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RESUMO

O onsumo global de pescado aumentou quase o dobro da taxa anual do crescimento da
populagdo mundial no mesmo periodo, de 1961 a 2019, tornando o consumo de pescado maior
do que qualquer outro consumo de proteina animal. Por outro lado, a proporcdo dos
mananciais de pescarias sustentaveis continua a diminuir, devido a sobrepesca e ao aumento
da temperatura da 4gua do oceano, criando a necessidade de aumentar a utilizacéo eficaz dos
subprodutos de residuos marinhos. O objetivo deste estudo foi estabelecer uma metodologia
para a extracdo e quantificacdo de glicosaminoglicanos (GAG) em globos oculares e branquias
de atum, os quais sdo subprodutos descartados de atum rabilho (Thunnus thynnus). Pretendeu-
se também estabelecer uma base para aumentar o valor de subprodutos descartados e facilitar
a sua distribuicdo para as industrias farmacéutica, cosmética e alimentar.

Os GAG sdo polissacaridos de cadeias longas, lineares, carregadas negativamente, e com uma
estrutura dissacarida repetitiva de N-acetilglucosamina e acido glucurdnico, sendo o acido
hialurénico (HA) e o sulfato de condroitina (CS) dois exemplos. Os GAG sdo compostos
bioativos como componentes-chave das matrizes celulares e extracelulares, e desempenham
papéis importantes no crescimento celular, diferenciacdo, morfogénese, migracdo celular e
infecdo bacteriana/viral. Os GAG foram extraidos das branquias e globos oculares de atuns
rabilho, recolhidos na regido do Algarve (Portugal), pela empresa Tunipex, S.A., através de
um processo de desengorduramento, hidrélise enzimética e precipitagdo. Nos ensaios com as
branquias (14 amostras), a extracdo de GAG foi realizada utilizando as partes mais
cartilagineas das areas externas da estrutura branquial, tendo-se descartado a parte 6ssea. Nos
ensaios com os globos oculares (15 amostras), 0s GAG foram extraidos a partir do humor
vitreo, contido no interior da cavidade ocular. A enzima papaina e um tampéo acetato de sodio
foram utilizados para a hidrélise enzimética, sendo a precipitacdo dos GAG efetuada através
da adicdo de etanol.

A quantidade de GAG presente nas amostras foi estimada atraves da determinagéo dos hidratos
de carbono totais pelo método de Dubois. As branquias apresentaram um teor de GAG de
8,71+0,66 mg/g de massa seca precipitada pelo etanol, enquanto o valor correspondente no
humor vitreo dos globulos oculares foi de 1,79+£0,72 mg/g. A comparacdo com resultados de
outros estudos de métodos de extracdo semelhantes confirmou que o atum rabilho contém

tanto ou mais GAG do que outros organismos. O GAG médio das guelras por um individuo



de atum rabilho foi de 2,3867 g e 0 GAG médio de por um individuo de atum rabilho (2 globos
oculares) foi de 0,2269 g. Comercialmente, a data de realizacdo deste trabalho, o CS é vendido
a um preco médio de 442 €/g e o HA a um pre¢co médio de 18.737 €/g, a empresas médicas,
institutos de investigacdo ou empresas farmacéuticas em Portugal. Com base nestes precos, e
por cada atum rabilho, estima-se que o CS contido nas branquias tenha um valor de 1.056 €, e
0 HA contido no globo tenha um valor de 4.252 €. Por extrapolacdo das capturas da empresa
Tunipex S.A. (cerca de 1374 atuns rabilho por ano), calculou-se que as branquias poderiam
render € 1.450.998,96 € em CS e o0s globos oculares 5.842.577,76 € em HA.

Os mercados globais de CS e HA estdo se expandindo rapidamente. Em escala industrial, o
CS é extraido principalmente da cartilagem de tubarfes e animais terrestres. No entanto, nos
ultimos anos, questdes éticas e de sustentabilidade relacionadas a tubardes ameagados foram
levantadas e, em agosto de 2021, o governo do Reino Unido promulgou uma nova lei
proibindo a importacdo e exportacdo de barbatanas de tubardo. Devido ao seu baixo custo, o
HA € produzido principalmente por via microbioldgica, no entanto devido a questbes de
seguranca, as aplicacdes meédicas geralmente usam HA extraido de animais terrestres ou
marinhos. Além disso, devido a crescente consciencializacdo sobre a importancia da
rastreabilidade devido a questfes como BSE, espera-se que a procura por CS e HA originarios
de organismos marinhos aumente ainda mais no futuro. Até ao momento, nenhum estudo foi
realizado sobre a extracdo de GAG, CS ou HA, em branquias ou globos oculares de atum
rabilho. O atum rabilho é um dos principais predadores marinhos de topo e a uma das maiores
espécies de atum presente em aguas portuguesas. Devido ao seu grande tamanho € possivel
produzir quantidades apreciaveis de GAG relativamente a quantidade e peso dos subprodutos
descartados.

Como resultado desta pesquisa, descobriu-se que os globos oculares e as branquias do atum
rabilho contém grandes quantidades de GAG e que sdao materiais de alto valor, de utilizagdo
ecologicamente sustentavel e baixo custo. A parte descartada do atum rabilho pode ser uma
nova matéria-prima para extracdo de GAG, como HA e CS, e tem aplicacdes potenciais nas
areas médica, farmacéutica, alimenticia e cosmética. Este estudo pode servir de base para
avaliar o uso comercial dos subprodutos descartados do atum rabilho.

No entanto, existem muitos desafios para estabelecer o potencial comercial. Além das questdes
técnicas, como a remogdo do odor peculiar do pescado, também existem dificuldades devido
as matérias-primas, como a flutuacdo da quantidade de pescado e dos ingredientes do peixe
cru, dependendo da estacdo do ano e da manutengdo do frescor. Nas extragdes efetuadas a

partir do globo ocular, ndo houve uma relagéo significativa entre o tamanho do individuo e a
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guantidade de GAG, mas no caso dos ensaios com branguias, quanto maior o tamanho da
branquia, maior a quantidade de GAG extraido (mg por g de peso seco) (p=0.04) e o teor de
hidratos de carbono por mg de GAG bruto (p=0.03). Os GAG extraidos dos dois tipos de
tecido em estudo, branquia e humor vitreo, apresentaram cor, textura e propriedades diferentes.
Para estabelecer o seu potencial comercial dos GAG extraidos, sdo necessarios mais estudos
para voltar a testa-los apds novos processos de purificacdo e para analisar a potencial atividade

bioldgica dos GAG isolados.

Palavras-chave: Valorizagdo de subprodutos, Compostos bioativos, atum rabilho,

glicosaminoglicanos
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ABSTRACT

Social needs for effective utilization of marine discarded byproducts are increasing due to
factors such as the decreasing proportion of sustainable fish resources. Therefore, with the aim
of increasing the value of discarded by-products and providing a basis for promoting their
distribution, we extracted glycosaminoglycans (GAGs) from the eyeballs and gills of bluefin
tuna discarded by-products and estimated their content. GAGs are long linear polysaccharides
that form a repeating disaccharide structure of N-acetylglucosamine and glucuronic acid,
where hyaluronic acid (HA) and chondroitin sulfate (CS) are two examples. Crude GAG was
extracted from the gills and eyeballs of bluefin tuna collected in the Algarve region, Portugal
by the processes of acetone defatting, enzymatic hydrolysis with papain, and ethanol
precipitation. Assuming that the amount of carbohydrate in the crude GAG is the amount of
GAG, the average GAG per gills of one individual bluefin tuna was 2.3867 g, and the average
GAG per one individual bluefin tuna (2 eyeballs) was 0.2269 g. In the experiments with gills,
the larger the gill size, the higher the GAG yield (mg per g of dry pellet) (p=0.04) and the
carbohydrate content per mg of crude GAGs (p=0.03). CS is sold at very high prices, average
442 €/g and HA at average 18,737 €/g, to medical, research institute or pharmaceutical
companies in Portugal. Based on these prices, it is estimated that the gills could be the main
ingredient of CS product worth €1,056 and the eyeball could be the main ingredient of HA
product worth €4,252, per one bluefin tuna respectively. This study serves as a basis for the
commercial utilization of bluefin tuna discarded by-products. However, to establish its
commercial potential, further studies are needed to re-test it after further purification processes

and to analyze the potential biological activity of the isolated GAGs.

Keywords: Valorization of by-products, Bioactive compounds, bluefin tuna,

glycosaminoglycans
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INTRODUCTION

1.1 GLOBAL POPULATION AND SUSTAINABILITY IN FISHING INDUSTRY

Global populations are projected to increase by about three billion people in 2100, to a total
of 10.9 billion individuals (United Nations, 2019). In addition to the explosive growth of the
world's population, the deterioration of the global environment, such as global warming, gives
us increasing concerns about the tight supply and demand of energy and food resources (FAQO,
2017). Global seafood consumption increased at a rate almost twice that of annual world
population growth for the same period, from 1961 to 2019, and higher than that of all other
animal protein foods (meat, dairy, milk, etc.) for a variety of reasons, including the health
benefits of fish products (FAO, 2022a). On the other hand, the proportion of sustainable fish
stocks continues to decline due to overfishing and increasing water temperatures, suggesting
the necessity to shift to a sustainable fishery industry.

