animal models and human studies 
(Pilon et al.  2011 ). Table  23.1  demonstrates some of these functional ingredients, 
their sources, and potential benefi cial health effects.

2.7        Antifreeze Compounds 

 Antifreeze proteins, also known as thermal hysteresis proteins, are ice-structuring 
proteins able to infl uence the growth of ice crystals and inhibit ice recrystallization. 
These molecules were fi rst discovered in the blood of fi sh living in frozen Arctic 

   Table 23.1    Fish and aquatic invertebrate-derived functional ingredients and potential health 
and nutritional benefi ts   

 Functional ingredient  Sources  Potential health/nutritional effect 

 Chitin, chitosan  Crab, shrimp, prawn, 
squid, lobster, 
cuttlefi sh 

 Prevention of infl ammatory disorders 
 Chitooligosaccharide  Antimicrobial activity 

 Reduction of lipid absorption 
 Omega-3 oils  Salmon, cod liver oil  Prevention of cardiovascular diseases 

 Pelagic reduction 
fi sheries 

 Brain function in children 

 Polysaccharides  Carrageenan  Anticarcinogenic effect 
 Antiviral effect 

 Carotenoids  Algae and crustaceans  Antioxidants 
 Astaxanthin  Prevention of neurodegenerative 

diseases  Fucoxanthin 
 Vitamin and minerals  Marine fi sh, fi sh bone  Growth and physiology of the body 

 Teeth and bones strength and 
antitumor agent 

 Shark cartilage  Shark  Anticarcinogenic agent 
 Bioactive peptides  Fish protein, Alaska 

pollock backbone 
 Obesity control and Ca-binding 

activity 
 Atlantic cod stomach  Immunomodulatory activities 

 Fish protein hydrolysates  Fish protein  Protein supplement 
 Taurine  Cod, mackerel, and 

other fi sh species 
 Prevention of cardiovascular 

diseases, Alzheimer’s disease, 
and cystic fi brosis 

  Source: Kadam and Prabhasankar ( 2010 ), Freitas et al. ( 2012 )  
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and Antarctic areas (Ferraro et al.  2010 ). Large amounts of antifreeze proteins have 
been found in the body fl uids of coldwater marine fi sh, such as cod, because these 
compounds prevent fi sh from freezing. antifreeze proteins found in marine sources 
can be categorized into two types: glycoproteins and non-glycoproteins, based on 
the presence or absence of carbohydrates (Harding et al.  2003 ). Based on the struc-
tural diversity, non-glycoproteins have been further classifi ed as type I, type II, type 
III, and type IV antifreeze proteins. Figure  23.2  demonstrates the molecular struc-
tures of different antifreeze proteins and non-glycoprotein. Both glycoprotein and 
non-glycoprotein antifreeze compounds can lower the freezing point of an aqueous 
solution via a non-colligative mechanism, through binding to ice crystal surfaces 
and inhibiting further growth of ice crystals (Harding et al.  2003 ; Evans and Fletcher 
 2004 ). Although yeasts and some other types of microorganisms are suitable sources 
of antifreeze proteins, the most promising is fi sh by-products (Ferraro et al.  2010 ). 
The reason for this could be due to the abundant availability of raw materials and 
comparatively easy isolation procedures. Antifreeze protein compounds can be 
 isolated not only from the body fl uids/blood, but also from certain fi sh skin tissues, 
such as snailfi sh, cunner, and sea raven (Evans and Fletcher  2004 ). Moreover, 
 antifreeze protein compounds have been extracted from many other marine fi sh 
 species, such as righteye fl ounder, longhorn sculpin, shorthorn sculpin, winter 
fl ounder, sea raven, Atlantic herring, Atlantic eelpout, northern cods, and northern 
notothenioids (Fletcher et al.  2001 ; Harding et al.  2003 ; Jørgensen et al.  2008 ).

2.8        Surimi and Surimi-Based Products 

 Surimi is produced by the heading, gutting, and cleaning of fresh fi sh, and mechani-
cally separating the edible muscle from the skin and bone, followed by washing, 
refi ning, dewatering, and mixing of fi sh mince with sugar and cryoprotective food 
ingredients, and, fi nally, freezing (Sen  2005 ; Codex Alimentarius  2009 ). Surimi is 
also described as moist frozen concentrated myofi brillar protein of fi sh meat. Fish 
mince resulting from the separation of skeletal muscle of fi sh from bones and skin 

  Fig. 23.2    Structural diversity based on the molecular structures of different types of antifreeze 
proteins: ( a ) type I; ( b ) type II; ( c ) type III; ( d ) type I; ( e ) antifreeze glycoprotein.  Source : Rasika 
et al. ( 2013 )       

 

J.K. Vidanarachchi et al.



471

is very often the starting material for surimi production because access to the Alaska 
pollock ( Theragra chalcogramma ), white croaker ( Argyrosomus argentatus ), 
Pacifi c whiting ( Merluccius productus ), hoki ( Macruronus novaezealandiae ), and 
blue whiting ( Micromesistius ) sources has been limited in recent years (Chen et al. 
 1997 ; Mahawanich et al.  2010 ). In addition to these traditional marine fi sh species, 
the possibility of making surimi using freshwater fi sh species such as Indian major 
carps, rohu ( Labeo rohita ), catla ( Catla catla ), and mrigal ( Cirrhinus mrigala ) 
(Sankar and Ramachandran  2002 ), grass carp ( Ctenopharyngodon idellus ) 
(Luo et al.  2006 ), and common carp ( Cyprinus carpio ) (Jafarpour and Gorczyca 
 2008 ) have been reported in the literature. Moreover, fi sh mince produced from 
underutilized fi sh, bycatch species, and by-products such as trimmings, cut-offs, 
frames, etc. resulting from the seafood processing industries have the potential for 
surimi production (Venugopal and Shahidi  1995 ). 

 Raw surimi is produced by washing out fat and water-soluble compounds from 
minced fi sh using water, and mainly contains wet concentrated myofi brillar proteins 
of fi sh. Many factors such as lipids, water-soluble proteins, pigments, and trimeth-
ylamine oxide in fi sh muscle have an adverse effect on the quality of the surimi. 
Hence, excessive washing of fi sh mince is required in order to remove such com-
pounds and manufacture high-quality surimi (Chen et al.  1997 ; Bentis et al.  2005 ). 
Furthermore, low-temperature setting (suwari) and high temperature degradation 
are two important aspects that affect the formation of the gel during surimi produc-
tion (Shimizu et al.  1981 ). Once it is prepared, raw surimi has enhanced functional 
properties, such as gel-forming ability, water-holding capacity, fat- binding ability, 
etc., compared to the fi sh mince. Nevertheless, surimi is an inexpensive source of 
protein that can be used as a food item in its raw form (Arason et al.  2009 ). In addi-
tion, surimi can also be used in the preparation of a wide array of products, such as 
kamaboko (chikuwa, fried surimi, hanpen), seafood analogues, and fabricated 
meats. Moreover, surimi can be included as a binder in many fi sh- based products 
(artifi cial fi sh eggs, fi sh sausages, fi sh balls, etc.) (Kamal  1994 ). 

 Japanese fi sh cake, or kamaboko, is one of the traditional products produced 
using surimi gel. In general, kamaboko is produced via a multistep process. In kam-
aboko production, the fi rst step is the tempering of frozen surimi at a temperature of 
−4 °C to −8 °C. Then, the surimi gel is mixed with salt and disintegrated using a 
grinder to induce the dissociation of actomyosin. Ingredients are added to the salted 
surimi paste, depending on the variety of kamaboko to be produced (Sen  2005 ). For 
example, in order to improve the kamaboko’s gel strength, which is one of the char-
acteristics associated with high-quality surimi products, functional additives such as 
egg white could also be added (Techaratanakrai et al.  2011 ). In addition to that, the 
setting process is often optimized by incubation of the surimi at temperatures lower 
than 40 °C in order to enhance the gel strength. Ground product is then shaped using 
molds. The next step in kamaboko production is heating the molded products at 
over 80 °C in order to cook them. While cooking, suwari gel is formed, which is 
then transferred into kamaboko gel (Sen  2005 ).  
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2.9     Fish Protein Hydrolysate and Fish Protein Concentrate 

 The utilization of proteins recovered from by-products as ingredients for food has 
become a new trend in the food industry. Furthermore, it has become a current chal-
lenge to develop technologies to recover usable ingredients for the food industry 
from the prevailing fi sh processing industries. Fish protein hydrolysates are break-
down products of the enzymatic conversion of fi sh proteins into smaller peptides. 
Generally, protein hydrolysates are small fragments of peptides that contain 2–20 
amino acids. These protein hydrolysates are produced by the enzymatic hydrolysis 
of native fi sh proteins (Chalamaiah et al.  2012 ). Many studies have been carried out 
on seafood by-products, including as a potential raw material for fi sh protein hydro-
lysate production. These by-products contain a wide range of underutilized body 
parts from fi sh and fi sheries industries (Liaset et al.  2000 ; Martone et al.  2005 ; 
Nilsang et al.  2005 ; Souissi et al.  2007 ; Cudennec et al.  2008 ; Ovissipour et al. 
 2009 ; Bougatef et al.  2010 ; Motamedzadegan et al.  2010 ; Uddin et al.  2010 ; 
Benhabiles et al.  2012a ; Muzaifa et al.  2012 ; Tanuja et al.  2012 ). 

 Fish protein concentrate is defi ned as any stable and wholesome product with 
higher protein and other nutrients content than fresh fi sh, which is also produced 
hygienically at low cost (Pariser  1973 ). Generally, fi sh protein concentrate can be 
prepared from any type of fi sh or fi shery waste. It is prepared from fi sh or fi sh-by- 
products by removing the oil, screening or settling out the bones, and drying; hence, 
the resultant product is higher in protein (85–95 %) and lower in ash content than 
fi sh meal. Three types of fi sh protein concentrates have been identifi ed. Type A is a 
virtually odorless and tasteless powder, having a maximum total fat content of 
0.75 %. Type B has no specifi c limits as to odor or fl avor, but defi nitely has a fi shy 
fl avor and a maximum fat content of 3 %. Type C is normal fi sh meal produced 
under satisfactorily hygienic conditions (Windsor  1977 ). In the preparation of fi sh 
protein concentrates, most of the lipids and water are removed from the raw mate-
rial. Methods for preparing fi sh protein concentrates can be classifi ed as chemical, 
biological, and physical. However, chemical methods of the preparation of fi sh pro-
tein concentrate are the most commonly used (Dubrow and Stilling  1971 ).  

2.10     Fermented Fish Products 

 Fermented fi sh products are processed using fi nfi sh, shellfi sh, and crustaceans of 
fresh water or marine origin, with salt to cause fermentation and, thereby, to prevent 
putrefaction. Different traditional fermented products are produced and used in dif-
ferent parts of the world, mainly in Southeast Asia. As a traditional fermented food 
product, its recipes vary by region throughout the world, depending upon local con-
sumer preferences and ingredient availability. Fish sauce is the most commonly 
known fermented fi sh product among the category. In the recent past, Japan has qua-
drupled the amount of fi sh sauce produced in order to make maximum use of fi sh 
materials (Françoise  2010 ). Fish sauce is a water-soluble clear brown liquid 

J.K. Vidanarachchi et al.



473

hydrolysate derived after several months of storage of heavily salted fi sh in closed 
tanks at tropical temperatures. A great variety of raw materials can be used for sauce 
production, provided that the content of proteolytic enzymes is suffi cient to give effi -
cient tissue solubilization and protein hydrolysis (Gildberg  2001 ). The annual world 
production of fi sh sauce is more than 400 million liters. There are approximately 100 
fi sh sauce producers; however, only 20 producers already hold 80 % of the market 
share and many of them are from Thailand (Dissaraphong et al.  2006 ). Fish sauce has 
been commonly used as a condiment and a seasoning throughout the world, mostly 
in Southeast Asia. The possibility of using fi sh, crustacean, and mollusk by-products 
such as Arctic capelin and Atlantic cod intestines, bonito processing waste, tuna vis-
cera, southern rough shrimp waste, squid head, viscera, skin, and fi ns for the manu-
facturing of fi sh sauce has been demonstrated by many researchers recently (Gildberg 
 2001 ; Shih et al.  2003 ; Kim et al.  2005 ; Dissaraphong et al.  2006 ; Xu et al.  2008 ).   

3     Extraction Procedures/Production of Seafood By-products 
Used in the Food Industry 

3.1      Extraction, Purifi cation, and Refi ning of Fish Oil 

 The processing of seafood by-products soon after harvesting is vital for maintaining 
the quality of the fi sh oil (Wu and Bechtel  2008 ; Bimbo  2011 ). This is to avoid 
degradation of oils and functional compounds by intrinsic enzymes of fi sh, chemi-
cal reactions, and microbial activity. Rai et al. ( 2010 ) suggested that fi sh viscera 
which are not processed soon after extraction can undergo lipid oxidation; thus, the 
oil recovered will have to be refi ned prior to human use. However, Aidos et al. 
( 2003 ) have shown that oil with the highest content of polyunsaturated fatty acids 
(PUFAs) was not produced from the freshest herring by-products; instead, the oil 
with higher PUFAs were recovered from stored by-products compared to the fresh 
by-products of herring. As suggested by Aidos et al. ( 2003 ), the increase of PUFAs 
in the stored by-products could be due to the release of PUFAs from the cell degra-
dation. Further studies have to be conducted based on the results of Aidos et al. 
( 2003 ) in order to fi nd out the optimum storage condition for each fi sh type or fi sh 
by-product to obtain the result that they have reported, if the modifi cation during the 
storage of raw material is to be practiced on a commercial scale. 

3.1.1     Methods for the Extraction of Fish Oil 

   Traditional Method to Extract Oil from Seafood By-products 

 The fermentation of fi sh viscera to release oil in adipocytes due to the breakdown of 
cells and proteins is the basis used in traditional methods of lipid extraction. This 
process has been widely used as a simple fermentation process in order to extract 
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the fi sh oil from fi sh liver by putrifi cation. Fish liver is put into wooden barrels and 
left to be putrefi ed. Usually, these barrels contain seawater to facilitate the putrifi ca-
tion process. The oil that leaches out during fermentation is skimmed off (Wetzel 
 2009 ). On certain occasions, shark stomachs have been used as pouches to ferment 
shark liver (Wetzel  2009 ). However, these traditional methods take a long time to 
complete the manufacturing process.  

   Wet Rendering Process to Extract Oil from Seafood By-products 

 The basis of the wet rendering process is the application of steam to rupture fat- 
containing cells (adipocytes) and to allow the oil to fl ow out. The remaining residue 
following extraction of the oil from fi sh viscera is usually utilized to process fi sh 
meal (FAO Report  1986 ). As raw materials, by-products such as viscera, bycatch, or 
fi sh heads have been used as the starting material in steam cookers to extract oil. 
Steam ruptures the cells and allows oil to fl ow out. As steam liquefi es, the oil frac-
tion begins to fl oat on the water. Chantachum et al. ( 2000 ) have studied the extrac-
tion of crude oil from precooked and non-precooked skipjack tuna heads using wet 
rendering methods. They found that both the heating temperature and heating time 
affect the separation of oil and the quality of oil from skipjack tuna heads. The opti-
mal conditions as identifi ed by Chantachum et al. ( 2000 ) for the rendering of skip-
jack tuna heads were at 85 °C for 30 min. However, Aidos et al. ( 2003 ) found that 
the temperature of the heat treatment does not infl uence the quality of the manufac-
tured oil. The main factor that infl uences the quality of oil according to these 
researchers is the mono-pump, which they used to pump the ground herring by- 
products into the heat exchanger. Perhaps, the pump speed to the heat exchanger 
may have infl uenced the ultimate temperature of the raw material and the amount of 
heat passed to the raw material. Therefore, the results of these studies suggest that 
the time–temperature combination during the heat treatment of raw material infl u-
ences the ultimate product quality during the wet rendering processing of fi sh oil. 
The differences between the results of these two studies could also be due to the 
variation in composition of by-products and other production parameters, such as 
the range of temperatures used in testing. 

 The next step for extracting oil from fi sh and fi sh by-products is pressing the 
rendered material. Pressing separates the liquid fraction (press liquor) from the 
solid residue. The optimal condition for the pressing of cooked fi sh viscera as iden-
tifi ed by Chantachum et al. ( 2000 ) is 140 t/m 2  using a hydraulic press. The solid 
residue resulting from pressing is sent for the processing of fi sh meal. Separated 
liquid has three main fractions, namely, sludge, oil, and water (FAO Report  1986 ). 
Fine particles from fi sh, such as muscle fi ber particles, are contained in the sludge, 
while the water fraction contains water-soluble compounds, such as enzymes 
extracted from the raw material. 

 The separation of oil from the press liquor is done using several methods. The 
cheapest and most basic method is to send the liquid fraction to a tank to allow the 
two layers (oil and water) to separate under gravity. Another cost-effective method 
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is using vibrating strainers to separate the oil portion from the water (FAO Report 
 1986 ). Both these processes are slow, although cost-effective. These processes are 
normally practiced in small-scale production, where investing in expensive machin-
ery to separate oil from press liquor is not economically feasible. 

 Centrifugation is the commonly used commercial operation to separate the oil 
from press liquor (Bimbo  2011 ). Centrifugation uses the differences in the densi-
ties of the three fractions (sludge, oil, and water) to separate them. First, the sludge 
is removed from the press liquor. A decanter or desludger uses centrifugal force to 
remove high-density sludge from the liquor. The liquid fraction after decanting/ 
desludging is called “stickwater” (FAO Report  1986 ). A disk centrifuge is usually 
used to separate crude fi sh oil from water. The difference in density between water 
and oil results in a rapid phase separation during centrifugation. For both centrifu-
gation processes (desludging and separation of oil), the temperature must be 
maintained at 90–95 °C to obtain an optimal separation (FAO Report  1986 ). 
According to the work done by Aidos et al. ( 2003 ), the speed of the decanter is a 
critical factor to be monitored in maintaining the quality of the fi nal product. The 
use of centrifugation is rapid and effi cient compared to basic gravity systems or 
vibrating strainers. 

 Separated crude fi sh oil is polished to remove impurities in the oil. Hot water is 
used to extract the impurities into water, and centrifugation is done to remove the 
water with impurities (Ackman  2005 ). Further refi ning is done prior to food appli-
cation; however, polishing during extraction is essential to prevent quality deteriora-
tion of oil during storage prior to further refi ning.  

   Hydrolysis Processes to Extract Oil from Seafood By-products 

 In the hydrolysis processes, enzymes have been used to hydrolyze the fat cells to 
facilitate the extraction of oil from fi sh and fi sh by-products. Hydrolysis is achieved 
by intrinsic enzymes in fi sh or added commercial enzymes. The hydrolysis process 
is done not only to extract oil, but also to produce peptides and amino acid fractions 
that can be utilized in the further processing of food. Therefore, special care must 
be taken during the separation of oil from the protein fraction not to harm the func-
tional properties of the peptides, as the functional properties of those peptides are 
essential in the further processing of the hydrolysate. 

 Raw materials are pasteurized prior to adding extrinsic enzymes to destroy the 
intrinsic fi sh enzymes, as the activity of intrinsic enzymes would result in unin-
tended products which commercial enzymes would not yield. However, this initial 
heat treatment is associated with the problem of the formation of protein–lipid com-
plexes, which would lead to a reduction in the yield of oil (Šližytė et al.  2005a    ). 

 In the process where intrinsic digestive enzymes are used for the hydrolysis of 
the raw materials, pasteurization is not done. A pH adjustment is done during the 
production of oil using acids such as formic, propionic, sulfuric, and phosphoric 
(3–4 %) to prevent the activity of microorganisms, which may result in a reduction 
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in quality due to the production of hazardous microbial metabolites and hydrolytes 
(Bimbo  2011 ). The process of the separation and purifi cation of oil fraction after 
hydrolysis is similar to that which is used in the wet reduction process. 

 A common problem associated with the extraction of oil from hydrolyzed fi sh 
(in both processes that use intrinsic enzymes and extrinsic enzymes) is the forma-
tion of an emulsion (Šližytė et al.  2005a ). Hydrolyzed protein fraction have groups 
(−NH 3  + and –COO − ) which can bind with water and saturated hydrocarbon groups in 
protein chains that can attract non-polar groups in fi sh oil. Thus, the hydrolyzed fi sh 
proteins act as emulsifi ers to form an emulsion. This emulsion reduces the yield of 
oil. This problem could be minimized by reducing the amount of water added to the 
hydrolysate (Daukšas et al.  2005 ; Šližytė et al.  2005a ,  b ). 

 The application of proteases to facilitate the extraction of oil from fi sh by- 
products has been studied by several researchers (Dumay et al.  2004 ; Kechaou et al. 
 2009 ). The fi ndings from these studies revealed that enzymatic methods could gen-
erate greater amounts of oils compared to that of direct use of unfermented fi sheries 
by-products. The rupturing of cells during the hydrolysis process by enzymes may 
have facilitated the extraction of oil (Kechaou et al.  2009 ). The process that had 
been used by Kechaou et al. ( 2009 ) to extract oil from fi sh by-products is a solvent 
extraction process, which is not commonly practiced in industry to extract fi sh oil. 
Recently, Rai et al. ( 2010 ) used a centrifugation method to separate fi sh oil from 
fermented fi sh by-products, which is a conventional method of extraction practiced 
in the industry. However, in their study, Rai et al. ( 2010 ) have not compared the fi sh 
yield of fi sh oil resulting from the unfermented processes and the hydrolyzed proce-
dure. Furthermore, more than 80 % of the lipids has been recovered from the fi sh 
by-products when both enzymatic and centrifugation methods were used for the 
extraction process (Kechaou et al.  2009 ; Rai et al.  2010 ) It would be interesting to 
study the application of the enzymatic hydrolysis method combined with wet or dry 
rendering methods in a pilot plant to fi nd out how the combined procedures may 
affect the quality and quantity of oil recovered from fi sh processing by-products.  

   Dry Rendering Procedure to Extract Oil from Seafood By-products 

 In the dry rendering process, water is not added to the raw material during cooking. 
Cooking results in the further removal of water from the raw material. The pressing 
of cooked raw material is practiced after heat treatment in order to obtain oil from 
fi sh processing by-products. Separated oil is further purifi ed to remove water and 
impurities from the oil. 

 Dry processing yields a high amount of phospholipids compared to wet render-
ing (Bimbo  2011 ). The reason for this is the amphiphilic characteristics of phospho-
lipids, which allows them to bind with water, thus a major fraction of phospholipids 
is removed with water during wet rendering, which is not removed during dry ren-
dering (Jaczynski  2008 ). These phospholipids may contribute to rancidity develop-
ment in fi sh oil (Hultin  2002 ). Therefore, the refi ning of fi sh oil from dry rendering 
is essential in order to obtain a quality end product.  
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   Chemical Rendering Procedure to Extract Oil from Seafood By-products 

 Bimbo ( 2011 ) described a chemical process used in Iceland to extract oil from fi sh 
liver. Fish liver residue, which resulted after the extraction of oil from conventional 
methods, can be treated with sodium hydroxide for deproteinization and release of 
oil (Bimbo  2011 ).  

   Supercritical Fluid Extraction Procedure to Extract Oil from Seafood 
By-products 

 Supercritical fl uid extraction (SFE) is a method for extracting metalloid and metal 
species from a solid or liquid material by exposing the material to a supercritical 
fl uid solvent containing a chelating agent (Wai and Laintz  1994 ). The SFE proce-
dure has been applied to extract oil from fi sh offcuts, which resulted in good quality 
extraction of fi sh oil with a lower amount of free fatty acids, as well as less oxidized 
products (Rubio-Rodríguez et al.  2012 ). However, due to the high initial cost 
involved in the SPE process, the method may be suitable for industries in which fi sh 
oil has been extracted for nutraceutical or pharmaceutical purposes.  

   Isoelectric Precipitation/Solubilization Procedure to Extract Oil from Seafood 
By-products 

 Precipitation of proteins at the isoelectric point is the basis used in the isoelectric 
extraction of lipids from seafood by-products (Jaczynski  2008 ). At the isoelectric 
point, the total charge on the protein molecule is zero; this reduces the interaction 
of protein molecules with water and results in a reduction of the water solubility 
of protein (the interaction of protein molecules with water is arrested by –NH 3  +  
and –COO −  groups, which forms hydrogen bonds with water). Therefore, this 
 process facilitates the precipitation of solubilized protein. 

 To extract fi sh oil from seafood by-products, fi rst, the by-products are minced, 
and then homogenization is done. The homogenized sample is solubilized by chang-
ing the pH of the mixture beyond the isoelectric point. Centrifugation is used to 
separate the oil fraction from the mixture and the protein fraction is sent for further 
extraction of peptides and proteins (Chen and Jaczynski  2007a ,  b ; Jaczynski  2008 ). 

 Okada and Morrissey ( 2007 ) used a different process to extract oil from fi sh 
involving the isoelectric precipitation of fi sh protein. They adjusted the pH of the 
extraction medium to the isoelectric point of sardine muscle (pH 5.5) using HCl or 
food-grade organic acids. The mixture was then centrifuged to separate the oil. This 
method is different to the processes proposed by Chen and Jaczynski ( 2007a ,  b ) and 
Jaczynski ( 2008 ), in which the oil is extracted after the isoelectric solubilization of 
protein by changing the pH of the mixture beyond the isoelectric point. 

 Usually, a signifi cant change in the pH of the fi sh oil may result in a pH-induced 
degradation of PUFAs during the isoelectric precipitation/solubilization process. 
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However, low temperatures and short durations can be adopted to reduce the chance 
of a pH-induced degradation of lipids (Gehring et al.  2011 ; Jaczynski  2008 ). 
Furthermore, Okada and Morrissey ( 2007 ) revealed that the use of calcium prior to 
the pH adjustment has a benefi cial effect in terms of lipid oxidation stability and 
color of the fi nal fi sh oil products. Despite the possibility of pH-induced degrada-
tion of PUFAs, the isoelectric process has been proven to yield oil with oxidative 
stability. Perhaps this could be due to the production of lower amounts of impurities 
in the isoelectric precipitation procedure when compared to the oils rendered using 
heat treatments. For example, impurities such as hemoglobin from the blood of fi sh 
may accelerate the oxidation of lipids (Fu et al.  2009 ).    

3.2     Extraction of Enzymes from Seafood By-products 

 The extraction of enzymes is done mainly for industrial and research purposes. The 
process of extraction of enzymes depends upon their intended use. Enzyme extrac-
tion for research and analytical purposes are extensively purifi ed, while enzymes for 
commercial purposes are less purifi ed. The main reasons behind the lower purifi ca-
tion on the industrial scale are the high cost involved and the reduction of yield 
associated with further purifi cation. Commercial extraction of enzymes is depen-
dent on the intended fi nal use. For example, enzymes for animal feed processing are 
less purifi ed, while enzymes for food application are purifi ed further (Chaplin and 
Bucke  1990 ). 

 The basic process for the extraction of enzymes involves the mashing of tissues 
to extract enzymes to an aqueous solution, separation of the aqueous layer, and 
concentration and purifi cation of the solution to obtain the enzyme. 

3.2.1     Extraction of Enzymes to Water (Cell Rupture) 

 Seafood by-products are cleaned and washed prior to enzyme extraction in order to 
remove unwanted material, such as blood. Size reduction of tissues is an optional 
unit operation, especially in the case of tissues from large fi sh species. Viscera from 
smaller fi sh such as squids do not need to be size reduced. 

 Usually, enzymes are located inside the cells. Hence, cells are ruptured either by 
mechanical or non-mechanical methods to extract enzymes. Rupturing is usually 
done with added buffers, such as Tris–HCl, sodium phosphate, or sodium acetate, to 
preserve the enzyme activity (Cardenas-Lopez and Haard  2005 ; Lu et al.  2008 ). 
Mechanical methods include mincing, ultrasonic cell disruption, high-pressure 
homogenization, bead milling, freeze-pressing, and solid or liquid shearing. 
Physiochemical parameters such as heat, shear, proteases, pH, and oxidation infl u-
ence the rate of extraction of seafood enzymes. Non-mechanical methods adopted 
by researchers include osmotic shocking, freezing followed by thawing, cold shock-
ing, desiccation, enzymatic lysis, and chemical lysis (Chaplin and Bucke  1990 ).  
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3.2.2     Removal of Fat from the Mixture 

 Most fi sh tissues such as liver of lean fi sh and muscle of fatty fi sh store fats and oils. 
Therefore, fats and oils are solubilized by organic solvents to remove fats (Hatate 
et al .   2000 ). Another method available to remove lipids is centrifuging at low tem-
peratures. Most unsaturated lipids tend to solidify at low temperatures compared to 
water-soluble enzymes, which remain in solution; thus, low temperatures facilitate 
the removal of fat. Lipids may harm the enzymes by accelerating protein oxidation 
(Castro-Ceseña et al.  2012 ).  