In September 2015, with the participation of more than 150-member state leaders at the United
Nations Summit, to create a society in which all people can continue to live affluently and
peacefully toward 2030, the 2030 Agenda for Sustainable Development was signed (United
Nations, 2015). In addition, "Sustainable Development Goals (SDGs)" consisting of 17 goals
and 169 targets were set up. The fishery-related goal is "14. Conservation and sustainable use
of marine and marine resources for sustainable development" is one of the most critical issues,
because of the major disruptions in fish populations and aquatic food webs due to overfishing
and increasing water temperatures. Goal 12 is “Ensure sustainable consumption and
production patterns”, which also includes waste management and reduction as targets under

Target 12.3, "Responsibility to Create Responsibility to Produce”.



1.2 INCREASING NEEDS To UTILIZE FISH BY-PrRODUCTS

As the world’s seafood supply increases dramatically, marine discards from fisheries have also
increased, by-products discarded from the fishery account for 10.1% of the annual catch (FAO,
2020). As it has been suggested that the generation of marine discards could increase even
more significantly in the future (eurostat Statistics Explained, 2020), there is an urgent need
to review, not only the fishing methods, but also the distribution and commercialization
methods (FAO, 2020). FAO has also required sustainable use and intensive technology
promotion of fish resources, and to increase the use of fish by-products (FAO, 2014, 2021,
2022b; Save Food Initiative, 2021). The legal framework established by the Common
Fisheries Policy (CFP) of the European Union, based on the essential objective of
sustainability as a fundamental premise for the economic and social future of European
fisheries, defined by-products as part of the catch, and proposed that harvested resources or
biomass to be pursued to the maximum extent possible and the need to eliminate discards
(European Commission, 2019). The phase-in period began in 2015, with a mandatory discard
ban in all EU countries in January 2019.

In response to this growing social demand for the utilisation of discarded by-products of fish
processing, we have initiated a project in collaboration with Tunipex. S.A. to maximise the
value of discarded bluefin tuna by-products. Tunipex. S.A. is a fishing company that started
operations in Olhdo (Algarve) in 1994. Tunipex. S.A. caught approximately 300 tons, 1374 of
bluefin tunas in 2022, of which 21.9 % (65.8 tons) is considered as discarded by-products such
as viscera, tails, bones, etc. which are difficult-to-process for food. Currently, these discarded
by-products are used as raw materials for fish flour, which feeds animals, and the selling price
has been on the rise in recent years, at 30 €/ton in 2021, 60 €/ton in 2022 and 140 €/ton in
2023. However, fish residues are rich in various kind of more expensive bioactive ingredients
such as polyunsaturated fatty acids such as DHA (docosahexaenoic acid) and EPA
(eicosapentaenoic acid) (Olsen et al., 2014), collagen, CS, chitin and chitosan (Govindharaj et
al., 2019; Ozogul et al., 2021; Vazquez et al., 2019, 2020) There are a lot of possibility to
utilize them in several areas, such as: food and nutrition (e.g. health foods), medical care (e.g.
artificial skin and sutures), cosmetics (e.g. moisturizer), agriculture (e.g. biodegradable
fertilizer), industry (e.g. food protection, drug delivery and textiles), and environmental fields
(e.g. wastewater treatment) (el Knidri et al., 2018, Rameshthangam et al., 2020, Oliveira et
al., 2021) (Figure 1.1).
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Figure 1.1 Discarded By-Products of Bluefin Tuna and Expected Main Bioactive Ingredient of Each Part.



1.3 OBJECTIVE OF THIS STUDY AND ORGANIZATION OF THE DISSERTATION

The aim of this study was to stablish a methodology for the extraction and quantification of
GAGs such as HA and CS in tuna eyeballs and gills of bluefin tuna (Thunnus thynnus)
discarded by-products, thereby providing a basis for increasing the value of discarded by-
products and facilitating the distribution of bluefin tuna discarded by-products to
pharmaceutical, cosmetic and food manufacturers at a higher price.

Fish discarded by-products is a potential source of safer and more sustainable GAGs than the
other sources. GAGs derived from marine by-products have the potential to be used not only
in food, health, and beauty products, but also in the medical field, and will contribute to the
realization of affluent lives and the extension of healthy life expectancy. In addition, compared
to chemical refining, it can reduce water and energy usage, reduce marine waste and pollution,
and contribute to the sustainable development of the circular economy and food industry
through the rational use of resources as well as environmental conservation.

As extraction of active ingredients from fish discarded by-products is fraught with challenges
such as fish-specific odours, countermeasures against spoilage, extraction costs, time
requirements and variations in quality, technical improvements are essential to valorize fish
discarded by-products. Tuna by-products have relatively good scalability due to the size of
their parts. The main product of bluefin tuna caught by Tunipex. S.A. is fillets for raw
consumption, the by-products are refrigerated immediately after fishing and then quickly
frozen at -60°C shortly thereafter, which may have better storage conditions and a positive
impact on the by-product valorisation process. Few studies have researched about the
valorisation of bluefin tuna discarded parts so far. It is anticipated that our study will provide

valuable evidence to valorise bluefin tuna discarded by-products.

The overall objective of this work was to study the possibility of valorisation of bluefin tuna

(Thunnus thynnus) discarded by-product. The specific objectives of the study were

identified as:
1. To extract and quantify GAGs from the gills and eyeballs of bluefin tuna
2. To optimize the GAGs extraction method from the gills and eyeballs of bluefin tuna.
3. To estimate the potential value of gills and eyeballs of bluefin tuna as a source of GAG
products such as HA and CS.



LITERATURE REVIEW

2.1 GLOBAL SITUATION IN TUNA FISHING INDUSTRY

Tuna is one of the bony fishes classified in the Order of Perciformes and Family Scombridae
which are temperate/warmwater, pelagic, migratory, and large carnivorous fish (Collette et al.,
2001). Tuna is rich in high-quality protein and n-3 fatty acids such as docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA) and has attracted attention for its health benefits
(Mesias et al., 2015). It is traded internationally as canned fish, sashimi, and sushi material
(Marie Lecomte et al., 2018). Due to its wide distribution and high economic value, tuna has
become the predominant species in 85 fish markets worldwide and is part of the most valuable
fishery resource (FAO, 2011, 2020; McKinney et al., 2020). It accounts for 61 % of the high
seas catch by weight and contributes USD 40 billion to the global economy in 2018
(McKinney et al., 2020). Global catches of tuna and tuna-like species have increased more
than 15 times in the last 60 years, with an increasing from less than 0.4 million tons in 1950
to 6 million tons in 2019 (Coulter et al., 2020). Currently, global tuna catches are skipjack
(Katsuwonus pelamis) 57 %, yellowfin (Thunnus albacares) 29 %, bigeye tuna (Thunnus
obesus) 8 %, albacore (Thunnus alalonga) 5 % and bluefin tuna (Thunnus thynuss Atlantic, or
T. orientalis Pacific) 1 % (FAO, 2020; ISSF, 2020).

Although bluefin tuna is a small proportion of total tuna catches, it is one of the most highly
valued tuna species in the world's sashimi markets and enjoys stable prices. As the top marine
predator and the largest species of tuna, the bluefin tuna plays an important role in maintaining
the balance of the marine ecosystem. However, contrary to increasing demand and fishing
capacity, the bluefin tuna had experienced a decline in adult populations (ISSF, 2020;
MacKenzie et al., 2009). Recent assessments estimate that the biomass of western Atlantic
bluefin tuna stock declined to its lowest level in the mid-to-late 1970s and remained so for
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more than 20 years thereafter; since the implementation of the International Commission for
International Commission for the Conservation of Atlantic Tunas recovery plan in the late
1990s, biomass has gradually increased (ICCAT (International Commission for the
Conservation of Atlantic Tunas), 2017, 2021), but has still been of great public concern from

an international environmental protection perspective.

2.2 ATLANTIC BLUEFIN TUNA (THUNNUS THYNNUS) IN ALGARVE REGION

Atlantic bluefin tuna (Thunnus thynnuss) is caught in fisheries in more than 50 countries and
the Mediterranean Sea is one of the spawning grounds for Bluefin tuna. The Algarve region,
on the south side of Portugal, was once a thriving region for tuna fishing. Tuna is a migratory
fish, and until the 1960s, the preferred route for Atlantic bluefin tuna to and from the warmer
waters of the Mediterranean was close to the Algarve coastline. However, as the number of
fishes migrating in the Algarve waters declined in the mid-1960s, the tuna fishery began to
decline, and the tuna fishery, which had a history of more than 400 years, once ended in the
early 1970s.

Tunipex. S.A. is a fishing company that started operations in Olh&o (Algarve) in 1994, having
started a project to rebuild the tuna fishery in Algarve region in the early 1990s. Two kinds of
tuna were caught in the Algarve: 'In-coming tuna’, which were mature tuna that enter the
Mediterranean Sea from the Atlantic Ocean to spawn, and '‘Out-going tuna’, fishes returning
to the North Atlantic after spawning. The first can be found from April to mid-June and the
second from June to mid-August in Algarve region. Northern European bluefin tuna migrate
from the Atlantic Ocean through the Strait of Gibraltar in search of suitable hatching areas in
spring and return to their birthplace to breed in the warm, clear, and salty Mediterranean waters
(Schaefer, 2001). 'Incoming tuna' have accumulated energy to migrate these thousands of
kilometres and they are maturing. On the other hand, 'out-going tuna’, which return to the
Atlantic Ocean from their spawning area in summer, lost up to 35 % of their weight due to
reproductive effort (Garcia et al., 2010). This post-spawning ‘out-going tuna' is leaner, has less
fat, drier flesh and could not be immediately caught and sold due to low market demand.
Therefore, the Tunipex. S.A. made use of the set net techniques, catching bluefin tuna
returning from Mediterranean Sea in the post-spawning period, then store and feed them in
enclosed areas until they reached the required quality (Esteves & Anibal, 2019). These
practises are contributing to rebuild the tuna fishery the Algarve region.

The market price of bluefin tuna is strongly correlated with the quality of the meat. Slaughter,
processing, storage, and shipping must be of the highest standard. Therefore, bluefin tuna are



processed very quickly to obtain the best and freshest meat quality, and once the tuna are on
board, discarded by-products such as guts and heads are immediately cut off and placed in ice
water, and within an hour they are cut into pieces at a processing plant near the dock and ready
for distribution. The caught tuna is sold to the Portuguese, European and Japanese markets,

mainly as fillets for consumption as sushi.

2.3 GLYCOSAMINOGLYCANS (GAGS)

Glycosaminoglycans (GAGs) are long, linear, highly negatively charged, bioactive
polysaccharides as key components of the extracellular matrix and cells. GAG play important
roles in cell growth, differentiation, morphogenesis, cell migration and bacterial/viral infection.
GAGs are composed of repeated disaccharide units comprising a uronic acid (D-glucuronic
acid or L-iduronic acid) and a hexosamine (D-glucosamine or D-galactosamine) (Pomin,
2016) as shown Table 2.1. Uronic acid is the generic term for carboxylic acids, which are
derivatives obtained by oxidation of monosaccharides in which the hydroxymethyl group (-
CH2OH) at the end of the main chain has been converted to a carboxy group (-CO2H).
Hexosamine is the generic term for amino sugars in which the hydroxyl group of the hexose
is replaced by an amino group. GAGs include chondroitin sulfate (CS), hyaluronic acid (HA),
heparan sulfate (HS), heparin (Hp), keratan sulfate (KS), which differ in the configuration,
position, and linkages formed by the functional groups. Chondroitin sulphate and hyaluronic
acid contain D-Glucuronic acid. Chondroitin sulphate contains D-Galactosamine and HA

contains D-Glucosamine.

Table 2.1. Composition of Glycosaminoglycans (Abdallah et al., 2020; Gandhi & Mancera, 2008; Myron et al.,
2014; Pudetko et al., 2019; Rudd & Yates, 2010).

Type of Uronic Hexosamine Linkages Chemical structure of the disaccharide or
GAGs acid between trisaccharide units
Uronic acid
Hexosamine
Chondroitin  D- D- The linkage oo OR: OR;
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acid o o =
OR; NHCOCH,
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. HO. o}
acid OH NHCOCH,
Dermatan L-Iduronic  D- The linkage I -~
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Type of Uronic Hexosamine Linkages Chemical structure of the disaccharide or

GAGs acid between trisaccharide units
Uronic acid
Hexosamine
Keratan D- D- The linkage on P
sulfate Galactose  Glucosamine  is B 1—3. _—9 gs0s
Q
0
<l oH
HO ~0.
NHCOCH,
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‘00C io HO RzHN
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o OR,

2.3.1 CHONDROITIN SULFATE (CS)

CS is a GAG formed by repeating structures of disaccharides (D-Glucuronic acid and D-
Galactosamine), the repeats of which are shorter than those of HA. CS is mainly found in the
extracellular matrix and cell membrane of tissues (Haylock-Jacobs et al., 2011). CS has many
variations in structure based on differences in length and sulphate position (Malavaki et al.,
2008). CSs usually exist as proteoglycans covalently bound to core proteins called core
proteins (Figure 2.1). Proteoglycans are particularly abundant in the extracellular matrix of

cartilage as proteoglycans called aggrecans (Park et al., 2016).

Core protein =+ Chondroitin Sulfate

+ Hyaluronic acid backbone

Link Protein

Keratan Sulfate

Figure 2.1. Overall Configuration of Protein with Attached GAGs (Sahu et al., 2023).



CS has been reported to have anticoagulant (ben Mansour et al., 2017), antiproliferative
(Krichen et al., 2018), antioxidant (Campo et al., 2006), anti-inflammatory (Hu et al., 2019),
and antiviral activity (Kato et al., 2010) and to exert a variety of pharmacological effects CS
has also been widely employed in the development of health foods, cosmetics, and
nonprescription drugs (DiNubile, 2018; Min et al., 2020; Rodriguez-Merchan, 2018). Annual
sales of CS as a dietary supplement have exceeded $1 billion to date, with an estimated

annual growth rate of 15 %, highlighting the excellent market potential of CS-derived
products (Restaino et al., 2019).

2.3.2 HYALURONIC ACID (HA)

HA is a polysaccharide formed from disaccharide repeating units consisting of D-glucuronic
acid and N-acetyl-D-glucosamine. HA is the only GAG that is not sulphated, is not bound to
a core protein, and therefore does not constitute a proteoglycan (Lamberg & Stoolmiller, 1974).
In contrast to other GAGs that are smaller in size, it is usually composed of 100-20 000 repeat
units and has a molecular weight of 10 °-10 ® Da and has very long linear structures up to 2.4
mm (Laurent & Fraser, 1992; Sadhasivam et al., 2013). HA retains water and acts as a lubricant.
The presence of carboxylic acid groups makes hyaluronic acid anionic, forming hydrogen
bonds between the carboxylate groups of glucuronic acid and the acetamide groups of N-
acetyl-D-glucosamine. Through that hydrogen bond, it attracts water molecules (Figure. 2.2).
Positive dipoles in water are attracted to the negatively charged carboxylic acid groups, while
negatively charged oxygen in water is attracted to the nitrogen group of the acetamide
functional group. Water can fit between all HA subunits, making HA excellent at retaining

water (Fallacara et al., 2018).

CH,

OH NH

HON,C

Hydrophilic groups Hydrophobic moicties ... Hydrogen bonds

Figure 2.2. Hyaluronic Acid Bounding to Water (adapted from Dovedytis et al., 2020).



HA which is one of the natural biopolymers, like starch, cellulose, and chitosan, is considered
the most influential biopolymer due to its unique viscoelasticity, hygroscopicity, non-
immunogenicity, and biocompatibility, and is widely used in the medical, cosmetic, food, and
healthcare fields (J.Necas et al., 2008; Kogan et al., 2007; Kumari et al., 2006).

2.4 EYEBALLS AND GILLS AS MATERIAL FOR GAG EXTRACTION

24.1 FISHGILL

Internal gills of fish consist of a great many vascularized plates and the primary gill lamellae,
attached minute and tightly packed secondary gill lamellae perpendicularly and transversely.
The structure of the enormous number of secondary lamellae provide a large surface area,
occurring gas exchange because of the exceptionally short diffusion distance between water
and blood (Bond, 1996; Liem & Walker, 2001) (Figures 2.3 and 2.4).

Afferent Branchialarch  |nierpranchial septum
branchial / /
Pre- and ariery Parabranchial chamber
postt_remahc Pharynx \
arteries ,

Primary gill lameliae

~
Septal Water current

channels

Figure 2.3. Gill of a Dogfish (Liem & Walker, 2001).
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Figure 2.4. Frontal Sections of Aseptal Gills of a Teleost (Liem & Walker, 2001).

As these gill tissues are cartilaginous and CS is known to be widely distributed in the

extracellular matrix of cartilage, gills may be efficient for CS extraction (Figure 2.5).

Figure 2.5. Surface and Cross-Section of the Gills of the Bluefin Tuna.

11



242 FIsHEYEBALL

The structure and function of fisheyes differ slightly from those of land animals. For example,
the curvature of the corneal portion is greater than the curvature of the posterior portion of the
eye. The Crystalline lens protrudes farther toward the cornea than the iris, making it easier for
light to enter the eyeball (Figure 2.6 and Figure 2.8).

Figure 2.6. Lateral and Anterior Surfaces of the Eye of the Bluefin Tuna.

The fish eyeball is composed of three core layers: an outer supportive bundle (Sclera), a middle
nourishing vascular bundle (Choroid), and an inner Retina containing photoreceptor cells
(Figure 2.7 and Figure 2.8). A ring of cartilage or sclerotic bones develop in the sclera of many
vertebrates. A gelatinous vitreous humor with high HA content exists between the iris, lens,
and sclera/retina (Bond, 1996; Liem & Walker, 2001; Walls, 1942).

| - ————— - .

Figure 2.7. Inside the Bluefin Tuna Eyeball.
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Figure 2.8. Diagram of Vertical Section of Teleost Fish Eye (Liem & Walker, 2001).