3.2.3     Isolation and Purifi cation of Enzymes 

 The purifi cation process can be applied in an appropriate order designed by the 
respective operator, depending on the buyer’s requirements. A combination of 
methods can also be adopted by the producer, depending on the degree of purity 
required and the cost involved (Bougatef et al.  2007 ; Balti et al.  2009 ). Purifi cation 
and clarifi cation can be done using microfi ltration and using clarifi ers. Biomaterials 
remaining in the solution other than enzymes are removed in the clarifi cation pro-
cess. Further purifi cation of the solution to extract protein fraction which contain 
enzymes can be obtained using salts such as ammonium sulfate or organic solvents 
such as methanol, ethanol, propan-2-ol, and acetone (Bougatef et al.  2007 ; Souza 
et al.  2007 ; Espósito et al.  2009 ; Ktari et al.  2012 ). These chemicals precipitate the 
enzymes from the mixture. The precipitation of enzymes at the isoelectric point is 
the basis to this method. The use of aqueous two-phase systems, which involves the 
mixing of one or two hydrocolloids, resulting in separation of the mixture, is also 
applied to purify enzymes (Schmidt et al.  1994 ; Venâncio et al.  1996 ). 

 To fractionate and isolate the intended enzymes from the protein mixture, chro-
matographic methods such as ion-exchange, affi nity, and gel exclusion have been 
extensively used in the industry (An and Visessanguan  2000 ; Bougatef et al.  2007 ; 
Souza et al.  2007 ; Sila et al.  2012 ). Bougatef et al. ( 2007 ) and Ktari et al. ( 2012 ) 
used Sephadex G-100 gel fi ltration, while Souza et al. ( 2007 ) used Sephadex G-75 
fi ltration to purify the enzyme extract. Many other researchers have used ion 
exchange chromatography linked with gel fi ltration to purify the enzyme extract 
(Ktari et al.  2012 ; Sila et al.  2012 ). Heat treatment and selective precipitation are 
other possible methods to retain the desired enzymes. Furthermore, these methods 
destroy undesirable enzymes. Different enzymes have differing susceptibilities to 
heat denaturation and precipitation (Chaplin and Bucke  1990 ; Matsumiya et al. 
 2003 ; Bougatef et al.  2007 ). To remove salts in the purifi ed enzyme mix, dialysis, 
ultrafi ltration, or desalting methods have been widely employed (Ktari et al.  2012 ).  

3.2.4     Concentration and Drying of the Enzyme Mixture 

 Enzymes are sold in solid form or as a concentrated liquid. Therefore, concentration 
is carried out using ultrafi ltration or diafi ltration, whereby water and low molecular 
weight materials are removed, while the required enzymes are retained. 
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Lyophilization is also practiced in order to concentrate or dry the extract. 
Lyophilization is essential in the drying of heat-labile seafood enzymes. However, 
loss of enzyme activity can be expected, even in the lyophilization process (Castro- 
Ceseña et al.  2012 ). 

 Spray drying can be used as a cheap and rapid method to obtain dry enzymes. For 
example, Gildberg and Xian-Quan ( 1994 ) used spray drying to concentrate fi sh 
enzymes extracted from cod viscera with minor losses in the activity of the enzymes. 
However, the heat-liable enzymes may be destroyed during the heating process. Inert 
materials such as starch, lactose, carboxymethylcellulose, and other polyelectrolytes 
are added during spray drying to protect the enzymes (Chaplin and Bucke  1990 ).   

3.3     Extraction of Chitin, Chitosan, and Glucosamine 

 Shrimp and crab shell wastes have been extensively used for the isolation of chitin 
among the many different species of crustaceans (Muzzarelli  1977 ; Johnson and 
Peniston  1982 ; Wang and Xing  2007 ). Shell wastes of crustaceans are mainly com-
posed of 30–40 % protein, 30–50 % calcium carbonate, and 20–30 % chitin. This 
composition manly differs with different species and seasonal variations (Cho et al. 
 1998 ). Other than that, the shell waste of crustaceans contains carotenoids (Sachindra 
et al.  2007 ; Khanafari et al .   2008 ). 

 Traditionally, the separation of chitin includes deproteinization, demineraliza-
tion, and decolorization. Deproteinization or removal of protein is usually done by 
alkali treatment (NaOH), whereas demineralization or the removal of calcium car-
bonate and calcium phosphate is done by acid treatments (HCl, HNO 3 , H 2 SO 4 , 
CH 3 COOH, and HCOOH) under high temperatures (No and Hur  1998 ; Percot et al. 
 2003 ). Other than the chemical deproteinization, enzymatic and microbial methods 
are utilized for the deproteinization of shell waste of crustaceans (Synowiecki and 
Al-Khateeb  2003 ). Furthermore, microbial demineralization of crustacean shell 
waste has been reported by using  Pseudomonas aeruginosa  F722 (Oh et al.  2007 ), 
lactic acid bacteria (Oh et al.  2008 ),  Bacillus cereus , and  Exiguobacterium acetyli-
cum  (Sorokulova et al.  2009 ). 

 The deacetylated polymer of acetyl glucosamine obtained through alkaline 
deacetylation of chitin is known as chitosan. Chitosan is a liner, polycationic poly-
mer of D-glucosamine and N-acetyl glucosamine. The two monosaccharides are 
linked by β-(1 → 4) glycosidic bonds and the relative amounts of these two mono-
saccharides varies remarkably, resulting in a varied degree of deacetylation, ranging 
from 75 % to 95 %. The molecular weight of chitosan can be in the range from 50 
to 2,000 kDa (Tharanathan and Kittur  2003 ). Hence, the term “chitosan” refers to a 
group of polymers varying in molecular weight by up to several million Daltons 
(Şenel and McClure  2004 ). 

 As the world’s leading chitosan manufacturer, each year, Japan manufactures 
more than 100 billion tons of chitosan and contributes to more than 90 % of the 
world’s chitosan production (Palpandi et al.  2009 ). Chitosan is commercially 
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prepared by boiling chitin in concentrated alkali solution for several hours to achieve 
extensive alkaline deacetylation of the chitin. It is considered that the process of 
N-deacetylation is not competed; hence, chitosan is a form of partially N-deacetylated 
derivative of chitin. Chitosan shows poor solubility above pH 6.5, hence its biologi-
cal activities are confi ned only to acidic mediums. Consequently, chitosan has been 
converted into chitooligosaccharides, which dissolve in water and possess a variety 
of functional properties (Park et al.  2003 ). Jeon et al. ( 2000 ) and Vidanarachchi 
et al. ( 2009 ) have documented comprehensive accounts on the separation of chitin, 
chitosan, and the preparation of their oligosaccharides. Glucosamine is produced by 
the hydrolysis of chitin with hydrochloric acid solution (Mojarrad et al.  2007 ).  

3.4     Extraction of Gelatin and Collagen 

 The main raw material for the production of gelatin in the food industry is skin and 
bones from bovine and porcine sources (Binsi et al.  2009 ). However, marine 
by- products such as fi sh skin have a signifi cant potential for the production of high- 
quality gelatin with different melting and gelling temperatures over a much wider 
range than mammalian gelatins, with suffi ciently high gel strength and viscosity 
(Boran et al.  2010 ). Regardless of the raw material used, all gelatin manufacturing 
processes consist of three main stages: pretreatment of the raw material, extraction 
of the gelatin, and purifi cation and drying. Since the collagen of warm- and cold- 
blooded animals differ in some physicochemical properties, such as amino acid 
composition, solubility, and thermal stability, the same procedures used for the iso-
lation of collagen and preparation of gelatin from bovine and porcine connective 
tissues cannot be directly applied in the case of fi sh offal (Kołodziejska et al.  2004 ). 
Gelatin’s properties for a particular application is greatly infl uenced not only by the 
raw material (species or tissue) from which it is extracted, but also by the extraction 
procedure, which may depend on the pH, temperature, and time during both pre-
treatment and extraction processes, because the extraction process can infl uence the 
length of the polypeptide chains and the functional properties of the gelatin (Karim 
and Bhat  2009 ; Tabarestani et al.  2010 ). In general, collagen is extracted with acid 
treatment (such as sulfuric acid) and solubilized without altering its triple helix 
structure. It is also possible to convert collagen into soluble gelatin by using an 
alkali, such as sodium hydroxide. Thermal treatment cleaves hydrogen and covalent 
bonds that stabilizes the triple helix confi guration of collagen and converts its heli-
cal conformation into a coiled conformation (gelatin state). Therefore, as a general 
procedure, hot water treatment is used to solubilize collagen in fi sh skin and extract 
as gelatin (Kim and Mendis  2006 ). Two different types of gelatin, which possess 
differing characteristics, can be produced from raw materials such as fi sh skin 
according to the method in which the collagens are pretreated. Type A gelatin (iso-
electric point at pH 6–9) is produced from acid-treated collagen, and type B gelatin 
(isoelectric point at approximately pH 5) is produced from alkali-treated collagen. 
Mild acid pretreatment of the raw material (instead of alkali treatments) and mild 
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temperature conditions during the extraction process could also be used in  preparing 
certain marine-derived gelatins, such as fi sh gelatin (Karim and Bhat  2009 ). 

 The extraction procedure used by Kolodziejska et al. ( 2004 ) (Fig.  23.3 ) recorded 
gelatin yields of 70–100 % from different kinds of fi sh offal: heads and backbones 
of Baltic cod, skin of fresh and cold-smoked salmon, and skin of salted and mari-
nated herrings under different extraction temperatures and extraction durations.

3.5        Extraction of Carotenoids from Seafood By-products 

 Solvents such as methanol, acetone, ethyl acetate, hexane, isopropanol, methyl 
ethyl ketone, and ethanol can be used in the food industry as organic solvents for the 
extraction of carotenoids. Decrease in the stability of carotenoids due to oxidation 
(if antioxidants have not been used) and environmental issues are the major 
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concerns of organic solvent extraction of carotenoids. The other disadvantage is the 
low yield of carotenoids resulting from this method (Kouchi et al.  2012a ). Generally, 
the dried wastes of crustaceans are pulverized, enzymatically treated, and extracted 
with organic solvents. However, Mezzomo et al. ( 2011 ) reported that pretreatments 
such as cooking, drying, and milling could maximize the carotenoids extraction 
from shrimp residue. Moreover, by separating bound proteins using proteolytic 
enzymes, the pigments extractability can also be enhanced (Venugopal  2008 ). The 
effect of enzyme treatment on carotenoid extraction has been evaluated by many 
researchers and it was found that trypsin is more effective than pepsin and papain 
(Chakrabarti  2002 ; Babu et al.  2008 ). Also, bacterial fermentation can be effectively 
used for the deproteination of shell waste from crustaceans (Simpson et al.  1994 ). 
Lactic acid fermentation helps in the extraction of carotenoids, by deproteinization 
without damage to pigments. Lactic acid fermentation can reduce the protein con-
tent in crustacean residues by 50 %. Especially, since astaxanthin is highly unstable, 
lactic acid fermentation can stabilize the astaxanthins molecule and, thereby, 
increase the astaxanthins production (Hall and Da Silva  1992 ). Armenta-López 
et al. ( 2002 ) inoculated shrimp waste with  Pediococcus pentosaceus  P-1, 
 Staphylococcus carnosus  MC-1, and  Lactobacillus  species isolated from shrimp 
waste, and they found that  Lactobacillus  spp. was more effi cient than the other two 
bacterial spp. with regard to the production of lactic acid and, thereby, reduction of 
pH in the medium. 

 Depending on the species of shrimp, the recovery percentage of carotenoids 
can be varied from shrimp shells. Babu et al. ( 2008 ) reported that the recovery 
percentage of carotenoids from shrimp waste showed a trend of  Penaeus indicus  > 
 Penaeus monodon  (culture) >  Metapenaeus monoceros  >  Penaeus monodon  (wild). 
Furthermore, in the same study, the application of heat had a positive effect on the 
amount of extractable carotenoids. Low extraction yield of carotenoids from in 
natura samples (uncooked) has been reported compared to cooked lobster carapaces 
(Babu et al.  2008 ). 

 Other than organic solvent extraction, vegetable oil and supercritical CO 2  extrac-
tion of carotenoids are also popular (Félix-Valenzuela et al.  2001 ; Sachindra et al. 
 2007 ; Kouchi et al.  2012b ). Among sunfl ower oil, groundnut oil, gingelly oil, mus-
tard oil, soy oil, coconut oil, and rice bran oil, sunfl ower oil resulted in the highest 
yield of carotenoids (Sachindra and Mahendrakar  2005 ). López et al. ( 2004 ) studied 
the effect of online SFE of astaxanthin from crayfi sh and proposed a clean, swift, 
and highly selective automated supercritical extraction method for the isolation of 
carotenoids from crustaceans. This process can reduce the amount of solvent, waste, 
and handling times. Sánchez-Camargo et al. ( 2011a ) observed that the combination 
of 60 % (v/v) n-hexane and 40 % (v/v) isopropyl alcohol is more effi cient in the 
extraction of carotenoids formed from spotted shrimp waste compared to acetone, 
supercritical CO 2 , or supercritical CO 2  plus ethanol. Furthermore, Sánchez-Camargo 
et al. ( 2011b ) reported that the temperature and pressure are very critical when per-
forming supercritical CO 2  extraction for the yield of astaxanthin extraction from 
Brazilian red spotted shrimp ( Farfantepenaeus paulensis ) waste. At 43 °C and 370 
bar, the highest recovery of astaxanthin is seen (39 % recovery).  
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3.6      Production of Fish Protein Hydrolysate and Concentrate 
Using Seafood By-products 

 Protein hydrolysates can be produced by using acids, proteolytic enzymes, and by 
subcritical water hydrolysis (Grimble  2000 ; Uddin et al.  2010 ). However, proteolytic 
enzyme-assisted fi sh protein hydrolysate production is the most preferred among all 
the methods (Grimble  2000 ). Moreover, it is found that the use of strong chemicals 
and solvents, and the use of extreme temperatures and pH have adverse effects on 
nutritional qualities, causing poor functionality in the resulting hydrolysate. 
Therefore, enzymatic hydrolysis using proteolytic enzymes is preferred for the food 
industry mainly because it could generate hydrolysate having high functional and 
nutritional properties (balanced amino acid composition and high digestibility) 
(Quaglia and Orban  1990 ;  Kristinsson and Rasco  2000 ; Nesse et al.  2011 ). Not only 
the type of enzymes but also the duration of hydrolysis has an impact on the quality 
of the fi nal product. Amiza et al. ( 2012 ) reported that the amino acid content, emul-
sifying capacity, foaming capacity, and foaming stability of cobia fi sh frame hydro-
lysate depend on the extent of hydrolysis, whereas the water-holding capacity, 
oil-holding capacity, and solubility are not affected. Muzaifa et al. ( 2012 ) developed 
a general procedure for the enzymatic hydrolysis of fi sh and fi sh by-products 
(Fig.  23.4 ). Liaset et al. ( 2000 ), in their novel approach of two-step enzymatic 
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hydrolysis, found that the degree of hydrolysis can be increased from 20 % to 
50–60 % by 2 h of  prehydrolysis with Alcalase®, followed by 12 h of hydrolysis 
using Kojizyme™. A recent study by Benhabiles et al. ( 2012a ) revealed that crude 
pepsin extract prepared by autolysis of the mucous membranes of sheep stomach can 
be satisfactorily utilized for the enzymatic hydrolysis of solid fi sh waste at optimal 
conditions of pH 1.5–2 and incubation period 6 h. Moreover, crude enzyme extract 
from sardine viscera has been used in the preparation of sardinelle protein hydroly-
sates. When using crude enzyme extract from sardine viscera, sardine by- products 
used for hydrolysate preparation were cooked at 90 ºC for 20 min to deactivate the 
endogenous enzymes as an additional step to the normal enzymatic hydrolysis pro-
cedure. In addition, hydrolysis with crude extract from sardine viscera resulted in 
hydrolysates with the highest antioxidant activity (Bougatef et al.  2010 ).

   On the other hand, enzymatic hydrolysis has its own drawbacks as well. Bitterness 
of the fi nal product is of the greatest concern to the food industry (Dauksas et al. 
 2004 ; Liaset et al.  2000 ). According to Dauksas et al. ( 2004 ), bitterness is caused by 
the bile, fat, and ash in whole fi sh and fi sh viscera, whereas the total amino acids and 
hydrophobic amino acids have no correlation with bitterness. The recommended 
solutions to eliminate bitterness in the fi nal hydrolyzed product are the use of com-
mercial enzymes (Imm and Lee  1999 ), extraction with butanol, and treatment with 
cholestyramine resin (Dauksas et al.  2004 ). However, Nilsang et al. ( 2005 ) reported 
that Kojizyme™, which is a commercially available enzyme, enhances some bitter-
tasting amino acids contents, such as tryptophan, during the hydrolysis process. 

 Apart from the enzymatic method of preparing fi sh protein hydrolysates, sub-
critical water hydrolysis is recommended for the recovery of amino acids from 
deoiled material in a shorter reaction time (Uddin et al.  2010 ). 

 By-products from the seafood industry can be effectively utilized in the produc-
tion of fi sh protein concentrates. When whole fi sh from bycatch or trash fi sh are 
used, they must be washed thoroughly, followed by evisceration. The resulting 
products can be fed into a mechanical deboner with other by-products received from 
different seafood processing industries, such as trimmings, trash fi sh, etc. (Windsor 
 1977 ). In the extraction step, isopropanol and fi sh by-products are mixed at a ratio 
of 2:1. For the sieving of the ground product after fi nal extraction, a 100-μm fi lter is 
recommended. Muraleedharan and Gopakumar ( 1998 ) developed a functional pro-
tein concentrate by using mechanically separated tuna fi sh mince. For the produc-
tion of the powdered form of fi sh protein concentrate, they washed the mince with 
water, 2 % (w/v) aqueous solution of sodium bicarbonate, acidifi ed with acetic acid, 
and spray dried (Fig.  23.4 ).  

3.7     Extraction of Important Functional Substances 
and Nutraceuticals from Seafood Wastes 

 Various marine foods and by-products have been successfully utilized in isolating 
compounds with functional and nutraceutical values, such as antioxidant. 
Antioxidant assays can be performed in vitro or in vivo to identify the antioxidant 
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properties from various sources. Commercial enzymes such as pepsin and 
 collagenase and combinations of enzymes have been used to generate hydrolysates 
from marine by-products. After ultrafi ltration using 10-, 5-, 3-, or 1-kDa MWCO 
membranes, hydrolysates are tested for antioxidant activity using one or several 
assay methods, such as 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging 
activity, thiobarbituric acid reactive substance assay (TBARS), metal chelating 
activity, hydroxyl radical scavenging activity, superoxide radical scavenging activ-
ity, peroxyl radical scavenging activity, and the peroxide value and carbonyl value 
method. When antioxidant activity is detected, further purifi cation steps are required 
before identifi cation of the bioactive peptide sequence. Purifi cation techniques such as 
ion- exchange chromatography, gel fi ltration chromatography, and high-performance 
liquid chromatography (HPLC) can be performed for further purifi cation. When 
hydrolysates are separated into peptidic fractions, these fractions are further tested for 
their antioxidant activities, and the most active fractions are sequenced by using mass 
spectrometry techniques, including matrix-assisted laser  desorption/ionization time-
of-fl ight (MALDI-TOF), electrospray ionization (ESI), and Edman degradation 
(Di Bernardini et al.  2011 ). 

 Enzymatic hydrolysis can be identifi ed as the most common method for produc-
ing bioactive peptides with functional and nutritive values from marine sources, 
where the precursor proteins are hydrolyzed using endogenous proteolytic enzymes 
already present in the muscle or viscera of fi sh or shellfi sh or/and by adding exog-
enous enzymes from other sources (Guerard  2007 ). Ultimately, peptides having the 
desired characteristics are separated by an ultrafi ltration membrane system (Kim 
and Mendis  2006 ). Further, it is possible to isolate fi sh proteins as well as oil which 
retain the functionality and nutritive value of food products from materials not 
intended for human consumption, such as bones, scales, and skin (Gehring et al. 
 2011 ; Tahergorabi et al.  2012 ). The recovery of such fi sh oil and protein compounds 
has been discussed in Sects.  3.1  and  3.6 , respectively.  

3.8     Extraction of Antifreeze Compounds From Seafood 
By-products 

 Procedures for the extraction of antifreeze compounds from seafood by-products 
have been developed over the last few decades. Before the recovery process, blood 
or fi sh skin can be frozen in liquid nitrogen and stored at − 70 °C. The next step is 
the pulverization process (using a mortar and pestle containing liquid nitrogen prior 
and homogenized in 0.1 M NH 4 HCO 3 , pH 8.5). Then, the samples should be 
homogenized in the same alkaline medium and the supernatant is separated after 
centrifugation (5,000 rpm for 10 min), followed by lyophilization. The lyophilized 
supernatant is then dissolved in the same alkaline medium and subjected to prepara-
tive chromatography reverse-phase HPLC for purifi cation and separation (under 
a gradient of 35–65 % acetonitrile as solvent A and 0.1 % trifl uoroacetic acid as 
solvent B, using a specifi c silica gel column) (Evans and Fletcher  2004 ). 
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Alternatively, antifreeze compounds can be isolated using specially designed 
 equipment such as cold fi nger apparatus followed by chromatographic purifi cation 
(Kuiper et al.  2003 ; Ferraro et al.  2010 ).  

3.9     Production of Surimi Using Seafood By-products 

 The traditional method of surimi production, or “washing” method, is basically car-
ried out by the separation of muscle from bones and skins, washing, refi ning, addi-
tion of cryoprotectants, and freezing. 

 During surimi production, fresh fi sh are sorted and dressed by removing various 
structures and tissues, such as heads, viscera, roe, scales, bones, and peritoneum. 
Fish muscle is minced and sarcoplasmic proteins are removed from it by leaching 
in order to increase the myofi brillar protein concentration and, thereby, the gel- 
forming property. To avoid heat denaturation of myofi brillar proteins, cold water of 
temperature less than 10 ºC is normally used for the leaching procedure. In leach-
ing, the number of washing cycles and the ratio between minced fi sh and water 
based on the fi sh species should be employed in order to optimize the process. 
Refi ning is done in order to remove any connective tissue, skin, or other undesirable 
material. The moisture content of the resulting product is reduced 80–84 % by 
dewatering. Cryoprotectants are used to stabilize fi sh protein from freeze denatur-
ation. In general, 4 % sugar along with 4–5 % sorbitol and 0.2–0.3 % polyphosphate 
are used as cryoprotectants (Sen  2005 ). 

 Surimi powder has also been produced and used in different parts of the world 
for various food applications. Powder has been produced by using different drying 
methods, such as oven drying, freeze drying, etc. However, to avoid denaturation of 
proteins during the process, dryoprotectants such as sucrose and polyols can be 
added (Ramírez et al.  1999 ; Huda et al.  2001 ; Chin et al.  2012 ; Santana et al.  2012 ).  

3.10     Production of Fermented Fish Sauce 

 The production of fermented fi sh sauce using marine-derived foods and by-products 
have been well known procedures for many years. However, several researchers 
have suggested various novel methods for the production of fi sh sauce by utilizing 
seafood by-products as raw material (Klomklao et al.  2006 ; Xu et al.  2008 ; Takano 
et al.  2012 ). Lopetcharat and Park ( 2002 ) reported a procedure for unripened fi sh 
sauce production using Pacifi c whiting and surimi by-products within a shorter 
period than the traditional method. The results of the study show that the procedure 
developed gives a product equivalent to the commercial fi sh sauce available on the 
market in terms of total nitrogen, soluble solids, and relative gravity. These authors 
suggest that the appropriate color could be developed by subjecting the unripened 
product to a ripening process. 

23 Applications of Seafood By-products in the Food Industry and Human Nutrition



488

 Furthermore, two types of fi sh sauces have been developed using waste from 
kamaboko processing factories in Japan recently (Takano et al.  2012 ). Whole fi sh 
and wastes removed from kamaboko production were minced and mixed with soy 
sauce koji (prepared by incubating a mixture of steamed defatted soybean and 
roasted wheat in a 1:1 ratio with  Aspergillus oryzae ), salt, and water to produce one 
type of fi sh sauce, named “waste sauce”, whereas minced whole fi sh and waste were 
mixed with deep-sea smelt meat, salt, and water to produce the other type of sauce, 
called “mixed sauce”. Fermentation was done for 6 months with stirring by paddles 
at 2-week intervals, followed by fi ltering to separate the sauces from the fermented 
mixture. The study revealed that the kamaboko waste-incorporated fi sh sauce has 
less off-fl avor, less fi shy odor, and higher umami taste, with an agreeable soy sauce- 
like fl avor (Takano et al.  2012 ). 

 Squid by-products have also been reported as a potential raw material to produce 
good quality fi sh sauce (Xu et al.  2008 ). In this study, three processing methods 
have been studied to produce low-salt fi sh sauce using squid by-products, such as 
heads, viscera, skin, and fi ns. According to the results, the authors have reported 
that the best method for processing squid by-products involves autolysis and mixing 
with salt, koji, and fl avourzyme prior to fermentation. In addition, acceptable sen-
sory qualities have been recorded for mixing with salt, koji, and fl avourzyme with-
out autolysis, suggesting that the by-products of squids can be effectively used for 
the production of fi sh sauce.   

4     Food Applications of Seafood-Derived By-products 

4.1      Fish Oil 

 Benefi cial functional and nutritional properties of fi sh oil have led to its incorpora-
tion in food or the modifi cation of food processing raw materials, such as margarine 
spread, milk, sausages, meat, snacks, and cheese. 

4.1.1      Modifi cation of Livestock and Fish Feed to Improve Lipid Profi les 
of Animal-Derived Food Products 

 In general, it is accepted that the composition of animal-derived food can be modi-
fi ed through the alteration of feed, up to a certain extent. Livestock and aquatic 
animal feed can be enriched with fi sh oil in order to improve the lipid profi le of 
meat, fi sh, milk, and eggs obtained from these animals (Bimbo  2009 ; Kouba and 
Mourot  2011 ; Tyagi et al.  2011 ). 

 Many studies have been conducted to enrich milk with fi sh oil and to evaluate the 
effect of the nutritional status of consumers (Lovegrove et al.  1997 ; Metcalf et al. 
 2003 ; Timm-Heinrich et al.  2004 ; Let et al.  2007 ; Romeo et al.  2011 ). Modifi cation 
of the lipid profi le of milk is of greater importance than other animal products 
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because milk fat is a major ingredient in producing various dairy products, such as 
cheese, butter, and paneer. Feed and drinking water fortifi ed with fi sh oil have been 
successfully used to improve the lipid profi le of cow’s milk and value-added dairy 
products (AbuGhazaleh and Holmes  2007 ; Bobe et al.  2007 ; Bu et al.  2007 ; Murphy 
et al.  2004 ; Osborne et al.  2008 ). 

 Feeding layers with fi sh oil (rich in essential fatty acids) supplemented feed can 
be recognized as an easier and appealing method for favorably modifi cation of the 
lipid profi le of chicken eggs (Bovet et al.  2007 ; Cachaldora et al.  2008 ; García- 
Rebollar et al.  2008 ; Fraeye et al.  2012 ). Increasing the fi sh oil content in the feed 
of layer chicken results in an increase of n-3 fatty acids in egg yolk (García-Rebollar 
et al.  2008 ). In their study, García-Rebollar et al. ( 2008 ) reported that a 15–17-g/kg 
increase of marine fi sh oil in feed resulted in a signifi cant increase in n-3 fatty acids 
in the egg yolk of laying hens. Furthermore, these modifi cations in feed have been 
reported to not having any negative impact on the sensory attributes of chicken eggs. 
Moreover, improvement in the fatty acid profi le of chicken eggs is refl ected by the 
alterations of the lipid profi le of humans fed with these modifi ed eggs. For example, 
Bovet et al. ( 2007 ) reported that the consumption of enriched eggs (5 g of fi sh oil 
mixed with 100 g of feed) was associated with a signifi cant decrease (16–18 %) in 
serum triacylglycerols. 

 According to Hallenstvedt et al. ( 2010 ), pigs fed with a mixture of mackerel, 
sardines, and anchovy oils with proportions in the range 0.0–0.7 % showed a signifi -
cant impact on the fatty acid composition in pork, based on their gender. Sows 
demonstrated a higher percentage of monounsaturated fatty acids (C18:1) compared 
to boars. Furthermore, 0.7 % fi sh oil in feed resulted in a slight increase in fi sh oil 
fl avor in pig belly over a long storage period (12 months at −80 °C or 6 months at 
−20 °C). Bryhni et al. ( 2002 ) reported that, when 0.4 % fi sh oil is used in swine 
feed, the sensory qualities of meat from the loin are not altered. Accordingly, low 
levels of fi sh oil (below 0.7 %) in swine feed can be used to improve the lipid profi le 
of pork without resulting in a negative effect on the sensory qualities of pork. 
A common problem encountered in animal products following the provision of fi sh 
oil-based feed is the alteration of organoleptic properties, mainly the formation of 
off-fl avor (fi shy odor) in meat, milk, and eggs. This problem is very common when 
fi sh oil has been incorporated beyond certain levels in the feed. Kolanowski et al. 
( 1999 ) reported that the enrichment of fi sh oil at high levels (more than 0.1 %, 
which provides 0.03 % EPA and DHA) in milk strongly decreases its palatability. 
Therefore, it is advisable to incorporate fi sh oil with fl avored milk products, which 
can mask unpleasant fi shy fl avors (Kolanowski et al.  1999 ; Kolanowski et al.  2007 ).  