The vitreous humor is a highly transparent, viscoelastic semi-solid colloid (Yu et al., 2022)
(Figure 2.9). The gel phase of the vitreous is mainly composed of collagen intertwined by HA,
and the liquid phase is mainly composed of HA in aqueous solution (da Silva Fernandes et al.,
2017). It plays an important role in maintaining the shape of the eyeball and normal intraocular
pressure (16 £ 3 mmHg), regulating the partial pressure of oxygen, and maintaining the natural
position of the retina (Kokavec et al., 2016). An important part of the ocular tissue, about 2/3
of the total eyeball is 98~99 % water, with the remaining 1~2 % being collagen, GAGs such
as HA, heparin sulphate (HS) and CS and salt (K&sdorf et al., 2015). A rabbit study found a
total content of 58 ng of vitreous GAGs with 13 % CS and 0.5 % HS (Kamei & Totani, 1982).
A recent study of bovine vitreous found a predominance of HA (96.2%), CS 3.5 % and HS
0.3 % (Peng et al., 2018). HA concentration increases from anterior to posterior (Bettelheim
& Zigler, 2004).
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Figure 2.9. Vitreous Humor of Bluefin Tuna and Its Viscosity.

2.5 EXTRACTION METHODS OF GAGS

In general, GAG extraction from tissues of animal origin involves the processes of defatting
with acetone or petroleum (Chascall et al., 1994), scientific hydrolysis and protein removal.
Extraction solvents, previously commonly consisting of a mixture of chloroform and water
(E.A. Balazs & R.W. Jeanloz, 1979), have been replaced by mixtures of water and organic
solvents such as ethanol or acetone or enzymatic hydrolysis (Prescott, 2003), due to concerns
about the negative environmental impact of chloroform and other chemicals. Organic solvents
enable protein removal by promoting dehydration, reducing the dielectric constant of the
medium, increasing electrostatic interactions and causing intra- and intermolecular
aggregation of proteins and other substances. Enzymatic hydrolysis using papain, trypsin,
pepsin, pronase, alcalase and actinase E has been most used these days. Enzymatic hydrolysis
methods provide higher extraction yields than chemical methods, as the enzymes specifically
interact with the proteins of the protein-carbohydrate macro-complex, preventing the
breakdown of GAGs so that it allows the separation of undamaged GAGs molecules (Giji &
Arumugam, 2014; Maccari et al., 2015; Volpi & Maccari, 2003) Among enzymes, papain in
particular is the most commonly used to perform enzymatic extraction due to its low cost and
high efficiency in digesting cartilage tissue. The extraction yield of GAGs from animal sources

depends on the source and extraction conditions, such as organic solvent, enzyme, salt type,
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pH and enzyme action time (Abdallah et al., 2020). For example, the decrease in pH can
negatively affect the HA concentration (Balazs, 1987). Enzymatic hydrolysis times of 24 hours
or more in GAG extraction from cartilage tissue (Maccari et al., 2015; Thomas et al., 2021)
are mostly performed, while extraction from the vitreous decreases with longer times and the
highest extraction was obtained at 6 hours (Sumogod et al., 2020). Precipitation is used in the
GAG extraction process as well as it is effective in removing most proteins and other
contaminants. Organic solvents such as ethanol, methanol, acetone, and propanol are most
commonly used to remove proteins by promoting dehydration, reducing the dielectric constant
of the medium, increasing electrostatic interactions and causing intra- and intermolecular
aggregation (McDowall, 1989). Cetylpyridinium chloride (CPC) precipitation is mainly used
for the extraction of GAGs from vitreous bodies, as it precipitates polysaccharides from
aqueous solutions and thus yields high molecular weight HA in high yield (Mizuno et al.,
1991; Amagai et al., 2009) .

In some reports, further various purification methods have been employed after extraction to
increase the purity of GAGs, such as dialysis, cation exchange columns (Higashi, Takeuchi,
et al., 2015), nultrafiltration-diafiltration (Kim et al., 2012), anion exchange chromatography
(S. Chen et al., 2011; Choi et al., 2014; Lignot et al., 2003; Maccari et al., 2015; Souza et al.,
2007). Dialysis can remove small molecules such as peptides hydrolysed by collagen in
cartilage and salt by dissolving the precipitate in water and dialysing it. Ultrafiltration-
diafiltration is a highly applicable method for purification and is a size-based separation for
removing impurities and concentrating HA and CS in solution (Choi et al., 2014; Lignot et al.,
2003; Opdensteinen et al., 2019). Anion exchange chromatography is used to increase the
purity of GAGs by separating proteins (Chen et al., 2011; Maccari et al., 2015; Souza et al.,
2007).
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MATERIAL AND METHODS

3.1 RAW MATERIALS AND CHEMICALS

Bluefin tuna were collected from Tunipex. S.A., Olhdo, Faro, Portugal (latitude 37°03'N;
longitude -7°83'W) in May 2022. The eyeballs and the gills were dissected out freshly just
after collection and stored at -60 “C. After being transferred to the laboratory in the
Departament of Food Engineering, Institute of Engineering, University of Algarve, the tissues
were stored at -20 °C until further use. Papain was obtained from Drasanvi (papaina 30
capsulas vegetais — Nutrabasics Drasanvi). All the solvents and reagents for the analysis were

of analytical grade.

3.2 GAG EXTRACTION FROM GILLSS

GAGs extraction from tuna gills was performed as per methodology by Kanchanaetal., (2013),
with slight modifications (Figure 3.11).

3.2.1 PREPARATION

Fifteen individual gills were weighed in the frozen state and thawed at room temperature
overnight. They were washed to get rid of blood, immersing in water and changing the water
three times, and placed on a colander for 30 minutes, and placed kitchen paper over the top
and bottom of the gills and press gently three times to wipe off the water. The raw gills were
weighed before and after washing, defined as the overall raw weight for bluefin tuna size
estimation. After washing the gills, the bone between the left and right gills and the hard bony

part at the base of each gill were removed and weighed again. This weight was subtracted from
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(@) the overall raw weight and defined as (b) raw weight for price value estimation (Figure
3.1).

(a) Weight for Estimating Size of Each (b) Weight for Estimating the Price Value of
Bluefin Tuna Gills per Each Bluefin Tuna

Figure 3.1. Two Types of Definition of Gill Weight per One Individual Bluefin Tuna.

3.2.2 MILLING AND DEGREASING PROCESS

The tissue was taken from a point 1 cm from the outside of the center of each sample and cut
into small pieces with scissors and homogenized with a blender (Figure 3.2). 20 g of the tissue
was weighed out per each individual gill and defatted with 20 mL of acetone at 4 °C for 24 h
(Mizuno et al., 1991). Decanting the acetone, the precipitate was dried in an oven for 24 h at
60 °C.

Figure 3.2. Part Used for Extraction of Glycosaminoglycans (GAGS).
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3.2.3 ENZzYMATIC DIGESTION FOR GILL

A sample of 5.0 g of the dry defatted gills (in the ratio of 1 g dry tissue to 20 ml) was hydrated
in 100 mL of digestion buffer (pH=5,5 sodium acetate 100 mM, containing cysteine 5.0 mM
and EDTA disodium 5.0 mM) for 24 h at 4 °C (Balbinot-Alfaro et al., 2022; da Rosa et al.,
2012). 500 mg of papain (in the ratio of 1 mg of papain to 10 mg of dry tissue) was added.
The mixture was incubated for 24 h at 60 °C in a stirrer (Figure 3.3). After boiling the mixture
for 10 min, the mixture was centrifuged at 5000xg for 15 min, and the supernatant was

recovered.

(b)

Figure 3.3. Bluefin Tuna Gills Before (a) and After (b) Enzymatic Hydrolysis.

3.2.4 ETHANOL PRECIPITATION

Ethanol saturated with sodium acetate was made by adding sodium acetate into ethanol little
by little stirring. Three volumes of ethanol saturated with sodium acetate were added to the
supernatant and stored at 4 °C for 24 h (Figure 3.4). The precipitate was recovered by
centrifugation at 5,000xg for 15 min. The precipitate was dried at 60 °C for 12 h (crude
GAGS) (Figure 3.5).
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Figure 3.4. Ethanol Precipitation of Bluefin Tuna Gill Glycosaminoglicans (GAGS).

Figure 3.5. Crude Glycosaminoglycans (Crude GAGs) Extracted from Bluefin Tuna Gill.

20



3.3 GAG EXTRACTION FROM EYEBALLS

The GAGs extraction from eyeballs was performed as per methodology by (Alcéntara et al.,
2022) with slight modifications (Figure 3.11).

3.3.1 EYEBALL PREPARATION

Fifteen (15) eyeballs were weighed in frozen state and thawed at 4 °C over 2 days. The eyeballs
were cleaned up from surrounding tissues such as fat and muscle (Figure 3.6). The eyeballs
were weighed before and after washing. Vitreous humor was carefully removed through an
incision from the posterior part of the eye (Figure 3.7), and weight and measured the volume.

Figure 3.6. Bluefin Tuna Eyeball After Thaw.

Figure 3.7. Vitreous Humor of Bluefin Tuna.
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3.3.2 VITREOUS HUMOR DEGREASING

The samples were submitted to degreasing by immersing in a ratio of 100 g sample in 100 mL
acetone (Mizuno et al., 1991) for 24 h at 4 °C and then dried at 60 °C for 2 h.

3.3.3 ENzYMATIC DIGESTION OF THE VITREOUS HUMOR

A sample of 20 g of the gel-like portion from vitreous humor after evaporation of acetone were
weighed off and added 100 mL of 100 mM sodium acetate buffer pH 5.5 (containing 5 mM
EDTA and 5 mM cysteine) and 500 mg of papain, and the solution was incubated for 6 h at
60 °C with gently stirring (Figure 3.8). After boiling the mixture for 10 min, the mixture was
centrifuged at 5000xg for 15 min, and the supernatant was recovered, and the pellet was

discarded.

(b)

Figure 3.8. Bluefin Tuna Vitreous Humor Before (a) and After (b) Enzymatic Hydrolysis.

3.3.4 ETHANOL PRECIPITATION

Three volumes of ethanol saturated with sodium acetate were added to the supernatant and
stored at 4 °C for 24 h (Figure 3.9). HA is a very sticky substance and the precipitate stuck to

the bottom of the flask, which was carefully scraped off and the mixture transferred between
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centrifuges. The precipitate was recovered by centrifugation at 5,000xg for 15 min. The
precipitate was dried at 60 °C for 12 h (crude GAGs) (Figure 3.10).

Figure 3.9. Ethanol Precipitation of Bluefin Tuna Vitreous Humor Glycosaminoglycans (GAGS).

Figure 3.10. Crude GAG Extracted from Vitreous Humor.
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removal vitreous humor

acetone degreasing, 24 hours

!

acetone degreasing, 24 hours

oven dried at 60°C, 24 hours

oven dried at 60°C, 2 hours

5 g of dry pellet

20 g of vitreous humor

pre-incubate with 200mL of 100 mM
Sodium Acetate Buffer, containing
cysteine 5.0 MM and EDTA disodium
5.0 mM at 4°C, 24 hours

100mL of 100 mM Sodium Acetate
Buffer, containing cysteine 5.0 mM and
EDTA disodium 5.0 mM

500 mg of papain

500 mg of papain

incubate at 60 °C, 24 hours

incubate at 60°C, 6 hours

)

)

centrifuged at 5000 X g, 15 minutes

centrifuged at 5000 X g, 15 minutes

—>> Precipitate discarded

3 times of ethanol saturated with
sodium acetate

3 times of ethanol saturated with
sodium acetate

!

!

dentrifuged at 5000 X g, 15 minutes

dentrifuged at 5000 X g, 15 minutes

—> Supernatant discarded

oven dreid at 60°C, over onenight

!

oven dreid at 60°C, over onenight

crude GAGs

!

crude GAGs

Figure 3.11. Glycosaminoglycans Extraction Procedure from Gills and Eyeballs.

—> Precipitate discarded

—>> Supernatant discarded
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3.4 THEYIELD OF GAGS

The yield was calculated according to the following equation:
1) GAG Yield for Gills
GAG Yield (mg per g of dry pellet) = GAGs / WDP * 100

where GAGs is the dry weight of crude extracted GAGs (mg) or the amount of carbohydrate
(mg) in the crude GAG determined by the Dubois methods (Dubois et al., 1956); WDP:
Weight of the dry pellet (g).

2) GAG Yield for Eyeballs
GAG Yield (mg per g of vitreous humor) = GAGs / WVH * 100

where GAGs is the dry weight of crude extracted GAGs (mg) or the amount of carbohydrate
(mg) in crude GAGs determined by the Dubois method (Dubois et al., 1956). WVH: Weight

of the vitreous humor after degreasing (g).

3.5 ANALYSIS OF CARBOHYDRATE CONTENT

The amount of carbohydrate in crude GAGs was determined by the Dubois method (Dubois
etal., 1956). Triplicates were analyzed per each crude GAG sample. 2 mg of crude GAG from
gill or crude GAG from vitreous humor were placed into a heat resistant (borosilicate) tube
and 2 ml of distilled water was added. The tubes were placed on an ice tray, 1 ml of 5 % phenol
was added rapidly and directly on sample and then 5 mL of concentrated sulfuric acid was
added. The samples were left to stand for 10 minutes and shook at the end of that time. The
samples were incubated at 25-30 °C for 10 minutes. The samples were measured their
absorbance at 485 nm. Calibration curve were prepared from a sucrose solution with a

concentration of 0.5 g/L.

3.6 ESTIMATED THE VALUE OF THE TISSUE

To assess the potential value of a gill and an eyeball as a material for chondroitin sulphate or
HA, the price of CS or HA at which they are sold for the dietary supplement products,
cosmetics products, or medical, research and pharmaceutical production were searched. Prices
of the product were searched in some online shopping platforms in Portugal, using the
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keywords "acido hialurénico” or "sulfato de condroitina”. If other shops listed the same
product, the price of the first shop searched for was quoted in order of relevance. For products
sold on temporary sale at a lower price, the price before the sale was quoted. Products
containing a mix of other nutrients such as glucosamine were excluded and only products
containing chondroitin sulphate as the main ingredient were picked up. Where the same

product was sold in different weight patterns, the price of the heaviest product was used.

3.7 ESTIMATE THE SIZE OF WHOLE BLUEFIN TUNA

Gill tissue was defined as the sum of the left and right gills and the condition including the
bony tissue between them as one gill, and its weight was used to estimate the size of the whole
tuna population. Eyeballs were defined as one eyeball with the surrounding lipid and muscle
removed and were used to estimate the size of the solid. The association between gill and eye
size and the content of crude GAGs, the amount of carbohydrate estimated by the Dubois
method and GAG purity (the amount of carbohydrate in mg of crude GAG) was then
investigated.

GAG Purity (mg per mg of crude GAGS) = carbohydrate / crude GAGs

where carbohydrate (mg) in crude GAGs determined by the Dubois method (Dubois et al.,
1956) and crude GAGs is the dry weight of crude extracted GAGs (mg).

3.8 DATA ANALYSIS

In the experiment with gills, one sample was lost due to an instrument cracking during the
experiment and GAG extraction and analysis was performed from n=14 gill samples. GAG
extractions and analysis were performed from n=15 eyeball samples.

IBM SPSS software was used to analyse the collected data. All the values were expressed as
mean £ SD. Simple linear regression model was used to test if the size of the tissues predicted
dry pellet yield, crude GAG yield, GAG (carbohydrate) yield, or carbohydrate concentration
among crude GAG. The t-test (for independent samples) was used to compare the
carbohydrate concentration in the crude GAG extracted from the eyeball and gills. The level

of significance o was set at 0.05.
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RESULTS AND
DISCUSSION

4.1 EXTRACTION GAGS FROM BLUEFIN TUNA GILL

4.1.1 RAwW MATERIAL WEIGHT OF THE BLUEFIN TUNA GILL

The average weight of the bluefin tuna gills, including the bony part, were 2366.67+1078.20
g in the frozen state, 2157.00+£942.00 g before washing after thawing, and 2102.87+943.16 g
after washing and thawing (Table 4.1). The weight of the useful part for GAG extraction
without the bone between the left and right gills, i.e. the arched bone that supports the gills
and the fat, was 1055.07+£511.88 g, 50.17 % of whole sample tissue after thaw and washing
(Table 4.1).

Table 4.1. Raw Tissue Weight of Bluefin Tuna Gills (n=14)

Mean+SD Min Max

One whole tissue weight in frozen state (g) 2366.67+1078.20 792 4686
One whole tissue weight after thaw

before washing (g) 2157.00+942.00 750 4140

after washing (g) 2102.87+943.16 748 4066

One tissue (only useful part for GAG extraction) (g) 1055.07£511.88 289 1958

4.1.2 CRUDE GAG YIELD FROM THE BLUEFIN TUNA GILL

Crude GAGs were extracted from the bluefin tuna gills by degreasing, extensive protease
digestion, and ethanol precipitation. The average dry pellet yield by defatting with acetone
was 27.26+1.46 % (Mean+SD) of raw tissue weight after thawing and washing. The average
crude GAG yield from bluefin tuna gill was 121.31+12.41 mg per g of dry pellet, that was
12.13 % of dry pellet. The yield from other sources extracted by the similar methods with our
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study including enzymatic hydrolysis and ethanol precipitation were widely ranged, such as
from the cartilage of Acipenser schrenckii was 25 % (Wang et al., 2020), and Buffalo trachea

was 62.05 mg/g, nasal was 60.47 mg/g, joint cartilages 60.76 mg/g (Sundaresan et al., 2018).

4.1.3 CARBOHYDRATE ANALYSIS OF THE GAG EXTRACTED FROM THE BLUEFIN TUNA
GILL

The yield of GAGs varies widely depending on the purification method as well as the kind of
raw material (Table 4.2). In some previous studies, additional techniques such as ion-exchange
chromatography (de Moura et al., 2021; Higashi, Okamoto, et al., 2015; Higashi, Takeuchi, et
al., 2015), and ultrafiltration-diafiltration (Blanco et al., 2015; Murado et al., 2010; Vazquez
et al., 2016, 2018, 2019) have been used for further purification (Table 4.2). Therefore, the
amount of GAGs was further estimated more precisely based on the carbohydrate content of
the crude GAGs obtained by the Dubois methods. The average of carbohydrate was 8.71+0.66
mg per g of dry pellet of gill. The GAG vyield estimated by analysis of carbohydrate was very
similar to the other articles with further purification methods, such as ion-exchange
chromatography, and ultrafiltration-diafiltration. The yield for GAGs extracted from gills of
yellow fin tuna was 8.5 % (Thomas et al., 2021), tilapia was 8.6 % (de Moura et al., 2021),
heads of silver-banded whiting fish was 8.0 % (Ticar et al., 2020). The low percentage of
carbohydrate content in the crude GAG indicates that other compounds such as proteins and
minerals remain in the crude GAG extract. Therefore, if a high purity GAG is required, a

further additional purification step is necessary, such as limited filtration or dialysis.