4.1.2     Application of Fish Oil in Sausages 

 Due to the unique food structure (meat emulsion), the incorporation of fi sh oil in 
sausages is relatively easy. The production of sausages by replacing vegetable fat 
and animal fat in sausage emulsion with fi sh oil has been tested by many researchers 
(Table  23.2 ). The fi ndings from many studies suggested that it is possible (in both 
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technological and sensory aspects) to use fi sh oil as a substitute to enrich sausages 
with essential PUFAs (Metcalf et al.  2003 ; Valencia et al.  2006 ,  2008 ; Muguerza 
et al.  2004 ; Cáceres et al.  2008 ; Josquin et al.  2012 ).

4.1.3        Application of Fish Oil in the Production of Cheese 

 Fish oil has been effectively utilized in producing cheese. The highest level of fi sh 
oil (8.69 mg/g) retention in cheese curd has been observed when fi sh oil was added 
during the salting process of cheddar cheese under high hydrostatic pressure 
(Bermúdez-Aguirre and Barbosa-Cánovas  2011 ,  2012 ). Bermúdez-Aguirre and 
Barbosa-Cánovas ( 2012 ) also reported that non-thermal approaches such as high 
hydrostatic pressure, pulsed electric fi elds, and ultrasound can be used to retain 
more fatty acids from fi sh oil in queso fresco cheese. Non-thermal methods are 
advantageous, as the thermal oxidation of essential fatty acids in both fi sh oil and 
cheese can be minimized with non-thermal unit operations. Furthermore, for moz-
zarella cheese, adding microencapsulated fi sh oil during curdling and the use of 
high hydrostatic pressure have been identifi ed as the best methods to achieve maxi-
mum retention of fi sh oil (Bermúdez-Aguirre and Barbosa-Cánovas  2012 ). 

 Identifying the maximum level of fi sh oil that can be added without altering the 
sensory characteristics beyond threshold levels is vital for the successful incorpora-
tion of fi sh oil into cheese. The aroma and fl avor of the fi sh oil-incorporated cheese 
were less preferred by panelists when compared to that of fl axseed oil-incorporated 
cheese (Bermúdez-Aguirre and Barbosa-Cánovas  2011 ). In addition, processed 
cheese slices containing a high level of non-encapsulated fi sh oil (10 g fi sh oil/kg) 
has been reported to have fi shy odor (Ye et al.  2009 ). Kolanowski et al. ( 2007 ) also 
reported the development of unacceptable fi shy off-fl avor in fi sh oil-incorporated 
processed cheese. The oxidation of fi sh oil during the processing of cheese may lead 
to unacceptable fl avor development in the fi nal product (Ye et al.  2009 ). However, 
off-fl avor and off-odor problems in fi sh oil-incorporated cheese can be avoided by 

   Table 23.2    Recent literature on the incorporation of fi sh oil in sausages   

 Type of sausage  Form of fi sh oil used 
 Level of fi sh oil in the 
fi nal product  References 

 Mortadella (Spanish 
bologna-type 
sausage) 

 Fish oil pre-emulsifi ed 
with caseinates and 
water 

 1–6 %  Cáceres et al. ( 2008 ) 

 Fresh pork sausages  Fish oil (omega-3 18:12)  15 % pork back fat 
substitution 

 Valencia et al. ( 2008 ) 

 Dry fermented pork 
sausages 

 Deodorized fi sh oil  Valencia et al. ( 2006 ) 
 Muguerza et al. ( 2004 ) 

 Dutch-style 
fermented- beef 
sausages 

 Pure, pre-emulsifi ed, or 
encapsulated fi sh oil 

 15 % and 30 % pork 
back fat substitution 

 Josquin et al. ( 2012 ) 

 Encapsulated fi sh oil  5 % and 20 % pork 
back fat substitution 

 Pelser et al. ( 2007 ) 

J.K. Vidanarachchi et al.



491

using moderate levels of fi sh oil and adding fl avor compounds to mask the fi shy 
fl avor (Kolanowski and Weißbrodt  2007 ; Hughes et al.  2012b ). Furthermore, many 
recent studies confi rmed that fi sh oil, when added in suitable amounts, can be used 
to improve the sensory as well as nutritive value of cheese without having negative 
effects on consumer preference (Ye et al.  2009 ; Bermúdez-Aguirre and Barbosa- 
Cánovas  2011 ,  2012 ).  

4.1.4     Fortifi cation of Yoghurt with Fish Oil 

 The fortifi cation of yoghurt with fi sh oil is possible with careful monitoring and 
control of the level of fi sh oil in the product and by adding fl avor compounds to 
mask the fi sh fl avor. Furthermore, the fortifi cation of yoghurt with fi sh oil is rela-
tively easy, as the food system of yoghurt is composed of fat. The fortifi cation of 
yoghurt with fi sh oil was recently tested by several researchers (Higuchi et al.  2008 ; 
Estrada et al.  2011 ; Rognlien et al.  2012 ; Sanguansri et al.  2013 ; Tamijidi et al. 
 2012 ). Estrada et al. ( 2011 ) showed that the fortifi cation of yoghurt with microen-
capsulated salmon oil before homogenization and pasteurization had no negative 
effect on the physicochemical properties, such as pH or syneresis, when compared 
to that of the control sample. However, Tamijidi et al. ( 2012 ) demonstrated that the 
acidity, apparent viscosity, and water-holding capacity were higher and the gel 
strength and amount of whey separation were lower in the fi sh oil-fortifi ed yoghurt 
when compared to that of the control.  

4.1.5     Incorporation of Fish Oil into Butter 

 As a food system made out of water in fat emulsion, butter is a potential food that 
could be incorporated with fi sh oil. Porsgaard et al. ( 2007 ) used an enzymatic inter-
esterifi cation method to successfully incorporate fi sh oil into butter. Positive nutri-
tional effects of fi sh oil-incorporated butter have been observed by Porsgaard et al. 
( 2007 ) and Overgaard et al. ( 2008 ). Porsgaard et al. ( 2007 ) reported that the intake 
of butter product with fi sh oil resulted in a higher level of n-3 PUFAs in plasma, 
erythrocytes, and liver of hamsters compared to the control group. Overgaard et al. 
( 2008 ) reported that the consumption of butter incorporated with fi sh oil resulted in 
a lower concentration of triacylglycerols in the plasma levels of humans compared 
to the control group.  

4.1.6     Nutrition Bars and Snacks Enriched with Fish Oil 

 The nutritional quality of nutrition bars and snacks could be further enhanced when 
incorporated with fi sh oil. Hughes et al. ( 2012a ) were able to produce consumer- 
acceptable fi sh oil-incorporated nutrition bars having an oxidative stability of over 
10 weeks. Pansawat ( 2007 ) reported that nutrition bars containing fi sh powder at a 
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concentration of 25 g per 100 g of extrusion mixture (dry basis) and fi sh oil at a 
concentration of 1.78 g per 100 g of extrusion mixture (dry basis) can be developed 
without reducing the consumer acceptability in terms of sensory qualities.  

4.1.7     Fish Oil in Mayonnaise and Salad Dressings 

 Mayonnaise and salad dressings are food products often made of oils and form a 
food system of emulsions of water and oil. The possibility of replacing oil in salad 
dressings with fi sh oil has been studied recently. Furthermore, many studies have 
been focused on the evaluation of oxidative stability and means to enhance the shelf 
life of fi sh oil-enriched mayonnaise and salad dressings (Takai et al.  2003 ; Timm- 
Heinrich et al.  2004 ; Sørensen et al.  2010a ,  b ). In general, cod liver oil has been 
used in these studies and the amount of fi sh oil used were varied in the range 4–14 % 
(Sørensen et al.  2010a ,  b ).  

4.1.8     Fish Oil as Functional Foods and in Nutraceutical Applications 

 Lipids (such as omega-3 fatty acids) from fi sh and fi sh waste can be used to produce 
fi sh oil capsules with potential use in other foods, bakery, and confectionary prod-
ucts (Freitas et al.  2012 ). The enrichment of bread and other bakery products with 
fi sh oil is widely utilized around the world, due to their increased content in eicosa-
pentaenoic acid and docosahexaenoic acid with functional properties (Kadam and 
Prabhasankar  2010 ). These functional ingredients can be added at different stages 
of the food production process (from processing to storage). Foods containing fi sh 
and fi sh by-products-derived oils rich in omega-3 fatty acids are commercially 
available in the developed countries, such as the United States, Japan, and some 
European countries (Kadam and Prabhasankar  2010 ; Freitas, et al.  2012 ). 
As explained in Sect.  4.1.1 , omega-3-enriched eggs with functional and desirable 
nutritional properties are also commercially available in many countries (Freitas 
et al.  2012 ). White bread enriched with omega-3 fatty acids in the form of gelatin-
coated fi sh oil is available in Denmark under the name of “Omega Bread” (Kadam 
and Prabhasankar  2010 ). Functional spaghetti pasta product enriched with refi ned 
marine oil (containing long-chain omega-3 fatty acids) and fi sh gelatin was reported 
to be an effective means of delivering these functional ingredients to humans 
(Verardo et al.  2009 ). Furthermore, spaghetti pasta enriched with long-chain 
omega-3 fatty acids possessed acceptable sensory characteristics (Iafelice et al. 
 2008 ). The incorporation of omega-3 oils in dairy products (such as milk and 
yoghurt), juices, and nutrition bars contributes to food quality by improving fl avor, 
aroma, color, texture, taste, and, also, nutritive value (carrier of fat-soluble vitamins: 
A, D, E. K) (Kadam and Prabhasankar  2010 ). Tahergorabi et al.( 2012 ) demonstrated 
the feasibility in developing functional food products made out of muscle protein 
isolate recovered with isoelectric solubilization/precipitation from whole gutted 
rainbow trout fi sh (bones in, skin and scales on). These functional food products 
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were nutritionally enhanced with omega-3 PUFAs, with lower sodium and higher 
potassium content, while the color and textural properties were good and the gela-
tion properties were improved.   

4.2     Fish Enzymes 

 Fish enzymes derived from marine by-products have a wide range of applications in 
the food industry. 

4.2.1     Tenderization of Meat 

 Collagen and elastin are proteins that are known to increase the toughness of meat 
(Ponnampalam et al.  2002 ; Aoki et al.  2004 ; Lepetit  2008 ), and these proteins can 
be hydrolyzed using photolytic enzymes to result more tender meat products. The 
beef treated with partially purifi ed shrimp head extracts ( Pandalus borealis ) con-
taining mainly collagenase-like, trypsin-like, and elastase-like proteases has signifi -
cantly reduced the toughness of meat analyzed by the Warner–Bratzler shear force 
(Aoki et al.  2004 ). Similar results were observed by Kim et al. ( 2005 ), indicating a 
higher tenderness in shrimp sauce-treated pork during storage at 4 °C for 5 days 
compared to that of untreated pork. The temperature employed to store/treat meat 
can affect the activity of the added enzymes and, thereby, the degree of tenderizing 
achieved. For example, a study done by Kołodziejska et al. ( 1992 ) reported that the 
toughness of crude squid liver extract-treated, cooked squids mantle decreased by 
about 65 % (stored at 20 °C) and 40 % (stored at 4 °C) when compared to that of the 
untreated samples. In contrast to common methods that mainly target the hydrolysis 
of collagen and elastin, which are connective tissues, the study by Kołodziejska 
et al. ( 1992 ) achieved tenderness of meat mainly by hydrolyzing myosins, which are 
myofi brillar proteins. Therefore, crude squid liver enzyme extract is not suitable to 
be applied in tenderizing meat in which the myofi brillar fraction is important, for 
example, in the production of surimi. Table  23.3  shows some examples for the ten-
derization of meat by enzymes derived from marine by-products.

4.2.2        Hydrolysis of Collagen and Extraction of Gelatin 

 Enzymes can be used to pretreat raw materials during the extraction of collagen/
gelatin, as they can specifi cally target and hydrolyze unwanted components in raw 
materials, such as fat and hemoglobin, facilitating the removal of those compounds 
(Ofori  1999 ). For example, pepsin from all tuna species can hydrolyze hemoglobin 
in fi sh tissues at optimal conditions of pH 2.0 and 50 °C (Nalinanon et al.  2008a ). 

 During the extraction of collagen, the amount of soluble collagen content is 
increased when the enzymes are used to hydrolyze the cross-linked regions at the 
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telopeptide, resulting in an increase in the solubility of collagen in acid (Bama et al. 
 2010 ). Collagen has to be hydrolyzed to hot water-soluble gelatin fractions during the 
extraction of gelatin (refer to the extraction of gelatin and collagen). Thus, increase in 
the water solubility of collagen results in an increase of the yield of collagen and gela-
tin extracted (Nalinanon et al.  2007 ,  2008a ; Balti et al.  2011 ; Bougatef et al.  2012 ). 
For example, Nalinanon et al. ( 2007 ) reported that the yield of collagen extracted 
from bigeye snapper ( Priacanthus tayenus ) skin using acetic acid and bigeye snapper 
pepsin were 5.31 % and 18.74 % (dry basis), respectively. Similar results (almost 
three-fold increase in the yield of collagen/gelatin) from marine- derived enzymes 
were observed by Balti et al. ( 2011 ). They gained gelatin yields of 2.21 % (using 
acetic acid for 48 h) and 7.84 % (using crude smooth hound protease, 15 units/g 
alkaline-treated skin) from cuttlefi sh skin. However, enzymes may result in a reduc-
tion of yield and quality of gelatin/collagen due to the excessive hydrolyzation of 
proteins (Nalinanon et al.  2008b ; Phanturat et al.  2010 ). This problem can be solved 
by the use of enzyme inhibitors such as soybean trypsin inhibitor and pepstatin to 
inhibit the hydrolysis process at the desired levels (Nalinanon et al.  2008b ; Phanturat 
et al.  2010 ). Examples for the application of enzymes derived from marine by-prod-
ucts used in the extraction of gelatin and collagen are shown in Table  23.4 .

4.2.3        Bone Separation and Digestion 

 Fish enzymes can be used in the process of preparation of fi sh bone hydrolysate. 
The removal of remaining muscle parts in fi sh can be done by the use of fi sh enzymes 
to clean the fi sh bones for further processing. However, the removal of muscle 

   Table 23.3    Tenderization of meat by enzymes extracted from seafood by-products   

 Source of enzymes 
 Meat 
type used  Amount added 

 Treatment 
conditions  References 

 Shrimp head 
extracts 
( Pandalus 
borealis ) 

 Beef  Enzyme solution 
10 mL to meat 10 g 
(concentration of 
collagenase-like, 
trypsin-like, and 
elastase-like 
proteases extracted 
from shrimp heads) 

 1 h at 10 °C  Aoki et al.( 2004 ) 

 Liver extract of 
squid ( Illex 
argentinus ) 

 Squid 
mantle 

 0.02, 0.05, and 0.1 % 
of liver extract 

 24 h at 20 or 4 °C  Kołodziejska 
et al. ( 1992 ) 

 Sauce from shrimp 
processing 
by-products 

 Pork  Dip in sauce contain-
ing crude shrimp 
by-product extract 
for 3 min 

 20 ± 2 °C for 3 h, 
followed by 
storage at 4 °C 
for 5 days, 
wrapped in 
aluminum foil 

 Kim et al. ( 2005 ) 

 (Southern rough 
shrimp; 
 Trachypenaeus 
curvirostris ) 
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proteins by fi sh enzymes may not be effective compared to commercial or microbial 
enzymes. This could be due to the enzyme inhibitors present in the sarcoplasmic 
fraction of cod muscle (Gildberg et al.  2002 ). The separation of fi sh bones using 
mackerel intestine crude enzyme has also been reported by Kim et al. ( 2003 ). These 
researchers were able to obtain approximately 90 % bone recovery from hoki 
( Johnius belengerii ) after 6 h of extraction using crude enzymes of mackerel at 
optimum conditions of pH 9.0 and 40 °C. In this experiment, mackerel intestine 
crude enzyme yielded a higher rate of recovery compared to other commercial 
enzymes, such as subtilisin, trypsin, α-, and chymotrypsin (Kim et al.  2003 ). The 
cleaned and separated fi sh bones using fi sh enzymes can further be hydrolyzed 
using fi sh enzymes to produce hydrolyzed fractions with functional properties. For 
example, Jung et al. ( 2005 ) reported that heterogeneous enzyme extracted from the 
intestines of a carnivorous fi sh, bluefi n tuna ( Thunnus thynnus ), could degrade the 
hoki ( Johnius belengerii ) bone. They suggest that fi sh bone oligophosphopeptide 
prepared by the enzymatic degradation of bones could be utilized as a nutraceutical 
with a potential calcium-binding activity, which inhibits the formation of insoluble 
calcium phosphate, thus increasing the bioavailability of calcium extracted from 
fi sh bone (Jung et al.  2005 ).  

4.2.4     Rennet Substitute in Cheese Making 

 Rennet is the most commonly used enzyme for the coagulation of milk in cheese 
making. However, various studies have been employed to evaluate the applicability 
of new enzyme types, such as fi sh proteases, seed extracts, and fungal proteases to 
replace rennet (Talib et al.  2009 ; Merheb-Din et al.  2012 ). Some examples of marine 
by-product-derived enzymes and optimum processing conditions used in cheese 
production are shown in Table  23.5 .

   Table 23.4    Enzymes derived from marine by-products that have been used in gelatin and collagen 
extraction   

 Species and organ used 
in extraction 

 Compound 
extracted  Fish enzyme used  References 

 Bigeye snapper skin 
( Priacanthus tayenus ) 

 Gelatin  Bigeye snapper pepsin  Nalinanon 
et al. ( 2008b ) 

 Threadfi n bream skin 
( Nemipterus  spp.) 

 Collagen  Pepsin from the stomach of 
albacore tuna, skipjack 
tuna, and tongol 

 Nalinanon 
et al. ( 2008a ) 

 Bigeye snapper skin 
( Priacanthus tayenus ) 

 Collagen  Bigeye snapper pepsin  Nalinanon 
et al. ( 2007 ) 

 Smooth hound skin 
( Mustelus mustelus ) 

 Gelatin  Smooth hound crude acid 
protease extract 

 Bougatef 
et al. ( 2012 ) 

 Cuttlefi sh skin ( Sepia 
offi cinalis ) 

 Gelatin  Smooth hound crude acid 
protease extract 

 Balti et al. ( 2011 ) 
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   Enzymes from different marine by-products can result in cheese with different 
sensory qualities due to variation in the enzymes in the extract, which determines 
the type of peptides hydrolyzed and the types of peptide fractions produced (Visser 
et al.  1983 ; Kelly et al.  1996 ; Singh et al.  2004 ). For example, isotrypsin-like and 
isochymotrypsin-like enzymes, aminopeptidases, and carboxypeptidases A and B 
extracted from the hepatopancreas of the crustaceans  Munida  have been found to 
degrade the chymosin-derived β-casein fragment f193–209, one of the peptides 
associated with bitterness in cheese, thus resulting in the reduction of bitterness 
(Rossano et al.  2011a ). Furthermore, cathepsin B-like protease from clam viscera 
was reported to be more proteolytic and produced softer curd compared to calf ren-
net (Chen and Zall  1986 ). However, the sensory results of Colby cheese made out 
of tuna protease showed lower preference in terms of fl avor, texture, and overall 
acceptability compared to that of cheese made using rennet (Tavares et al.  1997 ). 

 The use of enzymes derived from marine by-products in cheese making has sev-
eral advantages over commercial enzymes. The cost of enzymes is lower when they 
are extracted from fi sh by-products. The ability of fi sh enzymes to function at low 
temperature is useful in cheese ripening, which is usually done at mild tempera-
tures. The ability of fi sh enzymes to hydrolyze undesirable compounds such as 
derived β-casein fragment f193–209 is also an advantage (Rossano et al.  2011a ).  

4.2.5     Production of Food-Grade Detergents 

 Enzymes are a good alternative to increase the cleaning power of a detergent (espe-
cially those used in the food industry) with minimum health and environmental 
hazards. However, not all enzymes can be used in detergents. They have to be com-
patible with the pH range of the detergent, which is usually alkaline. Therefore, 
alkaline-stable enzymes are used in detergents. Table  23.6  shows enzymes extracted 
from marine-derived by-products with potential application in detergents due to 
their alkaline stability.

   Table 23.5    Enzymes extracted from seafood by-products with potential application in the 
production of cheese   

 Source  Type of enzyme(s) in the extract 
 Type of 
cheese 

 Optimum 
conditions  References 

 Hepatopancreas of 
the crustaceans 
( Munida ) 

 Isotrypsin-like and 
 isochymotrypsin-like 
enzymes, aminopeptidases, 
and carboxypeptidases 
A and B 

 Not given  pH 7.5  Rossano et al. 
( 2011a ,  b )  40–45 °C 

 Crustaceans 
( Munida ) 

 Aspartic and cysteine proteases  Not given  pH 6.5–7.5  D’Ambrosio 
et al. ( 2003 )  55–60 °C 

 Clam viscera  Thiol protease such as cathepsin 
B-like protease 

 Cheddar 
cheese 

 Not given  Chen and Zall 
( 1986 ) 
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4.2.6        Extraction of Carotenoproteins from Seafood By-product-Derived 
Enzymes 

 Carotenoproteins are proteins bound with carotene, which can be found in the shells 
of crustaceans (Cianci et al.  2002 ; Pilbrow et al.  2012 ). Enzymes extracted from 
seafood by-products can be used to hydrolyze the shells and extract these caroteno-
proteins. Cano-Lopez et al. ( 1987 ) compared the yield of astaxanthin from shrimp 
wastes digested by Atlantic cod trypsin and bovine trypsin. Accordingly, cod tryp-
sin has resulted in more astaxanthin (64 %) compared to bovine trypsin (49 %). 
However, semi-purifi ed cod trypsin was not as effective as pure trypsin in facilitat-
ing the recovery of carotenoproteins from shrimp waste. Studies conducted to 
extract carotenoproteins using enzymes extracted from seafood by-products are 
shown in Table  23.7 .

   Carotenoids can be effectively used as natural colorants and antioxidants (Ötles 
and Çagindi  2008 ; Qian et al.  2012 ). According to epidemiological studies, high 
intake of foods rich in carotenoids is associated with decreased risk for some 

   Table 23.6    Enzymes extracted from seafood by-products with potential application in detergents   

 Enzyme  Source 
 Optimal pH and stable 
temperatures  References 

 Trypsin  Zebra blenny ( Salaria basilisca ) 
viscera 

 pH 9.5 and 60 °C  Ktari et al. ( 2012 ) 

 Proteases  Sea cucumber ( Stichopus japonicus ) 
digestive tract 

 pH 8 and pH 13.5  Fu et al. ( 2005 ) 
 Temperature not detected 

 Trypsin  Striped sea bream ( Lithognathus 
mormyrus ) viscera 

 pH 10 and 50 °C  El Hadj Ali 
et al. ( 2009 ) 

 Trypsin  Cuttlefi sh ( Sepia offi cinalis ) 
hepatopancreas 

 pH 8 and 70 °C  Balti et al .  ( 2009 ) 

 Proteases   Colossoma macropomum  viscera  pH 10–12 and 60 °C  Espósito 
et al .  ( 2009 ) 

 Trypsin  Goby ( Zosterisessor ophiocephalus ) 
viscera 

 pH 9 and 60 °C  Nasri et al .  ( 2012 ) 

   Table 23.7    Use of enzymes from seafood by-products in extracting carotenoproteins   

 Source of carotenoproteins 
 Type and origin 
of the enzyme  Conditions used  References 

 Black tiger shrimp shells  Bluefi sh trypsin  1.2 trypsin units/g 
shrimp shells, kept 
for 1 h at 25 °C 

 Klomklao 
et al.( 2005 ) 

 Shrimp shells 
( Parapenaeus 
longirostris ) 

 Trypsin barbel 
 (Barbus callensis ) 

 1.0 U barbel trypsin/g 
shrimp shells, kept 
for 1 h at 30 °C 

 Sila et al.( 2012 ) 

 Shrimp wastes  Atlantic cod trypsin  25 mg cod trypsin 
containing 0.5 N 
EDTA at 4 °C 

 Cano-Lopez 
et al.( 1987 ) 
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cancers, cardiovascular disease, age-related macular degeneration, and cataracts 
(Gerster  1993 ; von Lintig  2010 ). Preventing oxidative damage, quenching singlet 
oxygen, altering transcriptional activity, and serving as precursors for vitamin A 
have been identifi ed as physiological mechanisms which render all these health 
benefi ts of carotenoids (Qian et al.  2012 ). In a review, Agarwal et al. ( 2012 ) 
described in detail the effects of carotenoids, with special emphasis on cardiovascu-
lar diseases.   

4.3      Utilization of Chitin, Chitosan, and Their Oligosaccharides 
in the Food Industry 

 Chitin, chitosan, and their oligosaccharides can be considered as natural materials 
with antioxidant, antibacterial, and antifungal properties. Also, due to their biocom-
patibility, biodegradability, non-toxicity, and bioadhesion nature, they have attracted 
the attention of many industries other than the food industry, such as pharmaceuti-
cal, cosmetics, medical, wastewater treatment, paper fi nishing, photographic paper, 
and in agriculture (Vidanarachchi et al.  2009 ; Alishahi and Aïder  2012 ). 

4.3.1     Antioxidant Activity of Chitin, Chitosan, and Chitooligosaccharides 

 Substances that delay or avert the oxidation of substrates and present in food at 
minute concentrations compared to the oxidizable substrate are considered as anti-
oxidants. Thereby, the degradation of food quality and nutritive value of food can be 
controlled (Halliwell et al.  1995 ; Shahidi  2000 ). Antioxidants can be categorized 
into two groups, as primary and secondary antioxidants. Primary antioxidants are 
compounds with phenolic groups which react at the initial stages of oxidation by 
behaving as H donors. The metal-chelating molecules are the second group which 
exert their effect on the catalysis of oxidative reactions (Agulló et al.  2003 ). It has 
been found that chitin and chitosan can behave as secondary antioxidants. Kamil 
et al. ( 2002 ) observed effective inhibition of lipid oxidation of cooked comminuted 
herring ( Clupea harengus ) with different molecular weight chitosans. These authors 
suggested that the observed antioxidant activity of chitosan is due to their metal 
chelating activity, where chitosan behaves as a secondary antioxidant. The abun-
dance of amine groups in chitosan molecules has resulted in its ability to chelate 
iron (Peng et al.  1998 ; Winterowd and Sanford  1995 ). 

 Park et al. ( 2004 ) evaluated the free radical scavenging activity of deacetylated 
heterochitosans against 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals, alkyl radi-
cals, hydroxyl radicals, and superoxide radicals using an electron spin resonance 
spectrometer, and found that the scavenging activity of deacetylated heterochitosans 
increased with increasing alkyl radicals. Furthermore, the same authors also 
observed that chitosan with 90 % deacetylation has the highest radical scavenging 
activity. Chitobiose and chitotriose obtained by partial hydrolysis of chitosan have 
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been evaluated for their antioxidant activity (Chen et al.  2003 ). Chitobiose and 
 chitotriose have shown higher hydroxyl radical scavenging activity than that of the 
three reference compounds aminoguanidine, pyridoxamine, and trolox (Chen et al. 
 2003 ). The same authors also found that exerting an antioxidant activity presence of 
more than two amino groups in chitooligosaccharides is important. Huang et al. 
( 2006 ) concluded that the ability of H donation by chitosan and its derivatives is 
important for the scavenging of DPPH and carbon-centered radicals. In addition, the 
Fe 2+  binding activity helps in the H donation activity of chitosan and it derivatives 
during the latter part of the reaction. The antioxidant activity of carboxymethyl 
chitosan has been evaluated recently and it has been found that the DPPH radicals 
and superoxide radicals scavenging activities of carboxymethyl chitosan are higher 
than that of chitosan (Zhao et al.  2011 ). Furthermore, the Fe 2+  chelation ability of 
carboxymethyl chitosan reaches 100 % at a concentration of 1.2 mg/mL, and, at the 
same concentration, chitosan showed only 22 % chelation activity. Thus, the use of 
carboxymethylation of chitosan could be a promising way to maximize the func-
tional properties of chitosan in applications of the food and nutraceuticals industries 
(Zhao et al .   2011 ). Furthermore, Xing et al. ( 2005 ) evaluated the effect of different 
molecular weights of chitosan and sulfated chitosan derivatives on superoxide, 
hydroxyl radicals scavenging, and reducing power and ferrous ion chelating activi-
ties. It has been observed that the chitosan with low molecular weight has shown 
strong scavenging activity on superoxide and hydroxyl radicals. Among similar 
molecular weight chitosan and sulfated chitosan molecules, sulfated chitosan has 
shown a marked increase of scavenging activities compared to chitosan. In the same 
study, Xing et al. ( 2005 ) showed that both chitosan and sulfated chitosan possess 
considerable reducing power and different ion binding activities, depending on the 
molecular weights. 