Table 4.2. Yields of Extracted GAGs from Different Marine Sources using Different Methods.

Material Yield of GAG Extraction Method | Purification Reference
Method
Bluefin tuna gill 0.87% GAG (Dubois | Papain None This study
method basis)
Rabbit fish 6% Alkalase Papain | Ultrafiltration- (Vézquez et
Actinase E diafiltration 21 2019)
Bone of Salmon, Monkfish, codfish, | (% CS w/w) in Papain Dialysis followed by | (Maccari et
spiny dogfish, and tuna bones of: anion exchange 21 2013)
Salmon 0.10 % chromatography
Monkfish 0.34 %

Codfish 0.011 %
Dogfish 0.28 %

Tuna 0.023
Head (Fish processing discard) | 0.05 % GAG Papain None (2%2‘(’]‘;3 etal,
from Labeo rohita (L. rohita)
and Piaractus brachypomus (P.
brachypomus)
Heads of silver-banded whiting fish 0.8% GAG Alkaline process Dialysis (Ticar et al.,

2020)
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Material Yield of GAG Extractio | Purification Reference
n Method | Method
Tilapia 0.86 % GAG Papain Ion exchange gtlic ;g(znf;a ot
chromatography )
Sea cucumber 0.98 % Fucosylated Papain anion exchange | (% {-)i et al,
chromatography
European eel skin 1.22 % sulfated GAG Alcalase® | None g%ill;) ot al,
Spotted dogfish Cartirage 1.5 % weight of CS on dry basis. | Papain anion exchange g?a;%(‘)‘“;; ot
chromatography }
Octopus 1.66 mg GAG/g of dry tissue Actinase E | Dialysis, anion giﬁ; u
exchange al., 2015)
chromatography
Sea snake Skins and Meat 10.1 % sulfated groups Papain Dialysis followed by (2‘(3)‘"1*;) et al,
and ion exchange
Trypsin chromatography
Blue shark Fins 12.08 % CS (w/w dry cartilage) | Alcalase Ultrafiltration- S’azglllzz) ot
diafiltration }
Carp Scales 157.37 pg CS/mg Actinase Ton exchange 2(‘1052}3355)“ et
chromatography )
Sea cucumber 2.87% crude sufated GAG Diastase anion exchange (2Yoa11;§ et al,
chromatography
Cartilage of Acipenser | 25% CS Papain & | anion-exchange (z\gvzag)g etal,
schrenckii Trypsin chromatography
Chinese sturgeon Cartilage 26.51% CS acid anion exchange (Zzohla;) et al,
protease chromatography
neutral
protease
alkaline
protease
pancreatin
pepsin
Skate Crtilage 3.37~16.62 % CS Alcalase Ethanol purification (zjgfg)gr
Blackmouth Catfish Cartilage 3.5-3.7 % CS of wet weight Alcalase Ultrafiltration- ;‘I’a;g‘;; ot
diafiltration i
Small-spotted catshark, Head, | 4-8 % CS in head, Alcalase | Ultrafiltration- (a?la;;is) “
skeleton and fins 3.3 % CS in fins, diafiltration !
1.5 % CS in skeleton
Thornback skate Cartilage by- | 41 g/L of extracted CS for Skate | Alkaline Ultrafiltration- (Murado et
products, Cartilage, process diafiltration 2l 2010
15 % w/w CS extracted for
Thornback skate
Skate Cartilage 47.44 % CS (w/w) Alcalase Protein removal by (25001"73) et al,
centrifugation
Squid Cornea 5% CS (w/w) fuming Papain Ion exchange | (Karamanos
chromatography etal, 1991)
Heads of red salmon 6 to 7 mg/g GAG None (;}g:;ni N
2014)
Ray Cartilage, Shark Fins 749 % CS ray cartilage | Papain Dialysis (Garnjanago
15.05 % CSshrk fins ooy "
Gills of Thunnus albacares 8.5+0.22 mg GAG g-1 Papain None (aTlh%ﬂzalS) et
Squid  Fins, arms, skin, | CS (mg/g dry tissue) | Actinase Dialysis (Tamura et
head, eyes and | Fin 2.973 al., 2009)
mantl Arms 1.555
Skin 3.482
Head 2.475
Eyes 2.29
Different fish species S.canicula fins 3.9 % Alcalase Dialysis followed by (C“;‘r’;:lalal o
Fins, head and skeleton S. canicula head 5.8 % ultrafiltration- . 2017)
S. canicula skeleton 1.9 % diafiltration

P. glauca head 12.1 %
R. clavata skeleton 13.7 %
(CS w/w dry cartilage)
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Material Yield of GAG Extractio | Purification Reference
n Method | Method

Sea cucumbers P. graeffei 110 % CS | Papain Dialysis followed by | (5 Chen et
H. vagabunda 63 % CS anion exchange 201
S. tremulus 7.0 % CS chromatography
1. badionotus 9.9 % CS.

Shark Fins Total GAG amount (mg/g dry | Actinase Dialysis, anion (T:Lg:uschr:. o
weight), exchange al,, 2015)
As a result, 7.7~44.9 mg GAG/g chromatography

of dry tissue were reovered.

blue shark 449
shortfin mako shark 7.71
Birdbreak dogfish 12.2
Cloudy catshark 11.7
Small tooth sand tiger 9.85
Red stingray 43.8
Frilled shark 16.6
Silver Chimaera 22.0
Spotless smooth-hound 39.8
Kitefin shark 8.46
Goblin shark 373

4.1.4 POTENTIAL VALUE ANALYSIS OF GILL OF ONE INDIVIDUAL BLUEFIN TUNA

CS sold on the market is mainly extracted from sources such as bovine, porcine, chicken or
squid cartilage and shark fins; CS is sold alone or in pharmaceutical-grade products or dietary
supplements, often in combination with glucosamine. The market price of six chondroitin
sulphate dietary supplements without glucosamine sold in Portugal was 0.43 €/g + 0.13 €/g of
chondroitin sulphate. According to previous studies, the purity of chondroitin sulphate varies
greatly depending on the purification method and material. However, the information of the
purity of chondroitin sulphate in commercial dietary supplements is not indicated on each
product. The price quotations for 8 CS or chondroitin sulphate sodium products sold to medical
institutions, pharmaceutical companies and research institutes were 442.47 €/g + 509.89 €/g
of CS or chondroitin sulphate sodium. Prices for CS products vary widely. One of the reasons
for this is that CS products are used in a variety of applications, and the required purity and
purification methods differ greatly depending on whether they are injectables, oral reagents,
or laboratory reagents. The potential value per gill of one bluefin tuna assessed from the price
sold to medical institutions, pharmaceutical companies and research institutes for medical use
or as a raw material for various CS products is estimated to be 1056.04 € + 524.34 € per gills
of one bluefin tuna on a GAG basis by Dubois method. In a direct extrapolation, it is 1 450
998.96 € worth of CS products could be produced from gills of 1,374 bluefin tunas collected
by Tunipex. S.A. in 2022.
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The global chondroitin sulphate market size was valued at USD 1.25 billion in 2022 and is
anticipated to expand at a compound annual growth rate (CAGR) of 3.5 % from 2023 to 2030
(Grand View Research, 2023). On an industrial scale, CS is extracted mainly from shark, pig,
chicken, and bovine cartilage (Vazquez et al., 2018; Volpi, 2019; Volpi et al., 2021). However,
in recent years, ethical and sustainability issues have been raised for endangered shark species,
and the UK Government has enacted new legislation banning the import and export of shark
fins in August 2021 (the UK Government, 2021). Despite this growing demand from the
nutraceutical and medical sectors, a stable source of CS that is sustainable and free from risks
such as viruses and BSE remains scarce and a challenge (Badri et al., 2018). Sulphation and
other modifications of GAGs vary widely between species, aquatic species tend to contain
more structural diversity in their GAGs than terrestrial animals, with over-sulphated complex
structures identified in many marine sources (Yamada et al., 2011). It has also been reported
that highly modified GAGs exhibit characteristic physiological activities such as a protective
role against pathogens that do not involve the immune system (Jinno & Park, 2015). Extraction
of CS of course requires vast quantities of ethanol and many expensive reagents such as
enzymes and acetone but given the price quotations for CS products and the size of the demand,
the potential for commercialization is high enough.

4.1.5 ASSOCIATION BETWEEN S1ZE OF GILL AND GAG YIELD OR CARBOHYDRATE OF THE
GAG.

The relationship between weight of the whole gills, including the inside bone, and the GAG
yield was investigated. Examining the relationship between the gill t size and dry pellet yield
(%) per g of raw sample, no significant relationship was found between tuna size and dry pellet
yield (linear regression, p=0.78) (Figure 4.1).

No significant correlation was found between crude GAG yield and raw sample size of the
bluefin tuna gills (linear regression, p=0.78) (Figure 4.2).

However, there was a significant correlation between the estimated GAG weight based on the
amount of carbohydrate estimated by the Dubois method and size of individual bluefin tuna
estimated by raw gill weight after washing (linear regression, p=0.04) (Figure 4.3). It was
suggested that the amount GAGs may increase as the size of the whole bluefin tuna increases.
Moreover, the amount of carbohydrate in 1 mg GAG was significantly correlated with raw
sample weights (linear regression, p=0.03) (Figure 4.4). This meant that as the size of the tuna
increased, it was suggested that a higher purity of GAG could be obtained. One of the reasons
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though there was no correlation with the total amount of crude GAG, but a significant

correlation with carbohydrate content or concentration could be due to the presence of many

undigested impurities such as collagen and minerals in the crude GAG. It should be studied

again using further purification methods such as ion-exchange chromatography.
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Figure 4.1. Raw Sample Weight and Dry Pellet Yield

Scatter Plot of GAG (mg) I g of dry pellet by raw sample weight after washing

150,00 o

140,00
-
&
©
a
_g‘ 130,00 °
- o°°

&
= e—y=1 2422 1 15E-3%
= 12000 e y=1. 2821 158
=]
E e
2
e
& 1opo
(]
100,00
°
90,00
1000,00 2000,00 3000,00 4000,00

raw sample weight after washing

Figure 4.2. Crude GAG Yield and Raw Sample Weight
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Scatter Plot of Carbohydrate(mg) per g of dry pellet by One whole tissue in frozen state(g)
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Figure 4.3. GAG Yield Estimated from Carbohydrate Analysis and Raw Sample Weight.
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Figure 4.4. GAG Purity Estimated from Carbohydrate Analysis and Raw Sample Weight.

As far as | know, there are no reports on CS content and size or age in marine organisms,
though it has been reported that CS levels in bovine intervertebral disc model tails decline with
aging (Collin et al., 2017). In addition, the sulfation pattern of CS in horse articular cartilage
and synovial fluid varies with age (Brown et al., 1998) and the sulfation pattern of chondroitin
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sulfate disaccharides from human normal articular cartilage varies with the age of the
specimen (Bayliss et al., 1999). As the function of CS varies according to its sulphate structure,
further studies, including sulphate structure analysis of CS, are needed to determine whether

CS function and purity differ according to age.

4.2 EXTRACTION GAGS FROM BLUEFIN TUNA EYEBALLS

4.2.1 YIELD OF THE CRUDE GAG FROM THE BLUEFIN TUNA EYEBALLS

The average weight of bluefin tuna eyeballs was 377.67 + 139.24 g in frozen state, 250.77 £
54.62 g before thawing and washing, and 161.01 + 32.65 g after thawing and removal of
surrounding tissue, and the weight of vitreous was 64.43 £ 11.60 g (Table 4.3).

Table 4.3. Sample weight of bluefin tuna eyeballs (n=15).

Mean+SD Min | Max

One whole tissue in frozen state (g) 377.67+139.24 199 | 628
One whole tissue weight after thaw

Whole eyeball (g) 250.77+54.62 181 | 369

Whole eyeball removed surrounding tissues(g) 161.01+32.65 114 | 224

Vitreous humor (g) 64.43+11.60 44 90

4.2.2 CRUDE GAG YIELD FROM THE BLUEFIN TUNA EYEBALLS

Crude GAG was extracted from the vitreous humor from bluefin tuna eyes by degreasing,
extensive protease digestion and ethanol precipitation. The mean crude GAG yield from the
vitreous of bluefin tuna was 25.19 + 12.29 mg crude GAG/g (Mean£SD). The yield of HA
from different sources vary widely, as shown in Table 4.4. The results of the present study
were higher than the other sources, such as the vitreous humor of bovine (469.9 ug HA/g) or
owl (291.8 ug HA/qg), yellow fin tuna eyeballs HA yielded (4.78 mg uronic acid per kg raw
eyeball), and HA from the eyeballs of bigeye tuna (0.42 g HA/dm? of vitreous humor).
However, the purification method may influence the yield, so future comparisons are needed

after further purification methods such as filtration-diafiltration or dialysis.
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4.2.3 CARBOHYDRATE ANALYSIS OF THE GAG EXTRACTED FROM THE BLUEFIN TUNA

EYEBALLS

To estimate the crude GAG more accurately, the carbohydrate content obtained by the Dubois

method was measured and the mean carbohydrate content was 1.79 £ 0.72 mg per g of vitreous

humor. Defining the carbohydrate content of mg of crude GAG by the Dubois method as the

amount of GAG, it was found to be more than many other materials such as eyeballs of bigeye

tuna (0.42 g HA/dm? of vitreous humor), though less than yellowfin tuna eyeballs (4.78 mg

uronic acid per kg raw eyeball) as shown Table 4.4. However, the low percentage of

carbohydrate content in the crude GAG indicates that other compounds such as proteins and

minerals remain in the crude GAG extract. Therefore, if a high purity GAG is required, a

further additional purification step is necessary, such as limited filtration or dialysis.

Table 4.4. Extraction of GAG from Eyeball of Different Sources.

. . Extractio Purificati
Material Yield on Reference
n method
method
Bluefin tuna | 1.79 mg GAGs (Dubois method | Papain None This study
eyeballs basis)
Eyeballs of Nile | 0.054 mg HA/g Papain Dialysis (i S st 2tes)
Tilapia
Yellow fin tuna | 4.78 mg uronic acid/kg raw | Papain Ultrafiltrat | (Svmogod etal. 2020
Eyeballs eyeball ion-
diafiltratio
n
Swordfish eyeballs, | Swordfish vitreous humor 0.055 g | Alkaline Ultrafiltrat | Muadoetal. 2012
shark eyeballs, HA/L (g per liter or Kg) | process ion-
Shark vitreous humor 0.283 g diafiltratio
HA/L (g per liter or Kg) n and
Veal vitreous humor 0.258 g HA/L protein
(g per liter or kg) electrodep
osition
Eyeball of bigeye | 0.42 g HA/dm3 of vitreous humor | Mycolysin | Dialysis (Amagai ct al, 2009)
tuna
Vitreous humor of | 469.9 pug HA/g bovine vitreous | Use  of | Dialysis Gy ehiner et al-
Bovine, Oowl | humor organic
Monkey 291.8 pg HA/g Owl monkey | sodium
vitreous humor salt
Owl monkey eyes 0.394 mg HA/g Pronase Chlorofor | (&5 Belfes & RV
m
treatment
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4.2.4 POTENTIAL VALUE ANALYSIS OF EYEBALLS OF ONE INDIVIDUAL BLUEFIN TUNA

Examining the prices of HA products sold through some online market in Portugal, we found
that 2.96 €/kg + 2.32 €/kg for HA dietary supplements (mean = SD), and 184.57 €/mL + 191.97
€/mL for 10 HA cosmetics liquid ample (mean £ SD). According to previous studies, the
purity of HA varies greatly depending on the purification method and material. However, for
HA dietary supplements, the purity is unknown as there is no indication of purity in any of the
products. Therefore, the prices of HA sold for medical, research and pharmaceutical
production field were investigated, so that the price quotations for 28 HA or hyaluronic acid
sodium salt were 18737.37 € £ 41042.78 € per g of HA or Hyaluronic acid sodium salt. Most
HA used as raw material for commercial dietary supplements and cosmetics is made from
sodium hyaluronate, which is easily soluble in water. The potential value bluefin tuna eyeballs
assessed from the price sold to medical, research institutions, pharmaceutical companies are
estimated to be 4252.24 € £+ 2118.04 € per one bluefin tuna (two eyeballs) on a GAG basis
estimated by the Dubois method. It calculated that 5 842 577.76 € worth of HA products could
be produced from eyeballs of 1374 bluefin tunas collected in Tunipex. S.A. in 2022.

Market prices for HA products were highly diverse. The commercial price of HA obtained
from animal sources such as vitreous humor is much higher than that obtained by fermentation.
HA is mainly microbiologically produced by fermentation using micro-organisms such as
Streptococcus due to its low cost (Chong et al., 2005). However, it is difficult to obtain HA
with the same molecular weight properties as HA of animal origin and that these products can
commonly only be used in the superficial wound care and cosmetic industries due to concerns
that has possibility to contain impurities such as nucleic acids, proteins, and microbial toxins
(W. Y. Chen et al., 2009; J. Li et al., 2020). Due to very high purity requirements for HA in
medical applications, where medical treatments require HA injections, HA extracted from
terrestrial or marine animals is used (Nicholls et al., 2022; Shikina et al., 2022). Therefore,
animal sources have remained the main alternative for supplying the growing HA industry.
The global HA market is valued at USD 9.6 billion in 2020 and is projected to reach USD 16.6
billion by 2027, at a compound annual growth rate (CAGR) of 8.1 % over this period (Grand
View Research, 2020). It was confirmed that HA is marketed at very high prices, and that
bluefin tuna eyeballs could be traded at high prices as a raw material for them. GAGs extracted
from marine discarded by-products would serve safer alternatives for people with religious
problem or concern about risks associated with the transmission of zoonotic diseases such as
bovine spongiform encephalopathy (BSE), Creutzfeldt-Jakob disease and foot and mouth

disease, GAGs from terrestrial animal sources. Extraction of HA of course requires huge
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quantities of ethanol and many other expensive reagents such as enzymes and equipment costs
but given the price quotations for HA products and the size of the demand, the potential for
commercialisation is high enough. Therefore, animal sources have remained the main
alternative for supplying the growing HA industry. Bluefin tuna eyeballs can be one of the

promising options for extracting HA.