 Researchers have attempted to produce new derivatives of chitosan by introduc-
ing phenolic groups into the chitosan molecule. Thereby, the chitosan molecule can 
be exploited as both primary and secondary antioxidants (Agulló et al.  2003 ). 
Substituting groups may have an effect on the antioxidant activity of chitosan and its 
derivatives by affecting its charge properties. Fras-Zemljič et al. ( 2011 ) introduced 
two chemically similar phenolics, namely fi setin and quercetin, to chitosan- based 
viscous fi ber and they observed a signifi cant increase of the antioxidant activity of 
such fi bers. Ngo et al. ( 2011 ) synthesized a novel derivative of chitooligosaccha-
rides (COS) by covalently linking gallic acid and COS (gallate-COS) via carbodi-
imide to discover the antioxidant activity at the cellular level. It was found that COS 
and gallate-COS are non-toxic and could inhibit oxidative damage to lipids, pro-
teins, and DNA in RAW264.7 cells. Furthermore, gallate-COS suppressed the ROS, 
increased the expression of the level of intracellular antioxidant enzymes (superox-
ide dismutase and Glutathione), and induced the activation of the nuclear transcrip-
tion factor in oxidative stress-induced RAW264.7 cells. Based on these fi ndings, the 
authors concluded that gallate-COS can be used effectively as a natural antioxidant 
in the functional food and pharmaceutical industries. Recently, Torres et al. ( 2012 ) 
attached quercetin and rutin quinones chemically to low molecular weight chitosan 
(LMWC) and, subsequently, antioxidant properties have been evaluated with DPPH 
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and ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) methods, and 
found that modifi ed chitosan (Fig.  23.5 ) is superior compared to chitosan in regards 
to antioxidant activities. Furthermore, Cho et al. ( 2011 ) showed that chitosan gallate 
could effectively suppress lipid peroxidation in RAW264.7 macrophage cells and 
subdue the generation of intracellular ROS. Interestingly, the same researchers 
observed that chitosan gallate is capable of protecting DNA from damage caused by 
hydroxyl radicals. Moreover, chitosan gallate has increased the upregulation of pro-
tein expression of some of the antioxidant enzymes, such as superoxide dismutase-1 
and glutathione reductase, under H 2 O 2 -mediated oxidative stress in RAW264.7 
macrophage cells (Cho et al.  2011 ). Therefore, as a derivative of chitosan, chitosan 
gallate could be a natural substance that can be exploited in the food and nutraceuti-
cal industries as a potent antioxidant.

4.3.2        Antibacterial Activity of Chitin, Chitosan, 
and Chitooligosaccharides 

 Kong et al. ( 2010 ) carried out a detailed review of the antibacterial effects of chito-
san, which included an in-depth analysis of the microbial factors, intrinsic factors, 
physical state, environmental factors, mode of antibacterial effect of chitosan, and 
antimicrobial application of chitosan and its derivatives in the food, medical, and 
textile industries. Vinsova and Vavrikova ( 2011 ) reviewed the antimicrobial activity 
of chitosan derivatives. Hence, the current chapter mainly emphasizes the recent 
antibacterial advances of chitosan and its derivatives in the food sector. 

 Interestingly, chitosan shows a wide spectrum of antimicrobial activity against 
Gram-positive and Gram-negative bacteria, and, more importantly, low toxicity lev-
els toward mammalian cells (Kong et al.  2010 ). However, chitosan has illustrated a 
stronger antibacterial activity against Gram-negative bacteria than Gram-positive 
bacteria (No et al.  2002 ; Chung et al.  2004 ). In contrast to that, some authors have 
found that Gram-positive bacteria are more susceptible than Gram-negative bacteria 
for chitosan (Zhong et al.  2008 ). Gram-negative bacteria are inhibited by chitosan 
through the interaction of polycationic amino groups with anionic components of 
the bacterial surface and, thereby, changing its permeability (Tao et al.  2011 ). 
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Another mode of action proposed to explain the antibacterial activity of chitosan is 
its ability to form a membrane around the bacteria, which prevents the absorption of 
nutrient by bacterial cells (Liu et al.  2004 ). The difference in zeta potential between 
the surface of LMWC particles and the bacteria has an effect on the antioxidant 
activity of chitosan. A study which evaluated the effect of LMWCs on three strains 
of  Staphylococcus aureus  and two strains of  Escherichia coli  showed differential 
sensitivities to LMWCs (Chen et al.  2012 ). This study revealed that the cationic 
charge of LMWCs is primarily responsible for its antibacterial effect against three 
strains of  S. aureus  (Chen et al.  2012 ). The antimicrobial activities of both commer-
cial chitosan and chitosans extracted from shrimp ( Metapenaeus stebbingi ) shell 
wastes have been tested in vitro by using the disk diffusion method with standard 
microorganisms of  Pseudomonas putida ,  Pseudomonas fl uorescens ,  Vibrio para-
haemolyticus ,  Staphylococcus epidermidis ,  Staphylococcus aureus ,  Escherichia 
coli ,  Listeria monocytogenes ,  Enterecoccus faecalis , and  Aeromonas caviae . The 
results showed that chitosan has different antibacterial effects, depending on the 
chitosan concentration, solvent material, and bacteria type. For example, an anti-
bacterial effect has been observed on all types of bacteria except  E. coli  in the range 
of 0.10 % and 0.50 % chitosans (both commercial and extracted) concentrations. 
These results suggest the potent use of chitosan in food preservation as a natural 
antibacterial agent (Küçükgülmez et al.  2012 ). Chitin, chitosan, and its oligomers 
N-acetyl chitooligosaccharides and chitooligosaccharides have been tested for their 
antibacterial effect against Gram-positive bacteria:  Staphylococcus aureus  ATCC 
25923,  S. aureus  ATCC 43300,  Bacillus subtilis  and  Bacillus cereus , and seven 
Gram-negative bacteria:  Escherichia coli  ATCC 25922,  Pseudomonas aeruginosa  
ATCC 27853,  Salmonella typhimurium ,  Vibrio cholerae ,  Shigella dysenteriae , 
 Prevotella melaninogenica , and  Bacteroides fragilis , and two anaerobic bacteria, 
namely  P. melaninogenica  and  B. fragilis  (Benhabiles et al.  2012b ). Chitin has 
shown a bacteriostatic effect on Gram-negative bacteria,  E. coli  ATCC 25922, 
 V. cholerae ,  S. dysenteriae , and  B. fragilis . A bacteriostatic effect of chitosan has 
been observed on all the bacteria tested, except  S. typhimurium . Nevertheless, chi-
tosan oligomers exhibited a bactericidal effect on all the bacteria tested. Therefore, 
the possibilities of using chitooligomers have potent advantages due to their high 
antibacterial effect and ready solubility in water (Benhabiles et al.  2012b ). 

 A recent study revealed the possibility of the use of chitosan in food packaging. 
The effect of arginine-functionalized chitosan has been evaluated against  E. coli  
O157 in chicken drip (liquid accumulated inside package) stored at 4 °C and 40 °C. 
It has been found that arginine-functionalized chitosan effectively reduces the 
 E. coli  O157 in a dose-dependent manner (Lahmer et al.  2012 ). In addition, it sup-
pressed the growth of spoilage bacteria and off-odor produced by bacteria. Thus, the 
results suggest the possible use of arginine-functionalized chitosan in fresh chicken 
meat packaging to overcome the risk of food poisoning and to extend the shelf life 
of chicken meat (Lahmer et al.  2012 ). Another study has focused on the effect of 
chitosan for the extension of shelf life of fi lleted tilapia. Tilapia fi llets inoculated 
with bacteria ( Pseudomonas ,  Aeromonas , and  Staphylococcus ) isolated from tilapia 
spoiled fi sh muscle were treated with 5.0 g/L chitosan. The results revealed a wide 
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spectrum of antibacterial effects of chitosan and it extended the shelf life of tilapia 
fi llets to up to 12 days at 4 °C, whereas untreated tilapia showed a shelf life of 6 days 
at the same storage conditions (Cao et al.  2012 ).  

4.3.3     Antifungal Activity of Chitin, Chitosan, and Chitooligosaccharides 

 Agricultural products can be contaminated with toxigenic fungi and the occurrence 
of mycotoxins causes serious economic losses and harmful effects to humans and 
animals. The antifungal activity of chitosan has been evaluated both in vitro and in 
vivo in several studies, although chitosan’s activity against fungi has been shown to 
be less effi cient compared to its activity against bacteria (Tsai et al.  2000 ). 

 Chitosan exerts its fungistatic activity against  Sclerotinia sclerotiorum ,  Botrytis 
cinerea ,  Alternaria alternata ,  Colletotrichum gloeosporioides ,  Monilinia fructic-
ola ,  Penicillium digitatum ,  Rhizopus stolonifer , and  Aspergillus niger , etc., causing 
damage to the microbial cell membrane and altering the morphology of fungi (Cota- 
Arriola et al.  2011 ). Chitosan prepared from shrimp waste and commercial chitosan 
have been evaluated against  Aspergillus niger , and both types of chitosans inhibited 
the growth of fungus by 47 % and 56 % compared to the control, respectively 
(Martínez-Camacho et al.  2001 ). In order to extend the shelf life of food items, coat-
ing them with chitosan fi lms has been evaluated extensively. Chitosan added with 
3 % lemon essential oil has shown signifi cant antifungal activity during the cold 
storage of strawberries inoculated with a spore suspension of  Botrytis cinerea  
(Perdones et al.  2012 ). The coating of strawberries with pure chitosan reduced the 
growth of bacterium compared to the control. The addition of lemon essential oil 
has signifi cantly improved the antifungal activity of chitosan. However, coated 
strawberries with chitosan containing lemon essential oil signifi cantly reduced the 
typical strawberry aroma and fl avor compared to the chitosan-coated and control 
samples. This was due to the masking effect exerted by the lemon essential oil 
(Perdones et al.  2012 ). The antifungal effect of chitosan with or without essential 
oils of bergamot, thyme, and tea tree oil was evaluated with oranges inoculated with 
 Penicillium italicum  CECT 2294 (105 spores/mL) (Cháfer et al.  2012 ). The fi ndings 
revealed that the chitosan coating containing tea tree oil showed a 50 % reduction of 
infection of fruit with the inoculated fungus compared to the control. However, 
chitosan alone has not shown any antifungal activity against  P. italicum  (Cháfer 
et al.  2012 ). This demonstrates the importance of the combination of plant-derived 
oils with chitosan in order to enhance its effectiveness in terms of antifungal activ-
ity. In general, the coating of food products extends the shelf life by reducing respi-
ration and moisture loss. The enhanced antimicrobial effect of chitosan fi lms added 
with essential oils could be due to the antimicrobial effect of essential oils. 

 Zahid et al. ( 2012 ) evaluated the antifungal activity of chitosan and chitosan- 
loaded nanoemulsions on anthracnose caused by  Colletotrichum  spp. on different 
tropical fruits. Chitosan at a concentration of 1–5 % inhibited the radial mycelial 
growth, conidial germination, sporulation, and dry weight of mycelia for 
 Colletotrichum musae  and  Colletotrichum gloeosporioides . For banana, chitosan 

J.K. Vidanarachchi et al.



503

at 1.0 % concentration with a droplet size of 200 nm, and for papaya and dragon 
fruits, a droplet size of 600 nm delayed the anthracnose occurrences and maintained 
the quality of fruits for up to 28 days during cold storage (Zahid et al.  2012 ). This 
could be due to the direct contact of chitosan with the fungal cell wall, causing chi-
tosan to penetrate the fungal cell and invoke confi gurational changes of the DNA, 
which ultimately inhibits the synthesis of m-RNA and proteins (Hadwiger and 
Loschke  1981 ). Furthermore, the chelating activity of chitosan towards metals, 
spore elements, and essential elements retard the microbial growth (Cuero et al. 
 1991 ; Al-Hetar et al.  2010 ).  

4.3.4     Other Functional and Nutraceutical Properties of Chitosan 
and Its Derivatives 

 Chitosan and its derivatives also possess other valuable functional properties, such 
as hypocholesterolemic, immunostimulating, antitumor and anticancer effects, 
accelerating calcium and iron absorption, anti-infl ammatory, and angiotensin-I- 
converting enzyme, etc. Furthermore, chitin, chitosans, and chitooligosaccharide 
derivatives may have potential functional applications in the food industry as gell-
ing agents, emulsifying agents, food preservatives, and dietary fi ber (Freitas et al. 
 2012 ). Commercial functional products such as chitosan capsules are available in 
Korea, Japan, China, and Norway. Edible chitosan fi lms have also been prepared for 
food storage due to its antimicrobial activity (Xia et al.  2011 ). Food products includ-
ing soybean paste, potato chips, and noodles with added chitosan are available 
as cholesterol-lowering functional foods (Borderías et al.  2005 ). Xia et al. ( 2011 ) 
performed a detailed review of the biological activities of chitosan and chitooligo-
saccharides. Furthermore, another comprehensive review describes the hypocholes-
terolemic, immunomodulating, blood hemostasis, anticancer, and antidiabetes 
effect of chitosan and its derivatives (Zhang et al.  2010 ). Moreover, Vidanarachchi 
et al. ( 2009 ) also discussed in detail the applications of chitin, chitosan, and their 
chitooligosaccharides in the food industry.   

4.4      Food Applications of Gelatins Extracted from Fish 
and Aquatic Invertebrates 

 Gelatin is considered a highly digestible dietary food, ideal as a complement in 
certain types of diet. Furthermore, gelatin has found wide applications not only in 
the food but also in the materials, pharmaceuticals, photographic, and cosmetics 
industries over many years due to its unique chemical and physical properties 
(Yang et al.  2007 ; Binsi et al.  2009 ; Tabarestani et al.  2010 ). There is an increasing 
demand from the food industry for alternative collagen/gelatin sources, such as fi sh 
and aquatic invertebrates-derived gelatin compared to traditional pork or beef 

23 Applications of Seafood By-products in the Food Industry and Human Nutrition



504

gelatin due to having fewer religious and sociocultural barriers (Islam, Hinduism, 
and Judaism) and health concerns related to diseases such as mad cow disease. This 
could potentially provide a greater economic return for fi shermen and fi sh proces-
sors, since by-products from fi sh and aquatic invertebrates-based industries such as 
skin, bones, and scales of teleosts, selachians, and mollusks can be considered as 
valuable alternative sources for collagen/gelatin. This also helps in reducing waste 
and pollution caused by the marine industries (Kim and Mendis  2006 ; Bae et al. 
 2009 ; Boran et al.  2010 ; Zhu et al.  2010 ). Some examples for marine fi sh and 
aquatic invertebrates-derived by-products used in extracting collagen/gelatin are 
illustrated in Table  23.8 . Although gelatin from warmwater fi sh species possesses 
physical properties more similar to those of mammalian gelatin, coldwater fi sh gela-
tin (which represents the majority of the industrial fi sh gelatin) has low gelation and 
melting temperatures and low gel modules (Bae et al.  2009 ). Hence, the commercial 
interest to date in gelatin extracted from coldwater fi sh species has been constrained 
to a considerable extent. However, gelatins from warmwater fi sh species have phys-
ical properties more similar to those of mammalian gelatins. The differences in the 
physical properties of mammalian and coldwater fi sh gelatins are due to the lower 
content of amino acids proline and hydroxyproline in coldwater fi sh gelatin (Bae 
et al.  2009 ). Fishy odor and certain rheological properties of fi sh-derived gelatin 
may also contribute to its limited applications in the food industry (Cheow et al. 
 2007 ; Gómez-Guillén et al.  2007 ). However, fi sh and aquatic invertebrate-derived 
collagen/gelatin has been utilized or has great potential in various applications in 
the food industry, including confectionary, dairy, and meat products. Other than 
providing specifi c product properties in these foods, such as chewiness, gelling, and 
mouth feel, another advantage of food-grade fi sh gelatin is lower or no risk to fi sh- 
allergic subjects (Hansen et al.  2004 ).

   Table 23.8    Examples of fi sh and aquatic invertebrate-derived by-products used in extracting 
collagen/gelatin   

 Aquatic species  By-product(s)  References 

 Giant red sea cucumber 
( Parastichopus californicus ) 

 Skin and connective tissues  Liu et al. ( 2009 ) 

 Deep-sea redfi sh ( Sebastes mentella )  Skin, scales, and bones  Wang et al. ( 2008 ) 
 Lizardfi sh ( Saurida  spp.)  Scales  Wangtueai and 

Noomhorm ( 2009 ) 
 Sin croaker ( Johnius dussumieri )  Skin  Cheow et al. ( 2007 ) 
 Shortfi n scad ( Decapterus macrosoma )  Skin  Cheow et al. ( 2007 ) 
 Alaska pink salmon ( Oncorhynchus 

gorbuscha ) 
 Skin  Chiou et al. ( 2006 ) 

 Giant squid ( Dosidicus gigas )  Skin  Uriarte-Montoya 
et al. ( 2011 ) 

 Bigeye snapper ( Priacanthus tayenus )  Skin  Rattaya et al. ( 2009 ) 
 Cuttlefi sh ( Sepia pharaonis )  Skin  Aewsiri et al. ( 2009 ) 
 Skipjack tuna ( Katsuwonus pelamis )  Fins  Aewsiri et al. ( 2008 ) 
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4.4.1       Edible Gelatin Films/Coatings from Fish and Aquatic 
Invertebrate By-products 

 There is an increasing demand for edible and biodegradable fi lms with potential in 
extending the shelf life and improving the quality of food products during storage. 
Generally, fi sh gelatin possesses excellent fi lm-forming properties (Karim and Bhat 
 2009 ). However, the quality of a food-grade gelatin depends to a large extent on its 
rheological properties (mainly gel strength), absence of color and fl avor, and easy 
dissolution (Gómez-Guillén et al.  2007 ). These properties of marine gelatin can be 
signifi cantly varied according to the type of raw materials used in isolating marine 
derived-gelatin (Gómez-Guillén et al.  2002 ). The quality of fi sh gelatin fi lms can 
be improved by various approaches, including the use of enzymes, addition of salts 
and ultraviolet irradiation (Bhat and Karim  2009 ; Karim and Bhat  2009 ), blending 
of fi sh gelatin with other biopolymers, such as chitosan and pectin, and the addition 
of plasticizers, such as glycerol and sucrose (Bae et al.  2009 ). Plant extracts have 
also been reported to alter the physical properties of fi sh gelatin fi lms benefi cially. 
The addition of murta ( Ugni molinae  Turcz   ) leaves extracts into tuna fi sh ( Thunnus 
thynnus ) gelatin-based edible fi lms led to transparent fi lms with increased protec-
tion against UV light as well as the antioxidant capacity of the extract, demonstrat-
ing their wide potential applications in the food packaging industry (Gómez-Guillén 
et al.  2007 ). Seaweed ( Turbinaria ornata ) extract has been effectively utilized as the 
natural protein cross-linkers, in order to modify the properties (through modifi ca-
tion of the polymer network by the cross-linking of the polymer chains) of fi lm- 
forming gelatin from bigeye snapper skin (Rattaya et al.  2009 ). Moreover, edible 
fi lms with antimicrobial properties have also been produced from coldwater fi sh 
skin gelatin with added lysozyme, a food-safe antimicrobial enzyme (Bower et al. 
 2006 ; Gómez-Guillén et al.  2009 ). 

 Edible fi lms have been successfully manufactured from various fi sh and aquatic 
invertebrate by-products, such as surimi processing waste (Al-Hassan and Norziah 
 2012 ), skin of cod, haddock, and pollock fi sh species (Krishna et al.  2012 ), cuttle-
fi sh skin (Hoque et al.  2010 ), brownstripe red snapper skin, bigeye snapper skin 
(Jongjareonrak et al.  2006 ), and blue shark skin (Limpisophon et al.  2009 ), with 
acceptable physical and mechanical properties. Potential applications of these edi-
ble fi lms in the food industry may include the transport of gases (O 2  and CO 2 ), water 
vapour, and fl avors for fruits and vegetables, confectioneries, frozen foods, and 
meat products such as sausages (Jongjareonrak et al.  2006 ; Bae et al.  2009 ). 
Although the inherent fi shy odor of fi sh and aquatic invertebrate-derived gelatin 
may limit its application as edible fi lms and coatings in certain foods, gelatin derived 
from such by-products can be recognized as an ideal source in the manufacture of 
edible fi lms and coatings for seafood. A recent study revealed that the edible fi lms 
based on fi sh skin gelatin incorporated with chitosan and/or clove essential oil have 
improved the shelf life of raw sliced salmon (Gómez-Estaca et al.  2009 ). Moreover, 
fi sh gelatin melts more slowly than pork gelatin in the mouth (Choi and Regenstein 
 2000 ), and this feature may likely positively infl uence the sensory properties of the 
foods produced with fi sh gelatin edible fi lms.  
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4.4.2     Use of Gelatin Derived from Fish and Aquatic Invertebrates 
for Microencapsulation 

 The microencapsulation of food ingredients is often achieved with biopolymers of 
various sources, such as natural gums (gum Arabic, alginates, etc.), proteins (whey 
protein, gelatin, etc.), maltodextrins with different dextrose equivalences, waxes, 
and their blends. Gelatin possesses an encapsulating ability, which is useful in the 
spray drying of food matrixes as well (Gharsallaoui et al.  2007 ). Furthermore, the 
low gelation temperature of fi sh gelatin can provide advantages in the microencap-
sulation process, since the process can be carried out at lower temperatures (Karim 
and Bhat  2009 ). The incorporation of coldwater fi sh skin gelatin with gum Arabic 
(acacia gum) has been reported to provide many useful potential applications of fi sh 
gelatin in microcapsule formation (Yang et al.  2012 ). Fish gelatin has been utilized 
in the microencapsulation of vitamins, colorants, and other pharmaceutical addi-
tives, such as azoxanthine. It is also possible to microencapsulate food fl avors such 
as vegetable oil, lemon oil, garlic fl avor, apple fl avor, or black pepper with warmwa-
ter fi sh gelatin (Karim and Bhat  2009 ). Furthermore, soft gel capsules produced 
from fi sh gelatin has been widely used as nutrition supplements (Karim and Bhat 
 2009 ). However, applications of fi sh and aquatic invertebrate-derived gelatin in the 
microencapsulation food matrices have not yet been well developed.  

4.4.3     Gelatin Derived from Fish and Aquatic Invertebrates 
as an Emulsifi er and a Gelling Agent 

 The amphoteric characteristic of gelatin as well as its hydrophobic areas on the pep-
tide chain make it a strong emulsifying and forming agent (Galazka et al.  1999 ; 
Cheng et al.  2008 ). Unique melt-in-the-mouth properties and variety in texture and 
gel melting behavior of various gelatins offer opportunities for developing gelatin- 
based desserts (Zhou and Regenstein  2007 ; Gómez-Guillén et al.  2011 ). Desserts 
made from fi sh-derived gelatin from Alaskan pollock skin (by increasing the gelatin 
concentrations or by using gelatin mixtures) were found to be more similar to des-
serts made from high-bloom pork skin gelatin (Zhou and Regenstein  2007 ). 
Furthermore, the same researchers also found that the lower melting temperature in 
gel desserts made from the Alaskan pollock skin gelatins accelerated fl avor release in 
the gel desserts (Zhou and Regenstein  2007 ). The fl avored fi sh skin gelatin desserts 
were reported to possess less undesirable off-fl avor and off-odor and more desirable 
release of fl avor and aroma than the same product made with an equal bloom value, 
but higher melting point, pork gelatin (Choi and Regenstein  2000 ). The gelatin pro-
duced from the skin of fi sh living in cold waters does not gel at room temperature and 
its gelling temperature is below 8–10 °C. This feature limits the use of such gelatin 
as a gelling component in food production. However, enzyme treatments such as 
transglutaminase can improve such disadvantages of fi sh skin gelatin. For example, 
megrim and Baltic cod skin gelatin demonstrated better rheological properties after 
transglutaminase treatments (Kołodziejska et al.  2004 ; Gómez-Guillén et al.  2011 ). 
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Furthermore, reducing drip loss and impairing juiciness, which aid in improving the 
sensory and physicochemical properties of frozen fi sh or meat products when thawed 
or cooked, also seem possible with the use of fi sh-derived solubilized collagen and 
gelatin (Gómez-Guillén et al.  2011 ). Allam et al. ( 1997 ) reported that gelatin extracted 
from the wastes of Aswan bolti fi sh ( Tilapia nilotica ) could be used to replace 
between 50 % and 100 % of commercial gelatin in strawberry jam, as well as 10 % 
of wheat fl our in baby food formula, without affecting the quality of the products. 

 Fish gelatin may also aid in preventing unattractive clumping in dairy foods such 
as yoghurts (Karim and Bhat  2009 ). A gelling agent is one of the essential ingredi-
ents for the production of a low-fat spread. Fish gelatin and pectin were reported to 
signifi cantly infl uence the rheological properties, such as fi rmness, elasticity, com-
pressibility, adhesiveness, and melting ability of low-fat spreads (Cheng et al.  2008 ). 
The gel-forming capability of threadfi n bream ( Nemipterus japonicus ) mince was 
substantially increased by adding gelatin from the skin of bigeye snapper (Binsi 
et al.  2009 ). Furthermore, a recent study by Taherian et al. ( 2011 ) demonstrated the 
ability of whey protein isolates and/or fi sh gelatin to inhibit physical separation and 
lipid oxidation in fi sh oil-in-water beverage emulsion. Hence, such properties of 
combined macromolecules would have potential practical applications for the 
design of industrial dispersions to deliver functional ingredients into beverages.   

4.5     Applications of Fish Protein Hydrolysates 
and Concentrates in the Food Industry 

 Fish protein hydrolysates can be recommended as an alternative for other expensive 
animal-derived protein sources currently being used in the processed food industry 
(Liceaga-Gesualdo and Li-Chan  1999 ). Furthermore, there is a good potential of 
fi sh protein hydrolysate as a component of food formulation for human consump-
tion. For example, fi sh protein hydrolysate from Bluewing searobin ( Prionotus 
punctatus ) has been effectively utilized in food formulations for human consump-
tion (Santos et al.  2011 ). Fish protein hydrolysates possess important functional 
properties such as emulsifying, foaming, and whipping abilities, which facilitate 
their applications in the food industry (Souissi et al.  2007 ; Amiza et al.  2012 ). 
Further, proteins, bioactive peptides, and amino acids from fi sh and fi sh wastes can 
be utilized as stabilizing and thickness agents, protein replacements, and gelling 
agents (Freitas et al.  2012 ). 

 The supplementation of fi sh protein hydrolysates in the human diet has positive 
impacts on the IgA concentration level in human serum as well s saliva. Boutin et al. 
( 2012 ) reported that the supplementation of fi sh protein hydrolysates for 4 weeks 
may infl uence the serum IgA concentration in men aged between 18 and 60 years, 
non-smokers, and with a body mass index (BMI) between 20 and 30 kg/m 2 . 
Moreover, fi sh protein hydrolysates may have a role as a cardioprotective nutrient. 
For example, Wergedahl et al. ( 2004 ) observed that fi sh protein hydrolysate has 
the ability to reduce the plasma total cholesterol and acyl-CoA:cholesterol 
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acyltransferase activity in the liver of Zucker rats while increasing the proportion of 
high- density lipoprotein. Fish protein hydrolysate has shown an increasing effect on 
the red blood cells count, white blood cells count, and hemoglobin content of ane-
mic mice in a feeding trial, indicating the antianemic biological activities of fi sh 
protein hydrolysate (Dong et al.  2005 ). The same authors further indicate that the 
antianemic activity of fi sh protein hydrolysates is due to the amino acid composi-
tion, including essential amino acids and the biological active peptides present. Fish 
protein hydrolysate made from salmon fi sh protein has demonstrated safe use for 
malnourished children as an alternative nutritional source without altering their 
immune status (Nesse et al.  2011 ). 

 As fi sh protein concentrate is a low-cost animal protein of high quality, it can be 
used as a supplementary protein to increase the nutritive value of nutritionally low- 
valued foods (Córdova Murueta et al.  2007 ). Fish is a good source of lysine; hence, 
good quality fi sh protein concentrate can be used as a supplement for rice and other 
cereal-based products, which are low in lysine (Shamay et al.  2005 ). In addition, 
fi sh protein concentrate can also be effectively used for the preparation of protein- 
rich diets. Hussain et al. ( 2007 ) prepared infant foods for humans using fi sh protein 
concentrate (up to 10 %) with better net protein utilization (NPU), biological value, 
protein effi ciency ratio (PER), and true digestibility (TD) than the weaning food 
prepared with no fi sh protein concentrate. 

 Different types of biscuits have developed by incorporating fi sh protein concen-
trate made from a freshwater whole fi sh ( Tilapia nilotica ) (El-Bedawey et al.  1986 ) 
and their by-products (Ibrahim  2009 ). The results of these studies illustrate the pos-
sibility of incorporating fi sh protein concentrate of marine origin into food products 
such as biscuits. It has been shown that  Tilapia nilotica  fi sh protein concentrate can be 
incorporated up to a level of 6 % in biscuits (El-Bedawey et al.  1986 ). Furthermore, 
 Tilapia nilotica  by-products have been incorporated up to 5 % in biscuits without hav-
ing any adverse effects on their appearance or other sensory attributes (Ibrahim  2009 ). 

 In the Republic of Sierra Leone, Bonga fi sh meal has been used as a fi sh protein 
concentrate in bread baking to address the problem of inadequate intake of proteins. 
The product with 10 % added fi sh protein concentrate has been accepted by a sen-
sory panel for its appearance and aroma (Olapade and Karim  2011 ). The fi ndings 
showed the possibility of incorporating fi sh protein concentrate for cereal-based 
products and its potential for serving as a low cost, good quality protein source to 
overcome protein malnutrition in less developed countries.  

4.6      Functional Foods and Nutraceuticals from Seafood 
By-products 

 Potential food applications of functional ingredients from fi sh and aquatic inverte-
brates have recently been reviewed by Freitas et al. ( 2012 ). Some functional appli-
cations and nutraceutical values of seafood by-products have also been briefl y 
discussed in Sects.  4.1 ,  4.3 ,  4.4 ,  4.6 , and  4.9 .  
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4.7     Use of Antifreeze Compounds in the Food Industry 

 Antifreeze proteins have found a vast array of applications in frozen food technol-
ogy and low-fat content food manufacturing (Ferraro et al.  2010 ). The unique func-
tional properties of antifreeze proteins include lowering the freezing point without 
affecting the non-colligative properties, inhibition of recrystallization at very low 
concentrations (<0.1 μg/mL), and very high non-colligative activity compared to 
colligatively active substances. These properties of antifreeze proteins have received 
the attention of food scientists to be incorporated into various processed food prod-
ucts (Feeney and Yeh  1998 ). However, antifreeze proteins from natural sources may 
have limited applications in the food industry due to the high cost, because synthe-
sized antifreeze protein analogues and mass-produced transgenic antifreeze pro-
teins can be a cheaper source. 

 Two applications of antifreeze proteins in the food industry arise as being par-
ticularly important in terms of frozen foods: ice cream manufacturing and frozen 
meat technology. Antifreeze proteins may improve the quality of frozen foods, 
hence allowing for the maintenance of their natural texture, reduction of cellular 
damage, and loss of nutrients, all of which contribute to preserve their nutritional 
value (Li and Sun  2002 ; Ferraro et al.  2010 ). Antifreeze proteins have a great poten-
tial to avoid or minimize certain defects (such as dripping and loss of nutrients dur-
ing thawing due to the recrystallization of intracellularly produced large ice crystals) 
in the frozen meat products due to the inhibition of recrystallization of water. There 
are some evidences on the formation of smaller ice crystals when antifreeze proteins 
derived from Antarctic cod and winter fl ounder were used as soaking agents (at 
0.1 mg/mL up to 1 mg/mL) for bovine and ovine meat frozen at −20 °C (Payne et al. 
 1994 ; Ferraro et al.  2010 ). Preslaughter administration of antifreeze glycoproteins 
(from Antarctic cod) to lambs reduced the damages that occurred in meat during 
frozen storage (Payne and Young  1995 ). 

 Antifreeze proteins have been used in ice cream manufacturing to reduce the cost 
of production by some ice cream manufacturers (Feeney and Yeh  1998 ; Ferraro, 
et al.  2010 ), due to its ability in preventing ice crystals formation. Natural antifreeze 
proteins purifi ed from coldwater ocean pout have been used as a preservative in ice 
cream (Goodsell  2009 ). Low fat, low caloric ice cream produced by incorporating a 
genetically modifi ed ice-structuring protein compound isolated from antifreeze pro-
teins of ocean pout ( Macrozoarces americanus ) is available in the USA, Australia, 
and New Zealand. These types of ice cream products have high consumer demand 
not only due to their low fat and low caloric value, but also because of their pleasing 
texture (Sigman-Grant et al.  2003 ; Ferraro et al.  2010 ). 

 Fish and aquatic invertebrate-derived antifreeze proteins also possess great 
potential in surimi production as a preservative of the gel-forming ability of fi sh 
muscle, which is one of the most important quality determinants of surimi products. 
Furthermore, the introduction of antifreeze proteins with its ability to inhibit recrys-
tallization may be a better and more cost-effective solution for freezing-induced 
defects in the cryopreservation of fruits and vegetables (Rasika et al.  2013 ).  
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4.8     Applications of Fish Mince in the Food Industry 

 Fish muscle protein has a unique ability to set when macerated with salt and incu-
bated below 40 °C. This phenomenon is known as “setting” or “suwari” in the 
Japanese language and has been used for the manufacturing of various ready-to-eat 
products utilizing fi sh mince (Binsi and Shamasundar  2012 ). Minced fi sh has been 
used in a number of products as it has several benefi cial functional properties, such 
as succulence, juiciness, cohesion–adhesion, desired texture, emulsifying and fat- 
absorbing capacity, absence of bitterness, toughness, granularity, chewiness, heat- 
setting capacity, gel-forming ability, and resilience (Sen  2005 ). Minced muscle 
blocks, surimi, breaded patties, cutlet, creamy fi sh bites, fi sh balls, sausages, fi sh 
fi ngers, fi sh wafers, fi sh soup powder, fi sh noodles, fi sh crackers, protein concen-
trate tablets, dehydrated salt mince, etc. have been developed with the above- 
mentioned functional properties of fi sh mince (Kamal  1994 ; Sen  2005 ). 

 Sen ( 2005 ) reported that commercially available processed fi sh products could 
also be developed by using minced fi sh such as canned specialty products and vari-
ous preparations such as crisps, seafood chowders, gefi lte fi sh, and molded fi sh 
salads. In addition, Saritha and Patterson ( 2012 ) developed two innovative ready-to- 
fry crackers using powdered  Penaeus japonicus  and rice which demonstrated an 
extended shelf life (180 days) and improved nutritional value due to the presence of 
long-chain omega-3 fatty acids. Neiva et al. ( 2011 ) reported that minced fi sh of dif-
ferent low-value species can be used in the production of two types of fi sh crackers, 
namely the traditional keropok cracker and a low-fat fi sh cracker. The fi ndings of 
Filho et al. ( 2010 ) showed that minced fi sh obtained from Nile tilapia waste could 
be incorporated up to 60 % (w/w) for the manufacturing of fi sh-based sausage with 
high digestibility and acceptable sensory properties. Recently, a fried cutlet was 
developed by Reddy et al. ( 2012 ) using minced meat prepared from reef cod with 
acceptable sensory and microbial qualities. These fi ndings showed the potential of 
utilizing fi sh mince for the preparation of battered and breaded products.  

4.9      Applications of Surimi in the Food Industry 

 Interest on surimi and surimi-based products has risen rapidly throughout the food 
industry, especially because surimi-based products are becoming popular as crab 
analogues. A cold extrusion and molding process can be used to produce imitation 
seafood products such as shrimp analogues and crab leg analogues (Sen  2005 ). 
Alaska pollock surimi has been used in Japan for the commercialized production of 
an extruded crab analog with a desirable texture by mixing egg white and 1 % starch 
(Cheftel et al.  1992 ). 

 Venugopal and Shahidi ( 1995 ) reported that surimi has ideal functionality for 
sausage manufacturing. In line with their suggestion, Murphy et al. ( 2004 ) showed 
that levels of 25 % surimi in combination with 6.3 % fat and 28.5 % water or 22 % 
fat and 12.6 % water may be used in the manufacture of pork sausages without 
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adversely affecting its fl avor, color, and overall acceptability. Furthermore, Ramírez 
et al. ( 1999 ) also suggested that surimi can be used as a functional ingredient in 
sausage manufacturing due to its ability for stabilizing emulsions. Moreover, meat- 
fl avored surimi-based sausage (containing no meat) has been produced by First 
Alaska Surimi, Inc., USA, which has been named “Seattle sausage”. The Seattle 
sausage has the appearance and taste of a meat frankfurter. The same company has 
also manufactured a surimi-based lobster analog called “lobster roll”, which is simi-
lar to chunk-style imitation crab but made with lobster fl avoring and packed in a 
sausage casing (Alaska Fisheries Development Foundation Report  1990 ). In addi-
tion, a recent study has also shown that adding 1.0 % of fi sh surimi had no adverse 
effect on the sensory properties of Gouda cheese (Kim et al.  2012 ). 

 Apart from the applications of surimi in its original form, dried surimi incorpo-
rated into noodles has been produced in Malaysia. Wet surimi is oven dried at 60 °C 
to reduce the moisture content to less than 10 % prior to incorporation into noodles. 
Researchers have found that 5 % of dried surimi is the most suitable level of surimi 
to be incorporated into noodles (Chin et al.  2012 ). Surimi in dried form is useful as 
a raw material for the preparation of seafood products, as it has its own advantages 
in industrial applications, such as easy handling, low distribution cost, physical con-
venience for addition to dry mixtures, etc. On the other hand, it is rich with several 
functional properties, such as gelation, water-holding capacity, emulsifying ability, 
and foaming properties. Furthermore, surimi powder prepared from threadfi n bream 
has been reported to have higher functional properties, such as solubility, gelation, 
water-holding capacity, color characteristics, emulsifi cation, and foaming proper-
ties compared to lizardfi sh and purple-spotted bigeye-based surimi, in which the 
food applications require further studies. However, with all these functional proper-
ties, powdered surimi is readily applicable for gel-based products and fi sh snacks 
like food items (Huda et al.  2001 ; Santana et al.  2012 ).   

5     Conclusions 

 Seafood by-products are bycatch or discarded body parts of commercial fi sh such as 
skin, gills, heads, fi ns, shells, blood, and viscera generated during seafood process-
ing. Although these by-products are composed of the same constituents as edible 
seafood, undesirable organoleptic properties and certain hazardous compounds 
associated with these by-products may limit their applications in the food industry. 
However, various techniques can be applied to extract the useful compounds from 
seafood by-products and to eliminate the hazardous compounds. These extracted 
compounds, such as enzymes, fi sh oil, chitosan, collagen/gelatin, colorants, and 
various other functional compounds, can be applied in food processing as ingredi-
ents or be fortifi ed with food products to enhance the nutritional value. Potential 
health claims of these compounds together with less expensive extraction methods 
of some compounds further promote their excessive use in the food industry. 
Furthermore, the current trend of using natural compounds in food manufacturing 
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has a positive infl uence towards the use of these compounds in the food industry. 
However, unpleasant fi shy odors and fl avors, certain complex and expensive extrac-
tion procedures associated with some compounds, and undesirable changes in the 
physicochemical properties and oxidative non-stability during the processing and 
storage of food products may limit the successful application of seafood by- products 
in the food industry. More research is needed in order to explore the ways and 
means to address these limitations of seafood by-products.     
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1            Introduction 

 Obesity and increased body weight are recent crucial health risks of the modern 
world. In general terms, obesity might be defi ned as a part of complex complica-
tions identifi ed as obesity-related metabolic syndrome, which is directly related to 
low HDL cholesterol, hypertension, hyperglycemia, and insulin resistance 
(Eckel et al.  2005 ; Ford et al.  2002 ). In this manner, the high morbidity and mortality 
rates of obesity, diabetes, and related complications urge the need for novel, natural 
treatment or prevention methods (Ivorra et al.  1989 ). 
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 Seafood waste has enormous potential that has not yet been fully exposed for 
utilization and adding value. Around the world, millions of tons of waste are dumped 
every year. Food processing industries leave around 21 % of the total seafood catch 
as waste, which includes a large amount of biomass of organism waste (e.g., skin, 
bones, and shells). Unfortunately, most of this mass is discarded. Several industries, 
researchers, and centers are now focusing on increasing the use of this waste and 
developing preventive and functional nutrition as well as bioactive substances. 
Normally, most of these wastes possess relatively low economic value. However, 
with the help of recent studies, numerous bioactive agents can be obtained from the 
remaining fi sh muscle proteins, collagen, gelatin, fi sh bone, fi sh oil, crustacean 
shell, internal organs, and shellfi sh. These bioactive substances are reported to pos-
sess various bioactivities, ranging from acting against oxidative stress, tumor cell 
proliferation, and aging to preventing metabolic diseases such as cardiovascular 
complications, diabetes, and obesity. In the light of recent results and the potential 
of waste utilization, more value will be obtained from what is today considered a 
waste, and novel bioactive compounds will pave the way for drug development and 
opportunities for the seafood industry.  

2     Marine Oil 

 One of the main products of seafood waste is marine oils. These oils are extracted 
from waste fi sh muscle, internal organs, shellfi sh remains, etc. using several tech-
niques, varying from steam stripping to solvent extraction in order to release lipids, 
which are considered to be unstable and require low-temperature methods. Marine 
oils are mainly formed by eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA), which are commonly classifi ed as omega-3 fatty acids of polyunsaturated 
fatty acid (PUFA). These PUFAs are widely found in most marine animals, espe-
cially in coldwater fi sh species with a higher unsaturated fat content. Interestingly, 
scientifi c evidence has expressed that the benefi cial effects of seafood consumption 
are mostly credited to its PUFAs (   Kromhaut et al.  1985 ; Marckmann and Grønbaek 
 1999 ; Menotti et al.  1999 ; Mori et al.  1999 ). Especially, fi sh oil is shown to reduce 
the risk of coronary heart disease, decreases mild hypertension, prevents certain 
cardiac arrhythmia, and lowers the risk of diabetes, as well as preventing diabetes- 
related complications. However, due to depleting marine fi sheries sources, fi shing 
for obtaining fi sh oils is not preferred and is harmful for marine ecology. Therefore, 
the utilization of seafood processing by-products by the isolation of fi sh oil would 
be of great benefi t to functional food development. 

 As a dietary component, PUFAs have also been shown to confer some cardiac 
benefi ts in patients with type 2 diabetes (Djousse et al.  2011 ; Jenkins et al.  2008 ) 
and overweight individuals. However, there are either limited or inconsistent data 
on the possible effects of these PUFAs on glucose or insulin pathways. On the other 
hand, some studies strongly suggest that omega-3 fatty acids might play a benefi -
ciary role for overweight people with hypertension who are on a diet to lose weight. 
Bao et al. ( 1998 ) studied this effect and showed that consuming fat-rich seafood 
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daily improved glucose and insulin metabolism in individuals on a weight-loss diet. 
In the same study, people on the same diet who did not consume any seafood had no 
improvement in their glucose and insulin metabolism. Even though both groups lost 
the same amount of body weight, the seafood-consuming individuals had better 
values for their blood pressure and glucose level reductions. Hence, diabetic patients 
who consume oil-rich seafood on a regular basis can have improved health benefi ts 
on their glucose metabolism and blood pressure while losing body weight. 

 It has been known that diets with high fat content other than seafood lead to 
insulin resistance. In an earlier study, Storlien et al. showed that replacing saffl ower 
oil with omega-3 fatty acids prevented the high-fat diet rats developing insulin resis-
tance. Liver and skeletal muscle, which play crucial roles in the glucose metabo-
lism, were affected most by oil replacement. These results might be signifi cant for 
the development of agents to prevent and treat insulin resistance in patients with 
diabetes. 

 In addition to direct effects on diabetic complications, marine oils rich in omega-3 
fatty acids aid type 2 diabetic patients to have improved quality of life. In a study by 
Kesavulu et al. ( 2002 ), 34 non-insulin-dependent patients were tested for the activ-
ity of omega-3 fatty acids to elevate the antidiabetic drugs’ effects. Following a 
month of antidiabetic drug only treatment, patients were supplied with 1,080 mg 
EPA and 720 mg DHA, along with antidiabetic drugs for 2 months. The comparison 
clearly showed that supplementation with marine fatty acids has a notable effect on 
lowering serum triglycerides (2.07 +/− 0.94 mmol/l before fatty acid therapy and 
1.54 +/− 0.49 mmol/l after fatty acid therapy) and increasing HDL cholesterol levels 
(0.93 +/− 0.099 mmol/l before fatty acid therapy and 1.04 +/− 0.098 mmol/l after 
fatty acids therapy). Similar benefi ciary effects were observed on lipid peroxidation 
and antioxidant enzymes, which, altogether, might suggest that EPA and DHA sup-
plementation decrease the rate of diabetic complications caused by vascular 
deterioration.  

3     Marine Peptides 

 As well as lipids, discarded seafood waste also contains proteins from bones, cut-
offs, organs, and various muscle-including parts. For a well-balanced amino acid 
consumption, these proteins are of high nutritious value. In this context, marine 
proteins can be recovered by enzymatic hydrolysis processes from several seafood 
processing by-products. In addition to its nutritional value, scientists added more 
value to marine proteins by showing that enzymatic hydrolysates of seafood by- 
products possess functional properties. Mainly, researches have focused on the pos-
sibility of obtaining biologically active peptides which can act as agents against 
several diseases and syndromes. Supported by the evidence, bioactive peptides are 
supposed to be responsible for the health-promoting effects of marine proteins. As 
the molecular weight and chemical properties of peptide are crucial for its bioactiv-
ity, separating peptides from marine by-products is of the same importance. 
Therefore, it is a common method to use enzymatic hydrolysis for digesting 
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by- product proteins in order to obtain bioactive peptides. Peptides isolated from 
various seafood hydrolysates have shown numerous biological activities, such as 
antihypertensive, antioxidative, antithrombotic, and immunomodulatory activities. 
Each day, studies add more value to the utilization of seafood waste for bioactive 
peptide isolation. 

 In several studies, numerous peptides and protein hydrolysates, such as protamine, 
wheat proteins, soybean proteins, bovine hemoglobin hydrolysates, and rice proteins, 
have been shown to have anti-obesity activities. In the case of marine, especially fi sh, 
proteins, studies reported cholesterol-lowering, antihypertensive, antioxidative, as 
well as very few anti-obesity effects compared to terrestrial sources. Recent improve-
ments and trends focus more on marine-based peptides and hydrolysates by using 
different methods and adding various value to the seafood waste to be utilized as a 
functional nutrition source. 

 Improving glucose metabolism is a signifi cant way to prevent and inhibit type 2 
diabetes. In this context, a number of fi sh protein hydrolysates have been shown to 
possess glucose uptake-stimulating activity, which adds notable potential to be 
active in hyperglycemia management. A previous study showed two suggested 
pathways for the effect; either affecting the receptors for glucose uptake or improv-
ing insulin sensitivity in target cells. Similarly, Zhu et al. ( 2010 ) reported that wild 
marine fi sh collagen-derived peptides increased insulin sensitivity and, hence, glu-
cose metabolism in type 2 diabetes patients. The oral administration of these pep-
tides are closely associated with the serum level changes of three diabetes-related 
hormones, leptin, resistin, and adiponectin. In other studies, some fi sh hydrolysates 
were reported to promote higher serum levels of bradykinin, along with improved 
glucose transport and insulin sensitivity (Henriksen and Jacob 2003; Henriksen 
et al.  1998 ). Their effi ciency on glucose and insulin metabolism is linked to their 
ACE inhibition. Similarly, ACE inhibitory peptides in sardine protein hydrolysates 
are shown to suppress rising blood glucose levels with improved glucose metabo-
lism (Otani et al.  2009 ).  

4     Chitin and Chitosan 

 Crustacean shells and shellfi sh wastes make up another important category of by- 
products released from processing seafood. Chitin is one of the major structural 
components of these by-products and, up to now, it has been studied in detail for its 
various activities, both biologically and physiologically. Crustacean shells are the 
main sources of chitin isolation on a large scale from by-products, as well as being 
a potential source for chitosan and other oligomers, which are hydrolyzed deriva-
tives of chitin (Hai et al.  2003 ; Jeon and Kim  2000 ). Chitin-based molecules are 
reported to possess several bioactivities, varying from anticancer, antitumor, anti-
bacterial, and antiviral to skin protection and fat-lowering activities. 

 Chitosan-based products are known to have many biological activities, such as 
antitumor, antiHIV, antifungal, antibiotic, and preventing against oxidative stress 
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(Artan et al.  2010 ; Cho et al.  2011 ; Kendra and Hadwiger  1984 ; Kim and Rajapakse 
 2005 ; Kim et al.  2008 ; Nishimura et al.  1998 ; Xiao et al.  2000 ; Xie et al.  2001 ). 
Activities can be grouped into two categories according to the use of chitin-based 
products. These products are often used as indirect helping agents to enhance the 
effectiveness of other active compounds through chemical modifi cation or non-
chemical linkage against diabetes and obesity. On the other hand, the main role of 
chitin-based products is known as therapeutic nutraceutical agents, acting directly 
against diabetes and obesity. In both cases, derivatives of these natural products 
express a high and signifi cant potential in the light of  searching for bioactive phar-
maceuticals against obesity and obesity-related diabetes. 

4.1     Supportive Applications 

 The preferred route of drug administration for patients is mostly the oral route on 
chronic therapy of diseases and complications. However, the delivery of many ther-
apeutic peptides and proteins through the digestion system is still an unsolved prob-
lem, basically because of the size, hydrophilicity, and unstable conditions of these 
molecules. Thus, several chitosan derivatives have been developed over the years 
with improved properties for enhanced applicability (Fernández-Urrusuno et al. 
 1999 ; Jiang et al.  2007 ; Prabaharan  2008 ; Thanou et al.  2001 ). Therefore, recent 
studies have focused on carrier products for the administration of insulin effi ciently 
in pre- or postdiabetic patients and, lately, one of these products is chitosan deriva-
tives. It has been reported by Portero et al. ( 2007 ) that chitosan sponges are quite 
successful in the buccal administration of insulin. Moreover, up-to-date studies pre-
sumed that chitosan-derived particles are entirely usable for insulin administration 
by the oral route, with their high protective effect and harmless structure (Hari et al. 
 1998 ; Krauland et al.  2004 ,  2006 ). The results of some related studies have sug-
gested that the observed drug delivery activity of chitosan is highly promising in the 
case of insulin. For example, studies showed that chitosan–insulin nanoparticles 
have a strong affi nity to rat intestinal epithelium after 3 h following oral administra-
tion (Ma et al.  2005 ). This suggests that chitosan as a cofactor for drug delivery 
makes insulin absorption safe and rapid. Carboxymethyl–hexanoyl chitosan is an 
amphiphilic chitosan derivative with important swelling ability and water solubility 
under natural conditions, and studies have shown that these hydrogels can be used 
for encapsulating poorly water-soluble drugs for effective drug delivery (Liu and 
Lin  2010 ), which opens up the path for effi cient insulin delivery by chitosan deriva-
tives. Furthermore, Mao et al. ( 2005 ) showed that PEG–trimethyl chitosan com-
plexes are effi ciently coupled with insulin and easily taken up by Caco-2 cells. 

 Besides drug delivery activity for insulin, studies have shown that chitosan com-
plexes can be effi ciently used for gene delivery in gene therapy (Köping-Höggård 
et al.  2001 ). Therefore, it can be easily adduced that chitosan complex derivatives 
are potent gene delivery targets for highly prevalent diseases, such as diabetes. 
Furthermore, it has been reported that these chitosan complexes possess relatively 
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higher uptake and transfection effi ciency compared to that of other polysaccharide 
complexes used for both drug and gene delivery (Huang et al.  2004 ). Several 
researches were conducted in order to prove chitosan as a non-toxic alternative to 
other cationic polymers, and the results demonstrated a prominent potential for fur-
ther studies of chitosan-based gene delivery systems (Sato et al.  2001 ). All these 
results suggest that chitosan and chitosan-based derivatives are the main focus in the 
search for a harmless agent for drug and gene delivery, which is extremely crucial 
for the improvement of a diabetic patient’s life standards. 

 Moreover, studies on streptozotocin (STZ)-induced diabetic rats discovered that 
chitosan-based sponges are highly effective at healing diabetic wounds, in addition 
to the treatment of diabetic patients. Wang et al. ( 2008 ) suggest that application of 
the chitosan–collagen complex is an ideal wound-healing cover to enhance the 
recovery and healing of wounds, such as diabetic skin wounds, which demonstrates 
the great potential of chitosan and its derivatives to be used clinically for diabetic 
patients. 

 To conclude, chitosan-based polymers show great potential for the therapeutic 
treatment of diabetes, with their highly effi cient drug and gene delivery properties, 
as well as effectiveness on diabetic wound healing.  

4.2     Antidiabetic Applications 

 Overweight and obesity, two common health-threatening conditions, are considered 
to result in diabetes worldwide, although there are nowhere near enough treatment 
options (Leong and Wilding  1999 ). Therefore, studies of chitosan are focused on its 
fat-lowering and fat- preventing activities. Several researchers have demonstrated 
that chitosan tends to bond with the ingested dietary fat and carry it out in the stool, 
while preventing their absorption through the gut (Kanauchi et al.  1995 ). Relevant 
researches about the fat-lowering activity of chitosan have also shown that chitosan 
is capable of absorbing fat up to fi ve times its own weight. In respect of these results, 
there are several studies showing that chitosan derivatives lower the level of LDL 
while increasing the HDL levels. Studies of chitosan and its fat-lowering activity 
suggest that it and its derivatives are highly effective hypocholesterolemic agents 
with the ability to decrease the blood cholesterol level by as much as 50 % (Jameela 
et al.  1995 ; Maezaki et al.  1993 ). Moreover, diabetic patient-based studies clearly 
showed that the daily administration of chitosan could reduce the blood cholesterol 
levels by 6 %, with an increased level of HDL (Maezaki et al.  1993 ). In addition to 
chitosan, chitosan oligosaccharides (COS), an oligomerized derivative of chitosan, 
show high activity in regulating blood cholesterol levels. Especially, previous stud-
ies reported that COS are capable of regulating cholesterol levels even in the liver. 
COS prevent the development of fatty liver caused by the action of hepatotropic 
poisons. Despite the fact that few studies have been carried out for the action mech-
anism of COS in regulating the serum cholesterol level, several investigations sug-
gested a possible mechanism of COS lowering the LDL levels. As Remuñán-López 
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et al. ( 1998 )  suggested, the ionic structure of COS binds bile salts and acid, which 
inhibit lipid digestion through micelle formation. However, Tanaka et al. ( 1997 ) 
suggest a different mechanism of chitosan and COS, where lipids and fatty acids are 
directly bonded by chitosan. 

 In addition to the fat-lowering mechanisms of chitosan and its derivatives, stud-
ies have also proven that chitosan administration can lead to an increase in the 
insulin sensitivity of animal models (Neyrinck et al.  2009 ). It has been shown that 3 
months of administration of chitosan signifi cantly increased insulin sensitivity in 
obese patients and expressed a highly notable decrease in body weight and triglyc-
eride levels (Hernández-González et al.  2010 ). 

 On the other hand, glucosamine and its derivatives are reported to be highly 
effective at inhibiting adipogenesis in vitro. Recent studies showed that phosphory-
lated derivatives of glucosamine inhibited the adipogenesis of 3T3-L1 cells, as well 
as fat accumulation (Kim et al.  2010 ; Kong et al.  2010 ). Several researches sug-
gested that acetylated chitin treatment causes adipocytes to break down fats and 
lower their triglyceride accumulation by as much as half compared to control cells 
(Kong et al.  2011 ). Kong et al. ( 2009 ) demonstrated clearly that sulfated derivatives 
of glucosamine inhibited the proliferation and adipogenesis mechanism through 
AMPK pathways in 3T3-L1 cells. Glucosamine, acetylated-, sulfated-, and phos-
phorylated-glucosamine derivatives are reported as successful adipogenic inhibitors 
with intense potential to prevent weight gain by adipogenesis in patients who are at 
risk for diabetes. Also, it has been reported that chitosan oligosaccharides inhibit fat 
accumulation and adipogenesis in the 3T3-L1 cell line (Cho et al.  2008 ). In addition, 
studies have shown that treatment with glucosamines reduced the triglyceride con-
tent of adipocytes and enhanced glycerol secretion as a lipid-lowering effect. Most 
of these studies have expressed the better activity of chitosan-based compounds, 
such as chitosan oligosaccharides and glucosamines, after derivation by adding a 
charged side chain via phosphorylation and sulfation. Therefore, it can be suggested 
that the cationic power of glucosamine and chitosan oligosaccharides plays the main 
role in its anti- obesity effect. Further, a selective synthesis of phosphorylated or 
sulfated derivatives of chitosan and  glucosamine will open up the path to a better 
understanding behind the structure–mechanism relation. However, up-to-date 
researchers have formed strong proofs that chitosan shows its anti-obesity effect 
through the PPAR-γ pathway of adipogenic differentiation, resulting in fewer adipo-
cytes and lipid accumulation (Cho et al.  2008 ). Collectively, chitosan and its deriva-
tives, such as glucosamines and chitosan oligosaccharides, successfully inhibit the 
differentiation of cells into adipocytes, as well as enhancing adipocytes to hydrolyze 
the triglycerides, which show a signifi cant effect against lipid accumulation of the 
body (Langin  2006 ). This effect of chitosan and its derivatives demonstrates an 
important impact against obesity in the progression of diabetes. Hence, it shows a 
great amount of potential to be used as pharmaceutical agents. 