4.2.5 RELATIONSHIP BETWEEN SIZE OF BLUEFIN TUNA EYEBALL AND GAG YIELD OR

CARBOHYDRATE OF THE GAG.

The relationship between eyeballs of bluefin tuna and the GAG yield was investigated. No
significant correlation was found between crude GAG vyield and the raw eyeballs weight

(linear regression, p=0.10) (Figure 4.5).

Scatter Plot of Crude GAG(mg) per g of VH by Whole eyeball after removed surrounding tissues(g)
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Figure 4.5. Crude GAG Yield and Raw Sample Weight

There was no significant correlation between the estimated GAG weight based on the amount
of carbohydrate analysis by the Dubois method and raw eyeball weight (linear regression,
p=0.20) (Figure 4.6).
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Scatter Plot of Carbohydrate(mg) of g of VH by Whole eyeball after removed surrounding tissues(g)
R? Linear = 0,121
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Figure 4.6. GAG Yield Estimated from Carbohydrate Analysis and Raw Sample Weight.

And there was a trend towards more the amount of carbohydrate in 1 mg GAG the heavier the
raw sample weight, however, this trend was not statistically significant (linear regression,
p=0.048) (Figure 4.7).

Scatter Plot of Carbohydrate (mg) mg of GAG by Whole eyeball after removed surrounding tissues(g)
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Figure 4.7. GAG Purity Estimated from Carbohydrate Analysis and Raw Sample Weight.
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However, HA is a highly hygroscopic substance, absorbing huge amounts of water, up to
around 1,000 times of its own volume (Mero & Campisi, 2014). When it is brought to room
temperature from oven drying, it absorbs atmospheric humidity and continue to increase
rapidly in weight. In our study, 20 minutes time delay was set between each sample processing
so that the time between removal from the dryer and weighing was constant, but it is still
possible that the weighing was not homogeneous and correct. In addition, very large molecular
weight and very high viscoelasticity of HA (Jabbari et al., 2023) may have made it difficult to
accurately measure the amount of carbohydrate.

Some of the eyeballs examined in this study had holes or cracks. This may have caused the
vitreous to leak out of the eyeball or blood or drips to enter the retina, resulting in an inaccurate
measurement of the weight of each eyeball. However, when vitreous humor was removed from
the eyeball using the method reported by Amagai et al. (2009) using a frozen eyeball, no blood
contamination was observed and a larger amount of colorless and transparent vitreous humor
could be obtained, with improvements in both quality and quantity (Figure 4.8). It was found
desirable to extract HA from the vitreous extracted in this frozen state for further research in
the future. In addition, acetone was used to degrease the eyeballs in this study, but further
improvements are needed in the timing and method of removing the lipid-containing acetone.

Figure 4.8. Vitreous Humor Removed from Eyeballs After Thaw (A) and Removed from a Frozen Eyeball (B).
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As far as | know no reports in marine sources have been found, a human vitreous study found
that older samples were stiffer than the vitreous of younger individuals, with a positive linear
correlation with increasing age, and vitreous dehydration caused by a decrease in HA
concentration with aging has been proposed as a cause of solid phase hardening of the vitreous
gel (Itakura et al., 2009). It has been reported that the decreased synthesis and increased
degradation of HA as the human body ages may be responsible for symptoms of aging such
as dry eye syndrome (Zhu et al., 2021). It was reported that in rhesus monkeys (Macaca
mulatta) the concentration and molecular size of sodium hyaluronate did not show significant
age-related changes, but the amount of liquid vitreous that could be collected increased with
age (Denlinger et al., 1980). The reason for this discrepancy is currently unknown and needs
to be re-compared with further purified GAG amounts in future studies.

In this study, no significant association was found between HA content or concentration and
size of bluefin tuna. This could be an advantage for fishing companies as it means that bluefin
tuna can be used for marketing as a source of HA for the functional food, cosmetic and

pharmaceutical industries, without being sorted by size or age.

4.3 DIFFERENCE BETWEEN GAGS EXTRACTED FROM GILL AND FrROM
VITREOUS HUMOR

The yield of GAGs per g of raw material was significantly higher in gills than vitreous humor
(Table 4.5). This is perhaps due to differences in water content in the raw samples. No
difference was found in the amount of carbohydrate per mg of crude GAG obtained by
extraction (Table 4.5).

Table 4.5. The Difference between GAGs from Gills and GAGs from vitreous humor

Tissue Mean SD t p
(;::2023‘/ ?;\?Jeti(s?uge) vitreoS;I Ihumor 22‘51 i?g 832 2.932 | p=0.008
p;arrnb; 2¥i:it§e(2,?e vitreoS;“humor :jg 88; 881 0.274 | p=0548

In the gill experiments, during the ethanol precipitation process, spreading white precipitate

occurred immediately after the addition of sodium acetate saturated ethanol. However, in the
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vitreous humor experiment, no such obvious changes were observed during ethanol
precipitation, but the precipitate was found to stick to the bottom of the flask.

The color and shape of the crude GAG after drying was milky white for the GAG extracted
from the gills, while the GAG extracted from the vitreous was a darker brown colour (Figure
4.9) and was a very viscous object, with a tendency to stick easily to metal or glass tools. It
also looked moist with a high moisture content even after 12 hours of drying and remained
moist with a high moisture content even after drying at 60°C for a further three days. GAGs
extracted from vitreous humor was also less soluble in water than the GAG extracted from the
gills. Each GAGs extracted from two types of tissue, gill, and vitreous humor, clearly showed
different properties. Though it has been reported that GAGs extracted from vitreous humor
are rich in HA (Table 4.4) and GAGs extracted from fish gills are rich in CS (Thomas et al.,
2021), analysis of the composition of GAGs from these tissues is required for

commercialisation in the future.

(@) (b)

Figure 4.9. GAGs Extracted from Gills (a) and GAGs Extracted from Vitreous Humor (b)
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CONCLUSIONS AND
FUTURE WORK

The results showed that an average 2.3867 g and 0.2269 g of GAGs could be extracted from
the gills and eyeballs of one bluefin tuna, respectively. The raw materials and extraction
purification protocols have a significant impact on the yield and purity of GAGs. Comparison
with results from other studies of similar extraction methods confirmed that bluefin tuna
contains as much or more GAG than other organisms. Furthermore, this study calculated the
potential value of gills and eyeballs of bluefin tuna as discarded by-products and showed that
bluefin tuna eyeballs could be sold to the medical, cosmetic and food industries at very high
prices. CS was sold in Portugal at very high prices, average 442 €/g and HA at average 18,737
€/g, to medical institutions, research institutes and pharmaceutical companies in Portugal.
Based on these prices, it can be estimated that gill per one bluefin tuna could be the main raw
material for a CS product with a value of 1056 € and eyeball per one bluefin tuna (2 eyeballs)
could be the main raw material for an HA product with a value of 4252 €. Over the past decade,
an ever-increasing number of applications for GAGs have been reported (Abdallah et al.,
2020) and its commercial demand has spread to a variety of markets, including cosmetics,
medicine, biotechnology, food, and textiles. In addition, demand for marine-derived CS and
HA is expected to increase further in the future due to the ageing of the population and
increasing health consciousness, as well as growing awareness of the importance of
traceability due to issues such as BSE. To our knowledge, no studies had been conducted to
date on the extraction of GAGs, CS or HA from bluefin tuna gills or eyeballs, and giving the
high price and demand for GAGs, the study of GAG extraction from bluefin tuna eyeballs is
a highly valuable research topic. The bluefin tuna is the top marine predator and the largest
species of tuna. Due to its size and scalability, it is possible to produce large quantities of
GAGs in proportion to the amount and size of discarded by-products. It also has the advantage
in production that tissues such as vitreous and gills can be easily extracted, compared to

extraction from small raw materials.
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Nevertheless, there are many challenges. In addition to technical challenges such as the
removal of odours specific to seafood, there are seasonal or daily fluctuations in the catch and
composition of the raw fish, as well as difficulties arising from the raw material, such as
maintaining freshness. In the extraction of GAGs from the eyeballs, there were no differences
according to the estimated size of the bluefin tuna, but in the extraction of GAGs from the
gills, as the estimated size calculated from the size of the bluefin tuna gills increased, the GAG
yield increased, and the concentration of GAGs estimated by the Dubois method in 1 mg of
crude GAG tended to increase. To realise the valorisation of extracted GAGs in the future, it
Is necessary to improve the method of degreasing and add further purification, etc., and then
re-evaluate the results. As each GAGs extracted from two types of tissue, gill, and vitreous
humor, clearly showed different properties, further structural elucidation is also warranted.

The results of this study showed that bluefin tuna eyeballs and gills contain many GAGs and
are of high value as sustainable, environmentally friendly, and inexpensive GAG material.
Discarded parts of bluefin tuna represent a new source for the extraction of GAGs such as HA
and CS, with potential applications in the medical and pharmaceutical, food and cosmetic
sectors. Harnessing them for commercial production of GAGs and using them for a variety of
applications adds value to the fishery and helps reduce waste to some extent. This study could
serve as a basis for valorising the commercial utilization of bluefin tuna discarded by-products.
However, further studies on the purification process and the bioactive potential of isolated

GAGs are needed to establish their commercial potential.
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