 Furthermore, chitosan and its oligosaccharides act as antidiabetic agents for the 
treatment of diabetes in the manner of protecting pancreatic β-cells. In type 2 diabetes, 
although patients can retain healthy pancreatic β-cells for many years after the disease 
onset, chronic exposure to high glucose will impair β-cell function in later stages. 
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Impaired β-cell functionality leads to cellular damage in type 2 diabetic patients 
(Ihara et al.  1999 ). Therefore, the protection of β-cells is of great importance for 
elevated insulin secretion as a part of diabetes treatment. Recent studies reported 
that chitosan oligosaccharides were a protective agent for pancreatic β-cells against 
high glucose-dependent cell deterioration (Karadeniz et al.  2011 ). It is suggested 
that, at the same time, COS could effectively accelerate the proliferation of pancre-
atic islet cells with elevated insulin secretion in the aid of lowering blood glucose 
levels. Liu et al. ( 2007 ) reported that COS treatment could improve the general situ-
ation and diabetic symptoms of rats, decrease the blood glucose levels, and normal-
ize the impaired insulin sensitivity. Moreover, COS were reported as a preventive 
agent in non-obese diabetic mice from developing type 1 diabetes, which might be 
related to several bioactivities of COS (Cao et al.  2004 ). These results supported 
the hypothesis that COS can prevent pancreatic β-cells of diabetic patients and 
normalize the crucial insulin secretion. The mechanism behind this protection is 
studied and suggested as being related to the immunopotentiation and antioxidation 
activity of COS. 

 Renal failure is one of the most common diseases caused by diabetes mellitus. 
The metal cross-linked complex of chitosan, chitosan-iron (III), has recently been 
reported to be highly active in reducing phosphorus serum levels to treat chronic 
renal failure (Schöninger et al.  2010 ). This relatively new derivative of chitosan is 
signifi cantly capable of adsorbing serum phosphorus in alloxan diabetes-induced 
rats with symptoms of renal failure progression. 

 Moreover, recent studies indicate that diabetics may be at higher risk for blood 
coagulation than non-diabetics. This life-threatening condition is urged to be treated 
for diabetic patients. Therefore, the sulfated derivative of chitosan has been shown 
to possess anticoagulant potency (Vongchan et al.  2002 ). Furthermore, studies have 
reported that sulfated chitosan does not show antiplatelet activity, unlike heparin, 
which is an effective anticoagulant agent. Collectively, the results proved that sul-
fated chitosan is a more effi cient agent than heparin, although the latter has been 
used for a long time for blood coagulation treatment (Bourin and Lindahl  1993 ). 

 In addition to COS, chitosan has also been reported to prevent the development 
and symptoms of non-insulin-dependent diabetes in rats as well as complications of 
STZ inducement (Kondo et al.  2000 ). Briefl y, reports have suggested that chitosan 
products protect pancreatic cells and the insulin secretion mechanism in diabetic 
conditions. Furthermore, these compounds can decrease the progression and com-
plication rate of diabetes onset in animal models, demonstrating a great potential for 
chitosan products to be used as a nutraceutical for the treatment of diabetes.   

5     Conclusion 

 The reported biological activities and natural occurrence of seafood by-products- 
derived molecules, agents, and hydrolysates and interest in marine seafood process-
ing wastes has been increased notably in the past several years. The lack of research 
and utilization urges further detailed studies for both the isolation and obtaining of 
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bioactive agents from by-products and screening the action mechanism of obtained 
agents from seafood wastes. In addition to their various biological activities, such as 
antioxidative, antihypertensive, anticancer, and similar health-promoting effects, 
promising antidiabetes and anti-obesity effects of these agents have been well- 
studied and reported recently. Evidently, several by-products-derived compounds 
such as oils, fatty acids, protein hydrolysates, peptides, chitin, and oligomers are 
active against obese and diabetic conditions on both preventive and treatment mea-
sures. Hence, by adding potential to seafood processing by-products, they deserve 
to be in the spotlight as being an important source for preventive nutritional and 
functional foods in order to maintain and promote healthy living for diabetic and 
obese individuals.     
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1            Introduction 

 Bioluminescence is simply the production of light without heat in living organisms 
by chemical reactions. It has been found in a wide range of major groups of organ-
isms from bacteria to fi sh, and it has been found in marine as well as terrestrial 
organisms. Although the frequency of luminescence production in marine organ-
isms is related to depth, due to the many kinds of usage in marine organisms, biolu-
minescence enables organisms to see at all depths or regions (Herring  1987 ). On the 
other hand, due to the absence of light, most luminescence-producing organisms 
live in the deep sea and it is essential in fresh waters. Mostly, luminescence is pro-
duced by the organisms themselves, but occasionally, it occurs as bacterial symbio-
sis, which is sometimes very hard to distinguish. For example, in the past, many 
organisms such as the sponges, bryozoans, and  Cyclosalpa  species have all been 
reported as luminous but now, many of the pharmacologically interesting com-
pounds isolated from sponges have turned out to be bacterial in origin (Schmidt 
et al.  2000 ; Taylor et al.  2007 ). 

 In the past decade, the application of bioluminescence, especially biolumines-
cent imaging, has become indispensable for the non-invasive monitoring of biologic 
phenomena in vivo. Understanding the background of the mechanism of lumines-
cence at the chemical and biological levels has led us to improve its applications in 
many ways.  

2     Chemistry of Bioluminescence 

 Simply, bioluminescence is energy released in the form of light by chemical reac-
tions. Mostly, these chemical reactions are oxidation of light-emitted luciferin mol-
ecules or conformational changes of photoproteins by the binding of ions or 
cofactors such as Mg +2  or Ca +2 . Since luciferin is a light-emitting molecule, biolu-
minescence is frequently confused with fl uorescence. However, these are two dif-
ferent reactions. In fl uorescence, photons are absorbed by molecules, and this 
absorption causes energy elevation. Consequently, fl uorescence is powered by the 
input of high-energy radiation (Williams  2001 ). On the other hand, biolumines-
cence is created by chemical energy. An enzyme called luciferase oxidases the 
luciferin into the high-energy form called oxyluciferin. Then, the oxyluciferin 
releases energy to produce visible light. This production of light does not produce 
any heat (Webster et al.  1991 ). Luciferins are fl uorescent molecules, but the chemi-
cal reactions of fl uorescence and luminescence are different. In fl uorescence, the 
original molecule is restored following the fl uorescent emission; in biolumines-
cence, the expended oxyluciferin is distinct from the original luciferin and must be 
replaced, either by biochemical synthesis or from the organism’s diet. There are 
several luciferins which have been isolated from different marine organisms. 
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2.1     Photoproteins from the Sea 

 The most common photoproteins are aequorin from the jellyfi sh  Aequorea victoria  
and obelin from the hydrozoa  Obelia longissima.  They are both coelenterazine- 
based bioluminescence proteins with behavior quite different from that of lucifer-
ases. Indeed, aequorin and obelin can be considered as high-energy enzyme–substrate 
complexes that are more stable than their dissociated components and can release 
excess energy in a fl ash light emission triggered by Ca 2+  ions. 

 According to the presence of oxygen and coelenterazine, the reconstitution of 
photoproteins is a relatively slow process. Photoproteins are important bioanalytical 
tools, just like luciferase. They can be used in a wide range of applications, from the 
labeling of biospecifi c probes to the measurement of intracellular Ca 2+  levels.  

2.2     Luciferins from the Sea 

 The ostracods, which have been examined since the 1950s, were the fi rst crystal-
lized and well understood luciferins from marine sources (Tsuji  1955 ; Shinomura 
et al.  1957 ). This luciferin is found mainly in  Cypridina ,  Vargula , which is a cypri-
dinid ostracod, and the midshipman fi sh (Warner and Case  1980 ). Other well- 
characterized luciferins are coelenterazine (Shimomura and Johnson  1972 ,  1975 ) 
and the  Cypridina  luciferin (Kishi et al.  1966 ; Hori et al.  1977 ;    Inouye  2007 ). 
Besides, the dinofl agellate luciferin is a tetrapyrrole, similar to chlorophyll and dif-
fering mainly in the metal ions present (Dunlap    et al. 1981; Nakamura et al.  1989 ; 
Takeuchi et al.  2005 ). On the other hand, there are several luciferases which have 
been isolated from marine organisms (Table  25.1 .)

3         Use of Luminescence by Marine Organisms 

 Marine organisms produce their own luminescence or use the luminescence pro-
duced by microorganisms for many different functions. Most of the time, biolumi-
nescence serves multiple roles for a single organism. These functions can be grouped 
under three main headings: defense, offense, and communication. 

   Table 25.1    Some marine-derived bioluminescent proteins   

 Protein  Organism  Mw (kDa)  Required components 

  Renilla  luciferase   Renilla reniformis  (sea pansy)  36  Coelenterazine a    ; O 2  
  Gaussia  luciferase   Gaussia princes  (marine copepod)  20  Coelenterazine a ; O 2  
  Metridia  luciferase   Metridia longa  (marine copepod)  24  Coelenterazine a ; O 2  
  Vargula  luciferase   Vargula hilgendorfi i  (marine ostracod)  62  Coelenterazine a ; O 2  
  Cypridina  luciferase   Cypridina noctiluca  (marine ostracod)  61  Coelenterazine a ; O 2  
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3.1     Defense 

 Most organisms use bioluminescence as a defense mechanism instead of offence by 
blinding predators with a sudden fl ash in the dark sea (Vallin et al.  2006 ; Jones and 
Nishiguchi  2004 ) or confusing them by preparing a glowing fl uid, which allows them 
to escape (Haddock and Case  1999 ). The most common method is to sacrifi ce a body 
part to distract predator. This detached body part can continue to glow, which gives 
the prey more time to escape from the predator (Robison  1992 ; Herring and Widder 
 2004 ; Mensinger and Case  1992 ). On the other hand, in terrestrial areas, the usage of 
bright colors is a defense mechanism because bright colors advertise toxicity. The 
same defense mechanism occurs in marine organisms as bioluminescence usage. 
Some marine organisms, such as scale worms, jellyfi sh, and brittle stars use, this 
mechanism to warn predators (Grober  1988 ; Bassot and Nicolas  1995 ; Herring  2007 ).  

3.2     Offense 

 Light glowing also serves as an attracter of prey in marine organisms. This is most 
prominent in fi sh. For example, some fi shes store the luminescence produced by 
bacteria to attract prey, such as anglerfi shes and dragonfi shes (Pietsch  2009 ; Kenaley 
and Hartel  2005 ). On the other hand, dragonfi shes use the light glowing under their 
eyes for visual support in the dark blue sea. Also, some squid and octopuses use the 
same mechanism for hunting. For example,  Chiroteuthis  is a squid that has special 
light organs (Voss  1967 ; Robison et al.  2003 ) and the octopus  Stauroteuthis  may use 
its luminous suckers to attract planktonic prey in a similar manner (Johnsen  2005 ). 
Confusion by glowing light can also be used as an offense mechanism instead of a 
defense mechanism. The squid  Taningia , which fl ashes its tentacles while attacking 
bait (Kubodera et al.  2007 ), supports this hypothesis. In addition, the fi sh species 
myctophid uses luminescent heads for same reason. One more extraordinary example 
for predators that use bioluminescence is megamouth sharks. They use lumines-
cence in a direct way, even though they are not known to be bioluminescent 
(Herring  2000 ). The white pigmented band along the upper jaw may refl ect lumi-
nescence or downwelling light in order to draw plankton closer (Takahashi  2001 ).  

3.3     Communication 

 Bioluminescence is known to be used for communication, especially for mating 
systems among marine organisms (Herring and Cope  2005 ). For example, Caribbean 
ostracods, which are small crustaceans, use luminescence for mating (Morin and 
Cohen  2010 ; Rivers and Morin  2008 ). Luminescent-based sexual dimorphism can 
be used by the other organisms, such as the pelagic octopods  Japetella  and 
 Eledonella , and the ponyfi shes, which produce synchronized group displays 
(Woodland et al.  2002 ; Ikejima et al.  2008 ).   
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4     Applications of Bioluminescence 

 In 1986, Ow and colleagues declared that they had successfully transferred the 
luciferase gene from fi refl y to tobacco plant. Since then, bioluminescence has been 
accepted as a promising bioanalytical tool due to its high detectability. 
Bioluminescence is now a well-established detection principle in many biotechno-
logical fi elds, especially imaging, including reporter gene technology, gene probe 
assays, and immunoassays. 

4.1     Gene Expression Assay 

 Bioluminescent reporters have been used to study gene expression. They are used as 
 Cis -transcriptional reporter systems and allow the detection of gene expression and 
gene regulation at the transcriptional level. Their detection is performed by either 
generating point mutations or deletions in a promoter region of a gene of interest or 
using different transcription-factor-binding sites linked to a minimal promoter to 
drive the expression of a luciferase. For example, mRNA stability is imaged by fus-
ing a luciferase reporter to the full-length 3′ untranslated region (UTR) of a gene of 
interest (Subramaniam  2008 ). RNA interference (RNAi) is a biological process in 
which RNA molecules inhibit gene expression. It is a promising strategy against 
many diseases. RNAi-mediated silencing of luciferase expression is a useful strat-
egy for testing the delivery and targeting effi ciency of small interfering RNAs 
(siRNAs) on specifi c tissues. The ability of nanoparticles to deliver siRNAs to the 
liver was tested using luciferase-targeted siRNAs. Knockdown of luciferase gene 
expression was effi ciently measured in the liver using bioluminescence imaging 
(Issad  2002 ). On the other hand, in vivo gene expression patterns have been studied 
in light-producing transgenic animals that are used as models of human disease, in 
drug development and discovery, and for target validation (Katz  2006 ). As an example, 
a transgenic mouse model has been developed to monitor the in vivo transcriptional 
regulation of the gene encoding human cytochrome P450 3A4 (CYP3A4), which 
plays an important role in drug metabolism and contributes to many adverse drug 
interactions (Lorenz et al.  1991 ).  

4.2     Protein Interaction Assay 

 Most of the transcriptional activator proteins consist of two main domains, the 
DNA-binding domain and the activating domain. The most commonly used tran-
scriptional activator system is based on a fusion between the DNA-binding domain 
of the yeast activator GAL4 and the activator herpes simplex virus protein VP16 
(Xia and Rao  2009 ). Interactions between two different proteins can be determined 
by using GAL4–VP16 activation. To study the interaction of two proteins of 
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interest, X and Y, two vectors encoding fusions between GAL4–X and VP16–Y are 
coexpressed with a third vector encoding the reporter gene under the control of 
GAL4-responsive elements. On interaction of the X–Y proteins, the GAL4–X–Y–
VP16 complex binds to the GAL4-responsive elements, and the transcriptional acti-
vator VP16 will then drive the expression of the luciferase reporter (Chen  2010 ). 
Using this system, Pichler et al. recently generated transgenic mice in which Fluc is 
cloned under the control of the GAL4 promoter (Pichler et al.  2008 ).  

4.3     Imaging of Cells 

 Visible light from bioluminescence reactions is partially transmitted through animal 
tissues, so that low-light imaging can be performed in whole-animal models. 
Bioluminescence whole-body cellular and molecular imaging has been proven to be 
a sensitive, quantitative, non-invasive, and real-time method for monitoring biologi-
cal processes in living animals, and is expected to have a profound impact in the 
fi elds of biotechnology, molecular medicine, gene therapy, and drug discovery and 
development. 

 Disease progression and the effi cacy of therapeutic agents have been assessed by 
injecting mice with a bioluminescence marker, such as pathogenic microorganisms 
engineered to emit light, and then imaging the light transmitted through the layers 
of the animal’s tissues (Francis et al.  2000 ). In this way, colonization of the gastro-
intestinal tract of live mice by bioluminescent recombinant  Salmonella enteritidis  
and the effects of diet components could be followed (Brovko et al.  2003 ). 

 Besides the imaging of cells, bioluminescence imaging is a valuable technique 
against cancer disease. Tumor growth and metastases, as well as drug effi cacy, have 
been monitored in living animals by injecting mice with bioluminescent recombi-
nant tumor cells and imaging the produced light (Soling and Rainov  2003 ). 
Alternatively, primary tumors and unknown metastases can be revealed in vivo by 
using engineered light-emitting cells as probes for tumor location (Yu et al.  2003 ).  

4.4     Immunoassay 

 Bioluminescence has been extensively used for the ultrasensitive detection of labels 
in immunoassays. Bioluminescent immunoassays have been developed using 
 photoproteins (Wu et al.  2007 ) or luciferase-coding DNA fragments as labels 
(Inouye et al.  2011 ). Various biofunctional bioluminescent molecules have been 
prepared and proposed for the development of immunoassays; for example, a ther-
mostable luciferase–biotin complex obtained by fusing the bioluminescence protein 
with a biotin acceptor peptide (Nakatsu et al.  2006 ).   
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5     Conclusion 

 The importance of bioluminescence for marine animals can be presumed by its 
widespread distribution throughout the ocean, from the surface to the deep sea, and 
from the poles to the tropics. Recent developments on understanding biolumines-
cence have improved their importance in scientifi c research. In recent years, new 
concepts for exploiting bioluminescence in the development of bioanalytical tools 
have been published and they strongly suggest that the fascinating world of biolu-
minescence still deserves continuous promising investigation. Especially, biolumi-
nescent imaging provides valuable insight into biological processes in interacting 
cells and small-animal models. Furthermore, it helps in expediting drug identifi ca-
tion and development, and the subsequent functional assessment of new treatment 
regimens in animal models before translation into the clinic. The future of analytical 
bioluminescence is extremely bright, since only a few bioluminescent systems have 
been identifi ed and even fewer have been used for bioanalytical applications.     
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1            Introduction 

 The ocean is an untapped potential of bioresources containing functional and 
 health- promoting effects for mankind. Among the marine bioresources, marine algae 
have gained a promising position in the ocean, and that enables it to be sustained as 
natural sources for future prospects. Marine algae exhibit substantial varieties among 
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the marine species and comprise a broad spectrum of functional ingredients, including 
proteins, polysaccharides, polyunsaturated fatty acids (PUFAs), minerals, vitamins, 
and pigments (Becker  2007 ; Burtin  2003 ; Gouveia et al.  2009 ; Aneiros and Garateix 
 2004 ). Marine algae can be divided into two major groups, seaweed and microalgae. 
Furthermore, seaweeds are broadly classifi ed as profound marine organisms which 
contain three groups based on the pigmentation: brown seaweed (Phaeophyceae), 
red seaweed (Rhodophyceae), and green seaweed (Chlorophyceae). In contrast to 
seaweeds, marine microalgae are classifi ed into three major groups: blue-green 
algae, dinofl agellates, and diatoms (El Gamal  2010 ). 

 Marine algae have been utilized in many parts of the world for a long time, espe-
cially in Asia-Pacifi c and Southeast Asian countries, and are traditionally consumed 
as a part of the diet because they are rich sources of nutrients. On the other hand, 
western countries have used them for thickening and gelling agents, including algi-
nate, carrageenan, and agar for industrial applications (Kong et al.  2009 ; Shibata 
et al.  2008 ). However, nowadays, marine algae bioresources have become a more 
sophisticated fi eld of research combining the profound biological activities with 
active components having different structural integrities for functional applications 
such as pharmaceuticals, cosmeceuticals, and nutraceuticals (Gómez-Ordóñez et al. 
 2010 ; Gupta and Abu-Ghannam  2011 ). Hence, the harvesting of marine algae from 
marine systems for possible functional applications has increased tremendously in 
the past several decades. Based on only the activity or valuable components that are 
isolated and characterized from the complete marine biomass, the remainder of the 
residue biomasses will be removed or thrown away as waste products. However, in 
contrast to the signifi cant output, the wastes and by-products also account for a high 
percentage of the biomasses and are discarded without being used as economically 
valued materials (Fig.  26.1 ).

Marine algae

Enzyme-assisted extractionsOrganic solvent extractions

Phlorotannins Polysaccharides

Pigments Lipids

Other secondary
metabolites

Proteins

Enzymes

Peptides

Residual biomass as
lower-valued components

Target higher-valued components

  Fig. 26.1    Flow chart for the possible functional ingredients that can be obtained from marine 
algae processing by-products       
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   Therefore, in this chapter, we demonstrate the possible applications of marine 
algal processing by-products using appropriate extraction methodologies for the 
isolation of bioactive components. Furthermore, functionalities are discussed with 
respect to the pharmaceutical and nutraceutical properties which can be employed 
on marine algae processing by-products in order to review the sustainability of 
marine bioresources and their perspectives.  

2     Different By-products with Marine Algal Processing 

 The term “by-products” entails the lower valued residual biomasses removed from 
the processing industries and which require further processing in order to become 
useful (Rustad et al.  2011 ). In fact, there is a signifi cant output concerning the 
marine algal processing by-products identifi ed as valuable therapeutics and indus-
tries materials. Especially, marine algae-based applications such as foods, cosmet-
ics, biofuels, and seaweed natural biopolymers are suggested to be the major 
industries, and they are able to enhance value of the by-products. Due to the scarcity 
of natural marine algal bioresources and increasing expectations on the health ben-
efi ts with respect to the marine commodities, the recent trend has been directed 
towards the marine processing by-products. Indeed, it has huge unexploited poten-
tial for value-adding materials compared to the natural biomass. However, the dis-
covery of functional components and their activities from marine algae waste has 
been poorly discussed. Therefore, major components, including polyphenols, poly-
saccharides, pigments, proteins, and peptides, can be obtained by either organic 
solvents or enzyme-assisted extractions from marine algal by-products. Hence, the 
rest of the chapter will review the applicable extraction techniques and strategies 
which are undertaken for harnessing the value-added components.  

3     Components from Organic Solvent Extractions 
of Marine Algal By-products 

 Marine algae provide a substantial opportunity for research and can be attributed to 
comprehensive studies as well as providing economical benefi ts for mankind. In 
fact, in terms of the macroalgae, the annual turnover is estimated to be approxi-
mately US$ 7 billion over the whole world. However, this has been contributed only 
by eight countries and limited to six seaweed genera (Lorbeer et al.  2013 ). As well 
as this, a large amount of marine algae has been utilized to screen the bioactive 
compounds in the fi eld of medicine and related pharmacological aspects by many 
researchers (Smit 2014). Hence, the pharmacological effects of marine algae have 
been well documented and described in detail, especially in the region of  Asia- Pacifi c 
countries, including Korea, Japan, China, Australia, and Malaysia (Lorbeer et al.  2013 ). 
However, algae by-products and value-adding materials for therapeutic applications 
were rarely discussed. 
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3.1     Polyphenols/Phlorotannins 

 Over the years, organic solvent extractions have been signifi cantly developed to 
 isolate and characterize secondary metabolites. Among the marine macroalgae, 
brown seaweeds are well known to accumulate a variety of phloroglucinol-based 
polyphenols, so-called phlorotannins (Singh and Bharate  2006 ). These molecules 
are derived from many species of brown algae, including  Ecklonia cava ,  Ecklonia 
stolonifera ,  Ecklonia kurome ,  Eisenia bicyclis ,  Ishige okamurae ,  Sargassum 
 thunbergii ,  Hizikia fusiformis ,  Undaria pinnatifi da , and  Laminaria japonica  
(Li et al.  2011 ). Moreover, these seaweeds have become the most popular edible 
algae in the  Asia-Pacifi c region. Therefore, it is believed that algae processing 
industries have focused on commercial applications where the by-products can be 
used, because the available bioactive phlorotannins have been reported to show 
promising health benefi ts, including antioxidant activity (Shibata et al.  2008 ; 
Kang et al.  2013 ), ACE inhibitory activity (Jung et al.  2006 ), anticancer activity 
(Ryu et al.  2009 ), antidiabetic activity (Lee and Jeon  2013 ), etc. Hence, these bio-
functionalities have a signifi cant infl uence on the value-added materials which can 
be extracted from marine algae processing by-products. 

 Recently, Wijesinghe et al. ( 2012 c) worked on the  E. cava  processing by- 
products which are fermented by yeast,  Candida utilis , to determine the antioxidant 
effect. According to their studies,  E. cava  fermented by-products showed profound 
activities, related to the available and retained polyphenolic compounds. 
Furthermore, the same research group has determined the anti-infl ammatory activ-
ity of the fermented  E. cava  by-products against lipopolysaccharide-stimulated raw 
macrophages (Wijesinghe et al.  2013 ). According to their determinations,  E. cava  
extracts were shown to retain their potential activity, even after polyphenol extrac-
tions were made for cosmetic industrial applications. In fact, an appropriate fermen-
tation process can be identifi ed as the breakdown process of complex substrates into 
a mixture of simple compounds without causing oxidation (De Lucas et al.  2007 ). 
Hence, marine algal processing by-products can be targeted as important pharmaco-
logical tools concerning the value-added screening of bioactive polyphenols.  

3.2     Polysaccharides 

 Marine algae-derived polysaccharides is a recent emergent fi eld of research that is 
rendering a vast array of solutions for modern applications. The industry based on 
the hydrocolloids is known as phycocolloids and has shown a global value of over 
US$ 1 billion in 2009 (Bixler and Porse  2011 ). With the existing commercial trend 
for polysaccharides from marine algae, there several few kinds of signifi cant materi-
als available, such agar, carrageenan, and sulfated galactans from red algae, as well 
as alginate from brown algae (Lorbeer et al.  2013 ). In addition, laminarins from 
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   Table 26.1    Possible phycocolloids isolated from marine algae processing by-products and their 
applications   

 Phycocolloids  Marine algae  Applications  Properties  References 

 Agar   Rhodophyceae:   Gelling agents in 
foods 

 Colloid formed 
with water 

 Selby and Whistler 
( 1993 ) 

  Gracilaria 
chilensis  

 Thickeners and 
emulsifi ers 

 Resistant to high 
temperatures 

  Gelidium  spp.  Solid culture media  Holds large 
amounts of 
soluble 
solids 

  Pterocladia  spp.  Gels for separation 
and molecular 
biology research 

 Strong brittle gel 
formation 

 Alginates   Phaeophyceae:   Thickeners and 
emulsifi ers 

 Viscous solution 
and forming 
gels with 
water 

 Cardozo et al. 
( 2007 ) 

  Laminaria  spp.  Paper and textile 
sizing 

 Water absorption 
ability, even 
when cold 

  Durvillaea 
potatorum  

 Fire- and water- 
proofi ng of fabrics 

 Chelating metal 
ions 

  Ascophyllum   Additives to 
dehydrated 
products 

 Non-melting 
chemical gel 
formation 

  Ecklonia cava   Thickening agent for 
food, beverages, 
and cosmetics 

 Stabilizers for 
beverages 

  Ecklonia radiata   Pharmaceuticals as 
slow release for 
drugs 

  Eisenia  spp. 
  Sargassum  spp. 

 Carrageenans   Rhodophyceae:   Stabilizers for 
cosmetics and 
toothpaste 

 High-quality 
thermal gel 
formation 

 McHugh ( 2003 ), 
Smit ( 2004 ) 

  Chondrus  spp.  Gelatinous for 
lubricants 

 Protein 
reactivity 

  Gigartina  spp.  Antiviral agents in 
pharmaceutical 
products 

 Stabilizers and 
emulsifi ers   Eucheuma  spp. 

  Furcellaria  spp. 

brown algae and ulvans from green algae are also an interesting form of 
 polysaccharides (Read et al.  1996 ; Yaich et al.  2013 ). On the other hand, fucose-rich 
sulfated polysaccharides and fucoidans have gained much attention in various 
industries recently (Wijesinghe and Jeon  2012b ). These phycocolloids are exten-
sively used in modern applications, which are listed in Table  26.1 .

(continued)
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   The phycocolloid-extracting industries generate a large amount of waste and 
 by-products which are rich with the cell-wall polymers. For example, in the alginate 
processing industry, brown seaweeds are stabilized by formaldehyde for a while and 
washed several times using acidic water. Then laminarins and fucans can be 
removed. However, the resulting product of alginic acid can be further converted 
into the soluble form of sodium alginate by using sodium carbonate (Fleury and 
Lahaye  1993 ). Moreover, extraction methods for polysaccharides can be employed 
due to the presence of interfering substances of algae. Basically, polysaccharides 
can be used to extract water- or ethanol-based organic solvents. Despite this, 
enzyme-assisted extractions have also been employed as an alternative method, 
which enhanced the effi cacy of the extraction process on the industrial scale 
(Wijesinghe and Jeon  2012b ). However, further process development and value- 
enhancing effi cacy is needed in order to sustain the utilization of resources.  

3.3     Pigments 

 Among the important marine algae sources of functional ingredients, marine algae 
natural pigments are described as some of the most attractive materials (Pangestuti 
and Kim  2011 ). Most of the algae processing industries have not been concerned 
with the pigments that can be removed. However, the potential uses of natural 

Table 26.1 (continued)

 Phycocolloids  Marine algae  Applications  Properties  References 

 Fucoidan   Undaria 
pinnatifi da  

 Pharmacological 
applications and 
anticoagulant 
activity 

 L-fucose 
monomers 
and sulfate 
esters 

 Li et al. ( 2008 ), 
Athukorala 
et al. ( 2006 ), 
Wijesinghe and 
Jeon ( 2012b )   Scytosiphon 

lomentaria  
 Anti-infl ammation 

  Macrocystis 
pyrifera  

 Antitumor 

  Durvillaea 
antarctica  

 Antiviral 

  Ecklonia cava   Functional foods 
 Cosmeceuticals 

 Ulvan   Ulva lactuca   Pharmacological 
applications 

 High alcohol 
precipitates 

 Yaich et al. ( 2013 ), 
Qi et al. ( 2012 ) 

  Ulva rigida   Antiviral  High uronic acid 
contents 

 Anticoagulants  High ash 
contents  Antihyperlipidemic 

 Laminarins   Phaeophyceae:   Pharmacological 
applications 

 β-1 → 3 linked 
D-glucans 
residue 

 Lépagnol- 
Descamps 
et al. ( 1993 ), 
Choi et al. 
( 2011 ) 

  Haliotis 
tuberculata  

 Antioxidant activity 

  Eisenia bicyclis  
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 pigments of been explored, which can be confi rmed with the higher amount of 
 bioactivities. Moreover, their effi cacy depends upon the structural differences and 
therapeutic value, which seem to be valuable aspects in advances in biotechnology 
and pharmacology. 

 Marine algae pigments are found in three classes: chlorophylls, carotenoids, and 
phycobiliproteins. Among them, chlorophylls are the most diverse form of pigment 
found in almost all algae, including seaweeds and microalgae. The natural abundance 
of this pigment means that its use has great diversity in food, cosmetics, and industrial 
applications (Frankmolle and Fenical  1994 ). However, the extraction of chlorophylls 
has not been studied in detail. In fact, for this purpose, supercritical fl uid extraction is 
facilitated in order to speed up the process and is an alternative method of obtaining 
chlorophyll extractions with the highest purity (Macías- Sánchez et al.  2007 ). Among 
the bioactive potentials of natural pigments, carotenoids take the highest place 
among marine algae pigments. It is suggested that it consists of unsaturated hydrocar-
bons in the carotenes and xanthophylls. Moreover, it contained functional groups 
with oxygen molecules, which also supported their bioactivity. Fucoxanthin is the 
most abundant pigment from the carotenoid pigments family, and it is found in the 
brown seaweeds and diatoms (Matsuno  2001 ). In a recent research, Kim et al. ( 2013 ) 
showed the inhibitory effect of tumor growth in vitro and in vivo by fucoxanthin iso-
lated from brown seaweed,  Ishige okamurae . This seaweed has been commonly con-
sumed by Koreans and used for folk medicine for a long time. Furthermore, its identifi ed 
health benefi ts, including hepatoprotective (Das et al.  2008 ) and antioxidant activity, 
were reported by fucoxanthin isolated from  Undaria pinnatifi da  (Liu et al.  2011 ). 

 Other natural pigments that can be isolated from marine algae processing by- 
products are phycobiliproteins. There are several major classes of this pigment: 
phycocyanins, allophycocyanins, and phycoerythrins (Pangestuti and Kim  2011 ). 
Among them, C-phycocyanin, a type of water-soluble protein pigment from 
 Spirulina platensis , has shown an inhibitory effect against CCl 4 -induced lipid per-
oxidation in the rat liver in vivo. Moreover, this has been tested on the growth and 
multiplication of the human chronic myeloid leukemia cell line (K562) (Subhashini 
et al.  2004 ). In another study, the isolated C-phycocyanin from  S. platensis  treated 
on the human hepatocarcinoma cell line (HepG2) revealed a downregulation of the 
expression of multidrug resistance protein-1 (MDR-1). In addition, it was noted that 
the ROS and cyclooxygenase-2 (COX-2)-mediated pathways are involved through 
NF-қB and AP-1 (Nishanth et al.  2010 ). These fi ndings ensure that the marine algae 
pigments have pharmacological potential and further studies need to be undertaken 
on its extraction from marine algal processing by-products.   

4     Components from the Enzyme-Assisted Extraction 
of Marine Algal By-products 

 Bioactive peptides are found naturally in foods as independent components that 
enable differentiation into active forms by hydrolyzation of their parent proteins 
(Samarakoon and Jeon  2012 ). Interestingly, the harnessing of peptides from 
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precursor proteins can be attempted using proteolytic hydrolyzation in vitro, 
 fermentation, and autolysis (Kim and Wijesekara  2010 ). Hence, the identifi ed rich 
content of marine microalgae proteins can be described as alternative food sources 
for the extraction of bioactive proteins and peptides (Samarakoon et al.  2013 ). 
Components of proteins containing sequences that comprise 3–20 amino acids 
 residues exert physiological health-promoting effects in the body. Moreover, the 
identifi ed amino acid sequences and their activity-based entities yield certain 
 benefi ts, including antioxidative (Sheih et al.  2009b ), ACE inhibitory activity 
(Sheih et al.  2009a ), anticancer (Sheih et al.  2010 ), immune-modulating (Kralovec 
et al.  2007 ), and hepatoprotective (Kang et al.  2012 ) activities by in vitro and in vivo 
assays (Morris et al.  2007 ). These reports confi rm that marine algae processing waste 
protein by- products have potential for further applicable utilization. In addition, 
marine algae processing industrial by-products are targeted as alternative sources for 
the exploration of enzymes, lectins, and taurines. Despite these facts, in the search 
for new bioactive proteins and peptides from the marine microalgae, the extraction 
procedures have to be accomplished using the latest biotechnological tools. 

4.1     Proteins and Peptides 

 Enzymes are catalysts in biological systems and play an important role in food pro-
cessing and commercial applications. Appropriate physicochemical conditions such 
as pH and temperatures are needed in order to produce the desired proteolytic 
enzymes (Table  26.2 ). Most of the precursor proteins in the marine microalgae 
are associated with the complex form of proteins. However, the selection of appro-
priate hydrolytic enzymes can be employed to obtain the desired output. Moreover, 

   Table 26.2    Possible proteolytic enzymes and the optimized conditions used for the isolation of 
proteins and peptides from marine algae processing by-products   

 Proteolytic enzyme  Enzyme origin 

 Optimum conditions 

 Temperature (°C)  pH 

 Alcalase   Bacillus licheniformis   50  7 
 α-Chymotrypsin  Bovine pancreas  37  8 
 Flavourzyme   Aspergillus oryzae   50  7 
 Kojizyme  Selected  Bacillus  and  Aspergillus  strains  40  6 
 Neutrase   Bacillus amyloliquefaciens   50  8 
 Papain   Carica papaya   37  6 
 Pancreatin  45  7.5 
 Pepsin  Porcine gastric mucosa  50  2 
 Protamex   Bacillus  spp.  40  6 
 Protease S   Bacillus stearothermophilus   90  7 
 Trypsin  Bovine, porcine, or human pancreas  37  5 
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the maximum yield of enzymatic hydrolysates can be recovered using appropriate 
digestive conditions in order to release bioactive peptides (Wijesinghe and Jeon 
 2012a ). In that case, the incubation time is a crucial factor in the hydrolysis process. 
Especially, bioactivity-guided evidence must be noteworthy so as to adjust the 
 incubation time in order to obtain the highest activity (Ko et al.  2013 ). Hence, discover-
ing the best conditions for microalgae protein extractions has become an important 
practice in recent reports. In fact, blue-green algae possesses the highest content of 
proteins (6–71 % of the dry weight) and has become a targeted source for the isola-
tion of biologically active proteins and peptides (Samarakoon et al.  2013 ). A num-
ber of studies have shown that protein by-products from  Chlorella vulgaris  were the 
subjected species from marine microalgae and were digested by different proteases. 
However, pepsin enzymatic hydrolyzation was achieved in order to derive bioactive 
proteins and peptides in many instances (   Sheih et al.  2009a ; Sheih et al.  2010 ). 
In contrast to microalgae, the protein content of the seaweeds is low. Besides, brown 
algae has shown a lower protein content (3–15 % of the dry weight) compared to the 
green and red seaweeds (10–47 % of the dry weight) (Fleurence  1999 ). It is believed 
that the available high phenolic content in the brown and green seaweeds might 
have a low level of phenol, leading to a high content of proteins. Despite that, the 
availability of proteins in the sources should be determined, with particular interest 
for the method of separation, isolation, and characterization.

4.2        Polysaccharides and Oligosaccharides 

 Marine algae, especially seaweeds, contain various cell-wall-bound compounds. 
Among them, polysaccharides are described as the major constituents. The basic 
and classical extraction methods, such as organic solvents or aqueous solvents, are 
unable to release these components and the extraction yields vary from 8 % to 30 % 
(Robic et al.  2009 ). Moreover, the presence of various polysaccharide compounds 
reduces the extraction effi cacy and purity of the extractions with the complex form 
of counterparts during the use of classical extraction techniques. Importantly, cell-
wall- associated polysaccharides are composed of large and complex forms of bio-
polymers, including cellulose, lignin, pectin, and hemicelluloses (Doi  and Kosugi  
 2004 ). Hence, high-yielding marine algae processing by-products can be consid-
ered as valuable output in regards to containing heterogeneous complexes from pro-
teins and polysaccharides. Therefore, it is impossible separate them by the usual 
procedures and carbohydrase-based enzyme-assisted extractions will be the focus in 
the future (Wijesinghe and Jeon  2012a ). In fact, appropriate enzymes and their opti-
mum conditions used to degrade the cell-wall polysaccharides were very likely to 
interfere with access to the inner materials, due to the fundamental steps leading to 
the release of bioactive components. Furthermore, treating with specifi c enzymes 
can improve the extraction effi cacy and may have the potential to release oligosac-
charides and monosaccharides as well.   
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5     Industrial Applications of Extracts from Marine Algal 
By-products 

 Seaweed processing by-products have gained considerable evidence suggesting that 
they can be applied for industrial applications with new trends. They are based on 
micronutrients and auxins like hormones which are found in some seaweed by- 
products and are known to stimulate the growth of plants through several potential 
mechanisms. A leading seaweed by-product manufacturer, AlgeFiber TM , ProNova 
Biopolymers, Inc., Norway, has been processing materials for soil amendments 
(Jeng and Vigerust  1985 ). This was done by removing the alginic acid from the raw 
seaweed by extraction using sodium hydroxide and sodium bicarbonate, leaving the 
fi ber by-products containing sodium-enriched nutrients. Moreover,    Craigie ( 2011 ) 
has reported that both micro- and macroalgae-soluble constituents are applicable to 
improving plant and animal nutrition and productivity. They are mainly manufac-
tured from the brown seaweeds, including  Ascophyllum nodosum ,  Laminaria  spp., 
 Ecklonia maxima ,  Sargassum  spp., and  Durvillaea  spp., as well as their by-products 
(Gandhiyappan and Perumal  2001 ). These ideas have been confi rmed in a recent 
report detailing the production of compost from marine waste, allowing condition-
ing of the soil and enriching its agricultural properties (Illera-Vives et al.  2013 ). On 
the other hand, the aquaculture industries have experimented with seaweed water-
soluble natural products to eliminate fi sh pathogens. The red alga  Asparagopsis 
taxiformis  can be used to release the halogenated metabolites into the surrounding 
environments and inhibiting the growth of pathogens by seaweed soluble by- 
products (Mata et al.  2013 ). 

 Moreover, there is great interest in microalgae as sources for renewable energy 
and biofuels (Borowitzka and Moheimani  2013 ). In addition, recent trends and the 
development of economically viable strategies are important in order to understand 
the future industries (Pignolet et al.  2013 ). This recently published report focused 
on a novel process for adding value to algae residue. In this case, the currently pro-
cessed oleaginous microalgae is grown and harvested for lipid production, leaving 
a lipid-free algae residue. The process is described with conversion of the carbohy-
drate fraction into glucose prior to lipid extraction. Furthermore, this bioconversion 
step was found to increase the free water content by 60 % and it was also found that, 
when the bioconversion was carried out prior to the extraction step, it improved the 
solvent extractability of lipids from the algae (Trzcinski et al.  2012 ). 

 In order to maximize the effi ciency of marine algae processing by-products, the 
downstream processing system needs to be understood, as well as purifi cation and 
quality control strategies. In addition, the latest improvements in biotechnology 
have led to the understanding of the different energy requirements, and extraction 
steps may furnish useful industrial applications. In the case of the increasing trend 
of harvesting natural products from marine algae, it its use in large-scale industries 
will increase on a daily basis. In fact, the interesting aspect lies on the future poten-
tial of by-products more than what it is today. Therefore, establishing appropriate 
methodologies in order to manage the scope of harvesting functional ingredients 
from marine algae is required in the future.  
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6     Conclusion 

 In this chapter, we have reviewed the possible applications of the marine algae 
 processing by-products from lower valued residual biomass to increase their effi -
cacy with respect to biotechnological and pharmacological aspects. In the develop-
ment of marine algae commercialization practices, understanding innovative 
technology used for the handling and processing of algae low-profi le residues will 
provide opportunities to improve the capabilities and qualities of products. 
Moreover, this will support reductions in environmental and ecological impacts, and 
facilitates the management of bioresources in a fruitful manner.     

      References 

       Aneiros A, Garateix A (2004) Bioactive peptides from marine sources: pharmacological properties 
and isolation procedures. J Chromatogr B 803:41–53  

    Athukorala Y, Jung W-K, Vasanthan T, Jeon Y-J (2006) An anticoagulative polysaccharide from an 
enzymatic hydrolysate of  Ecklonia cava . Carbohydr Polym 66:184–191  

    Becker EW (2007) Micro-algae as a source of protein. Biotechnol Adv 25:207–210  
    Bixler HJ, Porse H (2011) A decade of change in the seaweed hydrocolloids industry. J Appl 

Phycol 23:321–335  
    Borowitzka MA, Moheimani NR (2013) Sustainable biofuels from algae. Mitig Adapt Strat Glob 

Chang 18:13–25  
       Burtin P (2003) Nutritional value of seaweeds. Elec J Environ Agr Food Chem 2:498–503  
    Cardozo KHM, Guaratini T, Barros MP, Falcão VR, Tonon AP, Lopes NP, Campos S, Torres MA, 

Souza AO, Colepicolo P, Pinto E (2007) Metabolites from algae with economical impact. 
Comp Biochem Physiol C 146:60–78  

    Choi J-I, Kim H-J, Lee J-W (2011) Structural feature and antioxidant activity of low molecular 
weight laminarin degraded by gamma irradiation. Food Chem 129:520–523  

    Craigie JS (2011) Seaweed extract stimuli in plant science and agriculture. J Appl Phycol 23:
371–393  

    Das SK, Hashimoto T, Kanazawa K (2008) Growth inhibition of human hepatic carcinoma HepG2 
cells by fucoxanthin is associated with down-regulation of cyclin D. Biochim Biophys Acta 
(BBA) 1780:743–749  

    De Lucas A, Rodriguez L, Villaseñor J, Fernández FJ (2007) Fermentation of agro-food wastewa-
ters by activated sludge. Water Res 41:1635–1644  

    Doi RH, Kosugi A (2004) Cellulosomes: plant-cell-wall-degrading enzyme complexes. Nat Rev 
Microbiol 2:541–551  

    El Gamal AA (2010) Biological importance of marine algae. Saudi Pharm J 18:1–25  
    Fleurence J (1999) Seaweed proteins: biochemical, nutritional aspects and potential uses. Trends 

Food Sci Technol 10:25–28  
    Fleury N, Lahaye M (1993) Studies on by-products from the industrial extraction of alginate. 

J Appl Phycol 5:605–614  
    Frankmolle WP, Fenical W (1994) Isolation of the chlorophyll-related pigment isochlorin-e4 from 

the tropical red alga  Dasya pedicellata . Phytochemistry 36:361–364  
    Gandhiyappan K, Perumal P (2001) Growth promoting effect of seaweed liquid fertilizer 

( Enteromorpha intestinalis ) on the sesame crop plant ( Sesamum indicum L. ). Seaweed Res Util 
23:23–25  

26 Preparation of Useful Components from Marine Algal Processing By-products…



562

    Gómez-Ordóñez E, Jiménez-Escrig A, Rupérez P (2010) Dietary fi bre and physicochemical 
 properties of several edible seaweeds from the northwestern Spanish coast. Food Res Int 43:
2289–2294  

    Gouveia L, Batista AP, Sousa I, Raymundo A, Bandarra NM (2009) Microalgae in novel food 
products. In: Hagen KN (ed) Algae: nutrition, pollution control and energy sources. Nova 
Science Publishers, New York, pp 265–300  

    Gupta S, Abu-Ghannam N (2011) Bioactive potential and possible health effects of edible brown 
seaweeds. Trends Food Sci Technol 22:315–326  

    Illera-Vives M, Labandeira SS, López-Mosquera ME (2013) Production of compost from marine 
waste: evaluation of the product for use in ecological agriculture. J Appl Phycol 25:1395–1403. 
doi:  10.1007/s10811-013-9997-3      

   Jeng AS, Vigerust E (1985) Investigations on the effects of the kelp-meal (Protatek BF40) on some 
physical properties of the soil. Rapport 1, Institute for Jordkultur, Agricultural University of 
Norway  

    Jung HA, Hyun SK, Kim HR, Choi JS (2006) Angiotensin-converting enzyme I inhibitory activity 
of phlorotannins from  Ecklonia stolonifera . Fisheries Sci 72:1292–1299  

    Kang K-H, Qian Z-J, Ryu BM, Kim D, Kim S-K (2012) Protective effects of protein hydrolysate 
from marine microalgae  Navicula incerta  on ethanol-induced toxicity in HepG2/CYP2E1 
cells. Food Chem 132:677–685  

    Kang M-C, Cha SH, Wijesinghe WAJP, Kang S-M, Lee S-H, Kim E-A, Song CB, Jeon Y-J (2013) 
Protective effect of marine algae phlorotannins against AAPH-induced oxidative stress in 
zebrafi sh embryo. Food Chem 138:950–955  

    Kim S-K, Wijesekara I (2010) Development and biological activities of marine-derived bioactive 
peptides: a review. J Funct Foods 2:1–9  

    Kim K-N, Ahn G, Heo S-J et al (2013) Inhibition of tumor growth in vitro and in vivo by fucoxan-
thin against melanoma B16F10 cells. Environ Toxicol Pharmacol 35:39–46  

    Ko J-Y, Lee J-H, Samarakoon K, Kim J-S, Jeon Y-J (2013) Purifi cation and determination of two 
novel antioxidant peptides from fl ounder fi sh ( Paralichthys olivaceus ) using digestive prote-
ases. Food Chem Toxicol 52:113–120  

    Kong C-S, Kim J-A, Yoon N-Y, Kim S-K (2009) Induction of apoptosis by phloroglucinol derivative 
from  Ecklonia cava  in MCF-7 human breast cancer cells. Food Chem Toxicol 47:1653–1658  

    Kralovec JA, Metera KL, Kumar JR, Watson LV, Girouard GS, Guan Y et al (2007) 
Immunostimulatory principles from  Chlorella pyrenoidosa —part 1: isolation and biological 
assessment in vitro. Phytomedicine 14:57–64  

    Lee S-H, Jeon Y-J (2013) Anti-diabetic effects of brown algae derived phlorotannins, marine poly-
phenols through diverse mechanisms. Fitoterapia 86:129–136  

    Lépagnol-Descamps V, Richards C, Lahaye M et al (1993) Purifi cation and determination of the 
action pattern of  Haliotis tuberculata  laminarinase. Carbohydr Res 310:283–289  

    Li B, Lu F, Wei XJ, Zhao RX (2008) Fucoidan: structure and bioactivity. Molecules 13:1671–1695  
    Li Y-X, Wijesekara I, Li Y, Kim S-K (2011) Phlorotannins as bioactive agents from brown algae. 

Process Biochem 46:2219–2224  
    Liu C-L, Liang A-L, Hu M-L (2011) Protective effects of fucoxanthin against ferric nitrilotriacetate- 

induced oxidative stress in murine hepatic BNL CL.2 cells. Toxicol In Vitro 25:1314–1319  
      Lorbeer AJ, Tham R, Zhang W (2013) Potential products from the highly diverse and endemic 

macroalgae of Southern Australia and pathways for their sustainable production. J Appl Phycol 
25:717–732. doi:  10.1007/s10811-013-0003-x      

    Macías-Sánchez MD, Mantell C, Rodríguez M, Martínez de la Ossa E, Lubián LM, Montero O 
(2007) Supercritical fl uid extraction of carotenoids and chlorophyll  a  from  Synechococcus  sp. 
J Supercrit Fluid 39:323–329  

    Mata L, Wright E, Owens L, Paul N, De Nys R (2013) Water-soluble natural products from sea-
weed have limited potential in controlling bacterial pathogens in fi sh aquaculture. J Appl 
Phycol 25:1963–1973. doi:  10.1007/s10811-013-0043-2      

    Matsuno T (2001) Aquatic animal carotenoids. Fisheries Sci 67:771–783  

K.W. Samarakoon et al.

http://dx.doi.org/10.1007/s10811-013-9997-3
http://dx.doi.org/10.1007/s10811-013-0003-x
http://dx.doi.org/10.1007/s10811-013-0043-2


563

    McHugh DJ (2003) A guide to the seaweed industry. Food and Agriculture Organization of the 
United Nations, Rome  

    Morris HJ, Carrillo O, Almarales A, Bermúdez RC, Lebeque Y, Fontaine R et al (2007) 
Immunostimulant activity of an enzymatic protein hydrolysate from green microalga  Chlorella 
vulgaris  on undernourished mice. Enzyme Microb Technol 40:456–460  

    Nishanth RP, Ramakrishna BS, Jyotsna RG, Roy KR, Reddy GV, Reddy PK et al (2010) 
C-Phycocyanin inhibits MDR1 through reactive oxygen species and cyclooxygenase-2. Eur J 
Pharmacol 649:74–83  

     Pangestuti R, Kim S-K (2011) Biological activities and health benefi t effects of natural pigments 
derived from marine algae. J Funct Foods 3:255–266  

    Pignolet O, Jubeau S, Vaca-Garcia C, Michaud P (2013) Highly valuable microalgae: biochemical 
and topological aspects. J Ind Microbiol Biotechnol 40:781–796. doi:  10.1007/
s10295-013-1281-7      

    Qi H, Liu X, Zhang J, Duan Y, Wang X, Zhang Q (2012) Synthesis and antihyperlipidemic activity 
of acetylated derivative of ulvan from  Ulva pertusa . Int J Biol Macromol 50:270–272  

    Read SM, Currie G, Bacic A (1996) Analysis of the structural heterogeneity of laminarin by 
electrospray- ionisation-mass spectrometry. Carbohydr Res 281:187–201  

    Robic A, Rondeau-Mouro C, Sassi J-F, Lerat Y, Lahaye M (2009) Structure and interactions of 
ulvan in the cell wall of the marine green algae  Ulva rotundata  (Ulvales, Chlorophyceae). 
Carbohydr Polym 77:206–216  

    Rustad T, Storrø I, Slizyte R (2011) Possibilities for the utilisation of marine by-products. Int J 
Food Sci Technol 46:2001–2014  

    Ryu BM, Li Y, Qian Z-J, Kim M-M, Kim S-K (2009) Differentiation of human osteosarcoma cells 
by isolated phlorotannins is subtly linked to COX-2, iNOS, MMPs, and MAPK signaling: 
implication for chronic articular disease. Chem Biol Interact 179:192–201  

    Samarakoon K, Jeon Y-J (2012) Bio-functionalities of proteins derived from marine algae—a 
review. Food Res Int 48:948–960  

     Samarakoon KW, Kwon O-N, Ko J-Y, Lee J-H, Kang M-C, Kim D, Lee JB, Lee J-S, Jeon Y-J 
(2013) Purifi cation and identifi cation of novel angiotensin-I converting enzyme (ACE) inhibi-
tory peptides from cultured marine microalgae ( Nannochloropsis oculata ) protein hydrolysate. 
J Appl Phycol 25:1595–1606. doi:  10.1007/s10811-013-9994-6      

    Selby HH, Whistler RL (1993) Agar. In: Whistler RL, BeMiller JN (eds) Industrial gums: polysac-
charides and their derivatives, 3rd edn. Academic Press, San Diego, pp 87–103  

     Sheih I-C, Fang TJ, Wu T-K (2009a) Isolation and characterisation of a novel angiotensin 
I-converting enzyme (ACE) inhibitory peptide from the algae protein waste. Food Chem 
115:279–284  

    Sheih I-C, Wu T-K, Fang TJ (2009b) Antioxidant properties of a new antioxidative peptide from algae 
protein waste hydrolysate in different oxidation systems. Bioresour Technol 100:3419–3425  

     Sheih I-C, Fang TJ, Wu T-K, Lin P-H (2010) Anticancer and antioxidant activities of the peptide 
fraction from algae protein waste. J Agric Food Chem 58:1202–1207  

     Shibata T, Ishimaru K, Kawaguchi S, Yoshikawa H, Hama Y (2008) Antioxidant activities of 
phlorotannins isolated from Japanese Laminariaceae. J Appl Phycol 20:705–711  

    Singh IP, Bharate SB (2006) Phloroglucinol compounds of natural origin. Nat Prod Rep 
23:558–591  

    Smit AJ (2004) Medicinal and pharmaceutical uses of seaweed natural products: a review. J Appl 
Phycol 16:245–262  

    Subhashini J, Mahipal SVK, Reddy MC, Reddy MM, Rachamallu A, Reddanna P (2004) 
Molecular mechanisms in C-Phycocyanin induced apoptosis in human chronic myeloid leuke-
mia cell line-K562. Biochem Pharmacol 68:453–462  

    Trzcinski AP, Hernandez E, Webb C (2012) A novel process for enhancing oil production in algae 
biorefi neries through bioconversion of solid by-products. Bioresour Technol 116:295–301  

     Wijesinghe WAJP, Jeon Y-J (2012a) Enzyme-assistant extraction (EAE) of bioactive components: 
a useful approach for recovery of industrially important metabolites from seaweeds: a review. 
Fitoterapia 83:6–12  

26 Preparation of Useful Components from Marine Algal Processing By-products…

http://dx.doi.org/10.1007/s10295-013-1281-7
http://dx.doi.org/10.1007/s10295-013-1281-7
http://dx.doi.org/10.1007/s10811-013-9994-6


564

      Wijesinghe WAJP, Jeon Y-J (2012b) Biological activities and potential industrial applications of 
fucose rich sulfated polysaccharides and fucoidans isolated from brown seaweeds: a review. 
Carbohydr Polym 88:13–20  

    Wijesinghe WAJP, Lee W-W, Kim Y-M, Kim Y-T, Kim S-K, Jeon B-T, Kim J-S, Heu M-S, Jung 
W-K, Ahn G, Lee K-W, Jeon Y-J (2012) Value-added fermentation of  Ecklonia cava  process-
ing by-product and its antioxidant effect. J Appl Phycol 24:201–209  

    Wijesinghe WAJP, Ahn G, Lee W-W, Kang M-C, Kim E-A, Jeon Y-J (2013) Anti-infl ammatory 
activity of phlorotannin-rich fermented  Ecklonia cava  processing by-product extract in 
lipopolysaccharide- stimulated RAW 264.7 macrophages. J Appl Phycol 25:1207–1213. 
doi:  10.1007/s10811-012-9939-5      

     Yaich H, Garna H, Besbes S, Paquot M, Bleker C, Attia H (2013) Effect of extraction conditions 
on the yield and purity of ulvan extracted from  Ulva lactuca . Food Hydrocoll 31:375–382    

K.W. Samarakoon et al.

http://dx.doi.org/10.1007/s10811-012-9939-5


565S.-K. Kim (ed.), Seafood Processing By-Products: Trends and Applications,
DOI 10.1007/978-1-4614-9590-1_27, © Springer Science+Business Media New York 2014

    Chapter 27   
 Functional Properties of Ascidians 
By-products: Nutritional and Medicinal Value 

             BoMi     Ryu     and     Se-Kwon     Kim    

        B.   Ryu    
  School of Pharmacy ,  The University of Queensland ,   Brisbane ,  QLD 4072 ,  Australia    

  Marine Bioprocess Research Center ,  Pukyong National University , 
  Busan ,  608-737 ,  Republic of Korea     

    S.-K.   Kim        (*) 
  Specialized Graduate School of Convergence Science and Technology, 
Department of Marine-bio Convergence Science  ,   Marine Bioprocess Research Center 
Pukyong National University  ,    45, Yongso-ro ,  Nam-gu, Busan ,  608-737  ,   Republic of Korea   
 e-mail: sknkim@pknu.ac.kr  

Contents

1 Physiological Viewpoint of Ascidians ...............................................................................  565
2 Utilization of Seafood Processing By-products .................................................................  566
3 Nutritional and Medicinal Values of Ascidians Processing By-products ..........................  567

3.1 Nutritional Value of Ascidians Tunic ........................................................................  567
3.2 Medicinal Value of Ascidians Tunic .........................................................................  569

4 Concluding Remarks ..........................................................................................................  575
References ................................................................................................................................  575

1            Physiological Viewpoint of Ascidians 

 Ascidians, also known as sea squirts, are common marine animals which are sessile 
and attached to docks, rocks, or similarly suitable surfaces. They are the largest and 
most diverse class of the subphylum  Tunicata . Because of these close ties, many 
scientists have shown interest in their genetic relationship to other invertebrate and 
vertebrate animals, biology, and applied biochemistry. As with many invertebrate 
groups, they typically have a motile larva that undergoes a metamorphosis into a 
sessile adult. Their larvae look like small tadpoles or very simplifi ed small fi shes, 
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having a notochord and are free swimming, fl anked by muscle bands and a dorsal 
hollow neural tube with a very simple body plan. Also, ascidians have openings 
with mucus-covered gill slits in the front part of their gut. Additionally, most mature 
ascidians possess a simple nervous system in spite of the complicated larval nervous 
system, consisting of a main dorsal hollow nerve cord situated on the notochord 
with small nerves leaving it. As their name implies, ascidians have cellulose as their 
main feature, which is a tunic or outer supportive/protective layer that almost com-
pletely surrounds the body, and secretes a specialized type of secretory epidermis 
(Millar  1971 ; Kozloff  1990 ; Ruppert et al.  2003 ). In others animal, however, the 
fi bers are found to be deposited within the skin. 

 There are 2,300 species of ascidians, which consist of three main types: solitary, 
social ascidians that form clumped distributions by attaching at their bases, and 
compound ascidians with many small individuals. The ascidians live fastened to the 
substrate by their tunic and ciliary mucous suspension-feeding animals. Unlike 
other marine animals, ascidians extend inside the tunic without molting, which is 
probably due to their ability to resorb and redeposit tunic materials at the mantle–
tunic interface. Some of the ascidians have channels in the tunic that are continuous 
with internal blood spaces, which allow for the secretion and redeposition of tunic 
material, as well as for the secretion of defensive materials into the tunic. 

 Various ascidians are commonly used as food, with their peculiar fl avor originat-
ing from unsaturated alcohol called cynthiaol, ever since ancient times in Asia, par-
ticularly in Japan and Korea (i.e.,  Halocynthia roretzi ,  Styela clava ) and also in some 
Western countries. There exists an aquaculture industry where it is cultivated on 
dangling cords made of palm fronds. In 1994, over 42,800 tons were produced, but 
since then, there have been problems with mass mortality events and only 4,500 tons 
were produced in 2004. Increased cultivation of ascidians leads to the generation of 
a large amount of biomass from the remainder of the catch, but there is no special 
utilization processing except for the intake, thus, they cause many problems related 
to environmental or resource utilization (Kelleher  2005 ). Consequently, much 
research has been concerned with the utilization of those by- products of ascidians 
that have potential as bioactive materials which have high value.  

2     Utilization of Seafood Processing By-products 

 There is great potential in the marine bioprocess industry to convert and utilize the 
marine food by-products as valuable functional materials. There are number of 
examples on the utilization of by-products; isolation of bioactive compounds and 
rediscovery from the remaining fi sh muscle proteins, collagen, gelatin, fi sh oil, fi sh 
bone, internal organs, shellfi sh, and crustacean shells through suitable bioprocesses 
(Je et al.  2005 ; Jeon and Kim  2002 ; Kim et al.  2001 ). Followed by the application 
of technologies on these by-products, functional bioactive compounds have been 
found and investigated for nutraceutical and medicinal applications. The develop-
ment of technologies on the reuse of by-products can result in high profi tability and 
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also gives an important purpose to the rediscovery of bioactive compounds derived 
from by-products on resource utilization. Also, these bioactive compounds could be 
extracted through bioconversion technologies varying from simple to complex, and 
may include the preparation and isolation of bioactive peptides, oligosaccharides, 
fatty acids, enzymes, water-soluble minerals, and biopolymers to obtain nutraceuti-
cal potentials that are of benefi t to human health promotion. Therefore, the develop-
ment of technologies in search of novel bioactive compounds from by-products will 
yield more value from what is today considered a waste and represents unique chal-
lenges and opportunities for the seafood industry.  

3     Nutritional and Medicinal Values of Ascidians Processing 
By-products 

 Ascidian is cultured on a large scale, thus bringing down the economic value of 
ascidians, in spite of the improving ascidians industry. As a result, these phenome-
non lead to a considerable increase in the amount of discarded ascidians as process-
ing leftovers, and that includes tunic. According this, questions regarding the 
utilization of the remainder of the tunic from ascidians after processing are pro-
posed, possibly leading to serious problems. Much research has been carried out on 
the subject, which has found great potential in ascidians tunic to convert it into more 
valuable products that have nutritional and medicinal properties. These innovative 
efforts of incorporating the ascidians tunic in useful developments and applications 
came into the mainstream to realize their potential benefi ts. 

3.1     Nutritional Value of Ascidians Tunic 

 Nutrition substances such as carbohydrates, proteins, lipids, and minerals in food 
and their biological studies are important in order to understand the possibility to be 
able to extend the properties of their nutrition. The ascidians from the  Halocynthia  
genus are mostly useful only in terms of their contents and not their shells. However, 
a great number of researches on these by-products have investigated the nutritional 
values by comparison with the raw contents of ascidians. As a result, the decolor-
ized tunic of the ascidian  Halocynthia roretzi  has similar components to raw 
 H.  roretzi , with crude protein comprising about 40 % and the total carbohydrate 
being almost 46 %, respectively, in the proximate composition (Lee et al.  1998 , 
Table  27.1 ). Lee et al ( 1998 ) analyzed the amino acid profi le of the extraction 
method among the decolorized tunic with acetone treatment, hydrolysis with neutrase, 
and autoclaving (Table  27.2 ). Their major amino acids contained 34.4 % of the total 
amino acid, that is, histidine, glutamic acid, and aspartic acid, and exhibited 31.7 % 
essential amino acid. Moreover, Lee et al. suggested that large quantities of Ca in 
 H. roretzi  tunic are similar to the raw contents of  H. roretzi  (Lee et al.  1998 , Table  27.3 ). 
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   Table 27.2    Amino acid profi les of  H. roretzi  with different extraction methods (Lee et al.  1998 ; 
Jo et al.  2010 )   

 Amino acid  Raw  H. roretzi  (Unit: μmol/g) 

 Ascidians tunic 

 Treated with acetone a   Neutrase b   Autoclaving c  

 Tau  –  0.5  0.2  0.0 
 Asp  3,192.99 ± 85.4  10.4  10.1  11.8 
 Thr  1,834.36 ± 46.3  4.7  5.1  5.3 
 Ser  2,066.61 ± 42.5  4.3  3.0  3.8 
 Glu  3,702.29 ± 88.2  11.0  9.1  12.2 
 Gly  3,656.93 ± 694.7  5.4  4.6  4.5 
 Ala  2,412.82 ± 107.7  4.5  2.6  3.8 
 Cys  200.91 ± 17.3  2.8  4.8  2.7 
 Val  1,731.96 ± 50.1  4.5  3.8  5.9 
 Met  624.48 ± 27.9  2.2  1.5  1.6 
 Ile  1,448.94 ± 46.3  4.2  2.6  3.8 
 Leu  2,105.15 ± 71.3  5.2  2.4  4.4 
 Tyr  751.10 ± 42.8  4.0  2.9  3.4 
 Phe  1,130.97 ± 34.5  4.6  2.8  3.7 
 Lys  2,202.08 ± 80.2  6.2  8.1  4.7 
 NH 3   4,376.55 ± 268.7  1.9  0.2  0.2 
 His  806.01 ± 89.7  13.0  29.2  20.4 
 Arg  1,542.91 ± 91.2  6.1  4.0  3.9 
 Pro  2,581.17 ± 65.4  4.5  3.1  3.8 

   a Pigments were removed from ascidians tunic 
  b Neutrase digestibles from ascidians tunic 
  c Water solubles prepared at 125 °C for 6 h (100 g of sample in 1.5 L of water)  

  Table 27.3    Mineral content 
of ascidians tunic (Lee et al. 
 1998 )  

 Mineral 

 Ascidians tunic 

 Dried in raw form a   Treated with acetone b  

 Ca  512.8  563.6 
 Na  193.5  580.4 
 Cu  1.0  1.2 
 Mg  482.1  375.8 
 Mn  9.8  6.8 
 Fe  21.6  26.9 
 Zn  4.1  4.0 
 P  33.6  28.8 
 K  487.6  342.2 

   a Dried and ground ascidians tunic 
  b Pigments were removed from the ascidians tunic  

  Table 27.1    Proximate 
composition of raw 
 H. roretzi  and removed 
pigment from  H. roretzi  
tunic (Lee et al.  1998 )  

 Dried in raw form a   Treated with acetone b  

 Moisture  8.5 ± 0.3  7.4 ± 0.2 
 Ash  4.1 ± 1.1  7.2 ± 0.5 
 Protein  40.3 ± 2.4  39.1 ± 1.8 
 Lipid  1.2 ± 0.1  0.3 ± 0.1 
 Carbohydrate  46.7 ± 1.6  46 ± 1.3 

   a Dried and ground ascidians tunic 
  b Pigments were removed from ascidians tunic  
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These genetic variations do not make any difference to the nutritional values of 
 H. roretzi  tunic and  H. aurantium  tunic (Table  27.4 ) (Kang and Choi     2004 ). In addi-
tion, another ascidians tunic from  Styela clava  has the proximate composition as 
presented in Table  27.5  (Ahn et al.  2003 ).

3.2            Medicinal Value of Ascidians Tunic 

 Ascidians tunic was revealed to have biological compounds such as glycosamino-
glycan, chondroitin sulfate, carotenoid, and pigments. Since Lönnberg    ( 1931 ) fi rst 
identifi ed several kinds of specifi c xanthophyll and carotene in tunicate, Lederer 
( 1938 ) also purifi ed the α- and β-carotenes, astaxanthin, astaxanthin esters, cynthi-
axanthin, and lycopene . Those efforts enabled the separation of astacene and cyn-
thiaxanthin in  H. roretzi  tunic (Nishibori     1958 ). Tsuchiya and Suzuki ( 1960 ) reported 
that cynthiaxanthin and astaxanthin were the major carotenoids in  H. roretzi  tunic, 
and alloxanthin (cynthiaxanthin, pectenoxanthin) was identifi ed by Campbell    et al. 
( 1967 ). These fi ndings are very useful in helping to identify the properties of positive 
compounds from ascidians tunic associated with human health. 

3.2.1     Antioxidants 

 The production of oxygen radicals in cellular systems is part of the normal metabo-
lism, as oxygen is the ultimate electron acceptor in the electron fl ow system. 
However, if produced in excess, electron fl ow generates uncoupled radical species 

  Table 27.4    Proximate 
composition of  H. roretzi  
and  H. aurantium  tunic 
using autoclave treatment 
(Kang and Choi  2004 )  

 ä 

 Ascidians tunic a  

  H. roretzi    H. aurantium  

 Yield  5.4 ± 0.8  3.8 ± 0.3 
 Moisture  3.1 ± 0.1  4.2 ± 0.1 
 Ash  30.1 ± 1.1  27.9 ± 0.9 
 Protein  18.4 ± 0.8  19.7 ± 0.7 
 Lipid  0.5 ± 0.1  0.5 ± 0.1 
 Carbohydrate  48.0 ± 0.7  47.7 ± 0.9 

   a Dried and ground ascidians tunic  

  Table 27.5    Proximate 
composition of  Styela clava  
tunic (Ahn et al.  2003 )  

  Styela clava  tunic 

 Moisture  74.0 ± 0.1 
 Ash  0.8 ± 0.2 
 Protein  8.1 ± 0.1 
 Lipid  0.4 ± 0.1 
 Carbohydrate a   16.7 ± 0.2 

   a 100 – (moisture + lipid + ash + protein)  
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such as hydroxyl radicals (OH), hydrogen peroxide (H 2 O 2 ), and superoxide anions 
(O 2  − ), which lead to an increase of reactive oxygen species (ROS), which signifi -
cantly contribute to cell damage in aerobic cells. Specifi cally, oxidative free radicals 
leads to the oxidation of signifi cant cellular biomolecules such as DNA, membrane 
protein, and membrane lipids, which are implicated in the etiology of a wide variety 
of diseases, including cutaneous fi brosis, chronic infl ammation, and atherosclerosis, 
as well as in aging (Halliwell    and Gutteridge  1999 ; Liu and Connally     1998 ). 
Therefore, antioxidant-rich sources and supplements are under the spotlight to offer 
extra protection. Although many chemical substances have been proved for their 
antioxidant activity, there has been a continuous search for new antioxidants from 
natural sources because of the poor bioavailability, cumulative effects inside the 
body, and adverse side effects of synthetic substances (Jorge et al.  2011 ). Many 
researches among ascidians tunics showed their strong antioxidant effects and they 
have similar or higher defense activity as the raw contents of ascidians (Table  27.6 , 
Jo et al.  2010 ; Kim et al.  2005 ; Nacional et al.  2011 ; Park et al.  2010 ). From those 
researches, many kinds of compounds have been derived from ascidians tunic, such 
as cynthiaxanthin, and halocynthiaxanthin has been suggested as one of the best 
antioxidants (Table  27.7 ).

   Table 27.6    Biological activity of ascidians tunic   

 Bioactivity  Activity (%) 
 Species 
of ascidians tunic  Reference 

 Antioxidant 
 DPPH radical assay  42.90 ± 0.74   H. roretzi   Jo et al. ( 2010 ) 

 56.11 ± 3.64   H. aurantium   Jo et al. ( 2010 ) 
 37.39 (1.5 mg)   S. plicata   Kim et al. ( 2005 ) 
 29.9 %   S. clava  (1 mg/ml)  Nacional et al. ( 2011 ) 

 ABTS radical assay  3.24 ± 0.92   H. roretzi   Jo et al. ( 2010 ) 
 30.08 ± 0.11   H. aurantium   Jo et al. ( 2010 ) 
 1.06 mM   S. clava   Park et al. ( 2010 ) 

 Total phenol 
(ppm, 10 mg/mL) 

 300.21 ± 3.82   H. roretzi   Jo et al. ( 2010 ) 
 176.04 ± 0.72   H. aurantium   Jo et al. ( 2010 ) 

 TRAP activity  0.36 mM   S. clava   Park et al. ( 2010 ) 
 ABTS radical assay  1.06 mM   S. clava   Park et al. ( 2010 ) 

 Anti-infl ammation 
 VCAM-1/COX-2 inhibition   H. roretzi   Xu et al. ( 2008a ) 
 VCAM-1/iNOS inhibition   S. clava   Xu et al. ( 2008b ) 

 Anticancer 
 Toxicity activity  29.0 μg/ml (ED 50 )   S. clava  (50 μg/mL)  Park et al. ( 2010 ) 
 Antiproliferative  12.0 %   S. clava  (500 μg/mL)  Seo et al. ( 2006 ) 

 Antihypertension 
 Anticoagulants  20 %   H. roretzi   Hong et al. ( 2002 ) 
 ACE inhibition activity  34 %   H. roretzi   Hong et al. ( 2002 ) 
 Antibacterial  –   H. roretzi   Tsukamoto et al. ( 1994 ) 
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3.2.2         Anti-infl ammatory Compounds 

 Infl ammation is a defense response in a wide variety of physiological and pathologi-
cal processes caused by stress, injury, and infection. This process contributes 
to impairment on the immune system when persistent for a long period of time, 
as activated macrophages produce toxic factors (Medzhitov  2008 ). Nitric oxide 

   Table 27.7    Secondary metabolites of ascidians tunic   

 Compounds  Bioactivity  Species  Reference 

 Cynthiaxanthin  Antioxidant  Ha et al. ( 2000 ) 
 Halocynthiaxanthin  Antioxidant  Ha et al. ( 2000 ) 
 β-cryptoxanthin  Antioxidant  Zulueta et al. ( 2007 ) 
 Sulfate–polysaccharide  Anticancer  Okutani and Morikawa 

( 1978 ), Okutani ( 1982 ) 
 α- and β-carotenes  DNA protection  Astley et al. ( 2004 ) 
 Lycopene  DNA protection  Torbergsen and Collins 

( 2000 ) 
 Astaxanthin  DNA protection  Santocono et al. ( 2006 ) 
 Zeaxanthin  DNA protection  Santocono et al. ( 2006 ) 
 Lutein  DNA protection  Santocono et al. ( 2006 ) 
 2,6-Dimethylheptyl sulfate  Antibacterial and 

antifungal 
activity 

  H. roretzi   Tsukamoto et al. ( 1994 ) 
 (4Z,7E)-4,7decadienyl sulfate   H. aurantium  
 (32,62)-3,6,9-Decatrienyl 

sulfate 
 Alloxanthin  Choi et al. ( 1994 ) 
 Halocynthiaxanthin  Choi et al. ( 1994 ) 
 Diatoxanthin  Choi et al. ( 1994 ) 
 Diadinochrome  Choi et al. ( 1994 ) 
 Mytiloxanthin  Choi et al. ( 1994 ) 
 Astaxanthin  Choi et al. ( 1994 ) 
 Sulfate–polysaccharide   H. roretzi   Okutani and Morikawa 

( 1978 ), Okutani ( 1982 ) 
 Chondroitin sulfate  Anti-infl ammatory 

activity 
 Xu et al. ( 2008a ,  b ) 

 Halocynthiaxanthin  Infl ammation  Ha et al. ( 2000 ) 
 Chondroitin sulfate  Cell proliferation 

activity 
 Kim et al. ( 2004 ) 

 Collagen synthesis, 
recovery ability 
after UV damage 

 Kim et al. ( 2004 ) 

 Sulfate–polysaccharide  Anticoagulant   H. roretzi   Li    and Lian ( 1988 ), Hong 
et al. ( 2002 ) 

 Sulfate–glycosaminoglycan  Anticoagulant  Gandra et al. ( 2000 ) 
 Dermatan sulfate   Ascidia nigra   Pavão et al. ( 1995 ); Merton 

and Thomas ( 1987 ), 
Maggi et al. ( 1987 ), 
Thomas et al. ( 1989 ) 
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(NO)/cyclooxygenase (COX) and nuclear factor-κB (NF-κB) are well-known 
infl ammatory pathways which induce the production of infl ammatory mediators 
such as prostaglandins, thromboxanes, leukotrienes, and cytokines. Thus, those 
kinds of infl ammatory mediators or cytokines are studied in order to search for 
sources having anti-infl ammatory activity, along with effects on the set of extracel-
lular stimuli- dependent signal transduction cascades. Taken together, there has been 
much research in the fi eld of searching for natural anti-infl ammatory sources that 
are safer for consumption than synthetic compounds, as well as having a high potent 
biological activity (Yamamoto and Maruyama  1985 ; Okai et al.  1994 ). Therefore, 
some studies have proposed effective extraction methods for producing anti- 
infl ammatories from ascidians tunic (Fig.  27.1 , Lee et al.  1998 ; Okutani and 
Morikawa  1978 ; Okutani  1982 ).

   Chondroitin sulfate is a member of the glycosaminoglycans (GAGs), which are 
naturally present in the extracellular matrix of articular cartilage. The GAGs are a 
group of structurally related polysaccharides known to have various activities found 
in the carbohydrate moieties of proteoglycans and sometimes as free polysaccha-
rides (Mathews  1975 ). GAGs and sulfated GAGs may be components of connective 
tissue or cell surface carbohydrates involved in the cell’s interaction with and 
response to its surroundings, together with participation in immune and infl amma-
tory responses (Ruoslahti  1989 ; Okutani and Shigeta  1993 ). 

 From the ascidian  S. clava  tunic, the derived chondroitin sulfates are potent anti-
infl ammatory metabolites which inhibit the infl ammatory factor, vascular cell 

  Fig. 27.1    Preparation of 
enzyme digestibles and water 
solubles from ascidians tunic 
(Lee et al.  1998 )       

 

B. Ryu and S.-K. Kim



573

adhesion molecule-1 (VCAM-1), and iNOS, though by Akt/NF-κB in murine 
 epidermal JB6 P + cells (transformation-sensitive subclone of JB6 cells, Xu et al. 
 2008a ). Xu et al ( 2008b ) also investigated the effect of chondroitin sulfate extracted 
from ascidians tunic on TPA-induced infl ammation in mouse skin. In the infl amma-
tion response in mouse skin in vivo, chondroitin sulfate signifi cantly inhibited TPA- 
induced NF-κB activation and subsequent infl ammation cytokines, VCAM-1 and 
COX-2, were suppressed by IKKβ and Akt/PKB signaling; thus, they suggested that 
the chondroitin sulfate extracted from ascidians tunic was an effective anti- 
infl ammation agent. Many kinds of biological compounds from ascidians tunic such 
as halocynthiaxanthin have been shown to have anti-infl ammatory activity (Ha et al. 
 2000 ). These researches supported the observation that biological compounds iso-
lated from ascidians tunic with special characteristics have signifi cant effects on the 
human immune system.  

3.2.3    Anticancer Activity 

 Apoptosis, or programmed cell death, is an active physiological process that occurs 
during embryonic development and tissue remodeling, and is a natural process for 
removing unneeded or damaged cells with potentially harmful mutations. However, 
the deregulation of apoptosis can disrupt the delicate balance between cell prolifera-
tion and cell death, and can lead to diseases such as cancer (Danial and Korsmeyer 
 2004 ). Most cancer cells block apoptosis via antiapoptotic signaling pathways in 
order to survive, despite undergoing genetic and morphologic transformations. 
Therefore, drugs promoting apoptosis may be effective against many cancers and 
should become an important strategy to counteract cancer (Fesik  2005 ). Some 
marine animals secrete toxic substances to protect themselves from their foe, and 
these substances in their natural forms have been studied as an effective anticancer 
source. Metabolites derived from ascidian  H. roretzi  tunic, sulfate polysaccharides, 
and pigments such as carotene, astaxanthin, and zeaxanthin have exhibited antican-
cer activity (Okutani and Morikawa  1978 ; Okutani  1982 ; Astley et al.  2004 ; 
Torbergsen and Collins  2000 ; Santocono et al.  2006 ). The acetone extract of  S. 
clava  also showed a signifi cant anticancer effect on human colon cancer (HT-29) 
cells (Seo et al.  2006 ). Especially, among the acetone extractions of  S. clava  at 
 different parts, tunic has shown to inhibit the growth of HT-29 cells (12.0 %) at the 
highest concentration of extracts (500 μg/ml) compared to whole or fl esh (26.9 % 
and 30.6 %, respectively).  

3.2.4    Antihypertensive and Anticoagulant Compounds 

 The GAGs consist of dermatan sulfate, chondroitin sulfate, and heparan sulfate. 
The glycosaminoglycan heparin is a crucial therapeutic agent used in the treat-
ment of thrombosis and hypertension (Kakkar and Hedges  1989 ), and dermatan 
sulfate has been shown to have anticoagulant activity, although it has a lower 
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potency than heparin (Merton and Thomas  1987 ; Maggi et al.  1987 ; Thomas et al. 
 1989 ). Pavão et al ( 1995 ) compared the dermatan sulfate-like glycosaminoglycan 
from the body of the ascidian  Ascidia nigra  with mammalian dermatan sulfate and 
investigated the relationships in their structure and anticoagulant activity. From 
the results, they suggested that the unique glycosaminoglycan may help to deter-
mine the structural requirement for the anticoagulant activity of dermatan sulfate 
and, specifi cally, for binding to heparin cofactor II. Besides, sulfated polysaccha-
ride from  H. roretzi  showed both anticoagulant and ACE inhibitory activity, dis-
playing 34 % ACE inhibitory activity on the DEAE cellulose ion exchange active 
fraction (Hong et al.  2002 ).  

3.2.5    Ingredients for Cosmaceuticals 

 Sulfate chondroitin in GAGs derived from ascidians tunic has a high content of SO 4  −  
or COO −  in chains that act to attract moisture, which might help to protect the skin 
against stress. Therefore, sulfate chondroitin, which has an anti-aging effect, is used 
as a cosmetic ingredient. Kim et al. tested the biological activities and safety with in 
vivo and in vitro experiments of sulfate chondroitin derived from ascidians  S. clava  
and  H. roretzi  by examining the cell toxicity, collagen synthesis, cell growth, and 
recovery ability after UV irradiation (Kim et al.  2004 ). The results showed that 
sulfate chondroitin extracted from ascidians tunic can be considered as suitable cos-
metic materials.  

3.2.6     Other Biologically Active Compounds Derived 
from Ascidians Tunic  

 The effect of ascidians for their biologically active metabolites on human health has 
become one of the most active fi elds of studies among marine animals, due to their 
unusual structure with signifi cant bioactivities (Faulkner  2002 ; Blunt et al.  2010 ). 
The chemistry of ascidians is dominated by the presence of nitrogenous metabo-
lites, which could be divided into two structural type-based groups, peptides and 
polycyclic aromatic alkaloids (Menna et al.  2011 ). Pyridoacridine alkaloids isolated 
from ascidians are typically  tetra - or  penta -cyclic aromatic alkaloids based on the 
pyrido[ k,l ]acridine skeleton, usually possessing a functionalized alkylamine side 
chain; they are cytotoxic and some of them possess potent antiviral, antifungal, 
antibacterial, antitumor, and antiparasitic activity (Marshall and Barrows  2004 ). 
Shishijimicins which are perhaps the most complex carboline-based, alkaloids- 
derived ascidians, and  Didemnum proliferum  are reported as antibiotics which are 
also potent antitumor agents (Oku et al.  2003 ). There are other kinds of carboline- 
based alkaloids; bengacarboline exhibited the cytotoxicity towards a 26-cell line 
human tumor panel in vitro and inhibited the catalytic activity of TOPO II (Foderaro 
et al.  1997 ). Moreover, alkaloids isolated from  Eudistoma  ascidians have been 
shown to be potent regulators of cellular growth and differentiation, and affect 
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cAMP-mediated processes (He and Faulkner  1991 ; Rudi et al.  1988a ,  b ; Searle and 
Molinski  1994 ; Viracaoundin et al.  2001 ). 

 Indole-based alkaloids, fascaplysin and its derivatives, exhibit a broad range of 
bioactivities, including antibacterial, antifungal, antiviral, HIV-1-RT, p56 tyrosine 
kinase, antimalarial, cytotoxicity against numerous cancer cell lines, and specifi c inhi-
bition of CDK4 and DNA intercalation, demonstrating huge potential for therapeutic 
assays (Zhidkov et al.  2007 ). Tyrosine-derived alkaloids from ascidians and botrylla-
mides ( Botryllus  species) exhibit activity as selective inhibitors of ABCG2, a human 
ATP-binding cassette (ABC) transporter gene usually associated with multidrug resis-
tance in cancer (Henrich et al.  2009 ; Takada et al.  2010 ). Furthermore, lamellarin α 
20-sulfate exhibited potent in vitro inhibition against HIV-1 integrase (Reddy et al. 
 1999 ). These biological components of ascidians have already received signifi cant 
attention and several intriguing aspects of their chemistry are still being reported.    

4     Concluding Remarks 

 An intensive research effort has been ongoing around the world to utilize seafood 
processing by-products, owing to the presence of functional materials. Among them 
is marine ascidians tunic, a processing waste identifi ed as a potential source of 
nutritional medicinal substances. Previous research on ascidians tunics was mainly 
focused on their rich nutritional value; however, recent studies have revealed the 
potential of this ascidians by-product to be a source of biologically active com-
pounds commonly bearing antioxidant, anti-infl ammation, anticancer, antihyper-
tension, and anticoagulant properties. 

 The discovery of nutritional and medicinal metabolites from ascidians tunic 
opens up novel avenues to the utilization and processing of this waste material, and, 
thereby, reduce the impact on pollution to the environment. With these interesting 
fi ndings, ascidians tunic, a processing by-product, has great potential to be devel-
oped and bioconverted into value-added ingredients in the food, medicine, and cos-
metics industries.     
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