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ABSTRACT

Crawfish and shrimp byproducts are an excellent source of astaxanthin. The
antioxidant-rich natural astaxanthin dispersed in alpha linolenic acid-rich flaxseed oil (FO)
may provide healthier functional food options for US consumers. The goals of this study were
to extract astaxanthin from crawfish and shrimp byproducts and to develop astaxanthin dry
powders using microencapsulation technology. Astaxanthin extracted with FO from crawfish
(FOCA) and shrimp (FOSA) byproducts were stable at 30 and 40 °C, but had substantial
degradation at 50 and 60 °C during four 4 h heating. The astaxathin degradation of FOCA and
FOSA fitted with zero and first orders kinetics showed that the rate constant for astaxanthin
degradation of FOCA and FOSA increased with increased temperature and first order kinetics
could be used to describe the degradation of astaxanthin in FOCA and FOSA between 30 to 60
°C, while zero order kinetics might describe the astaxanthin degradation in FOCA and FOSA at
60 °C. The emulsions prepared with FOCA (ECA) and FOSA (ESA) were spray dried to
produce microencapsulated powders containing FOCA (MCA) and FOSA (MSA) using a pilot
scale spray dryer. The energy required to spray dry 0.433 kg ECA and 0.428 kg ESA was
1.022x10* and 1.028x10" kJ, respectively. The astaxanthin concentration of MCA and MSA
was 13.76+0.37 and 16.08+0.24 ng/g powder, respectively. Alpha-linolenic acid (ALA) was
the predominant fatty acid in MCA and MSA, which accounted for 56.32 % and 55.47 % for
MCA and MSA, respectively. The lipid oxidation of MCA and MSA was lower at 5 °C
storage than those at 25 °C and 40 °C during 26 days storage. Degradation of astaxanthin in
MCA and MSA fitted with first order reaction kinetics model showed that the degradation
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rate constants for MCA and MSA increased with increased storage temperature.  This which
indicated that astaxanthin degraded faster at higher temperature than that at lower temperature.
This study demonstrated that astaxanthin extracted from crawfish and shrimp byproducts

using flaxseed oil can be microencapsulated using spray drying technology.



CHAPTER1 LITERATURE REVIEW
1.1 General Information on Astaxanthin

Astaxanthin is a red orange color pigment which belongs to the family of carotenoids
(Miki 1991). Astaxanthin is one of the main pigments found in aquaculture animals including
salmon, trout, shrimp, crawfish, and crabs. It is widely used as a pigment in aquaculture feed.
Many recent studies have shown that astaxanthin also has many functional properties and
excellent antioxidant activity (Tanaka and others 1995a; Kritchevsky 1999; Tracy 1999).

1.1.1 Chemical Structure

The carotenoids family comprising more than 600 pigments, is a class of hydrocarbons
(carotenes) and their oxygenated derivatives (xanthophylls). Carotenes are only composed of
carbon and hydrogen, while the xanthophylls are oxygenated derivatives. Astaxanthin
[(3S,3'S)-3,3'-dihydroxy-f,B-carotene-4,4'-dione)] contains 11 conjugated double bonds and
two hydroxyl groups (Figure 1.1). The long chain of conjugated double bonds and two
terminal ring systems determine its chemical characteristics and light absorption properties.
In nature, most astaxanthin is found in its isomer forms (Figure 1.2). Due to the different
chirality at C-3, 3, astaxanthin has R/S (optical) isomers including two enantiomers (3S,3'S)

and (3R,3'R) and the meso form (3R,3'S) (Figure 1.2).

Astaxanthin

Figure 1.1 Chemical structure of astaxanthin



15 cis-Astaxanthin

Wl

H

Figure 1.2 Chemical structure of astaxanthin isomers

1.1.2 Sources of Astaxanthin
1.1.2.1 Crustacean Byproducts

Crustacean byproducts are generated from peeling and processing operations of crawfish,
shrimp, crabs, and lobsters. Normally, these byproducts are discarded as waste, which is not
only a loss of potentially valuable byproducts and can also cause environmental problems.
Crustacean byproducts have been reported to be an excellent source of protein, chitin, and

astaxanthin (De Holanda and Netto 2006). The amount of carotenoid pigments in these



byproducts has been well documented by many previous studies (Guillou and others 1995;
Meyers and Bligh 1981; Shahidi and Synowiecki 1991; Torrissen and others 1981) (Table 1.1).
The amount of total astaxanthin in these byproducts depends on the species, development
stage, and storage conditions. The major carotenoid pigment is astaxanthin and its esters
(Sachindra and others 2005). Numerous studies have reported the recovery of astaxanthin
from crustacean byproducts such as snow crab (Shahidi and Synowiecki 1991), shrimp (De
Holanda and Netto 2006; Handayani and others 2008; Sachindra and others 2005; Sachindra
and others 2006), and crawfish (Chen and Meyers 1982; Meyers and Bligh 1981). In their
study, different methods were used to extract astaxanthin such as fermentation (Sachindra and
others 2007), enzymatic (De Holanda and Netto 2006), and organic solvent (Sachindra and
others 2006) processes. Organic solvents such as acetone, methanol, isopropyl alcohol, and
petroleum ether have been used to extract astaxanthin from crustacean byproducts (Sachindra
and others 2006; Sachindra and Mahendrakar 2005). Chen and Meyers (1982) developed a
soy oil process to extract astaxanthin from crawfish byproducts and Sachindra and
Mahendrakar (2005) used a number of different oils to extract carotenoids from shrimp

byproducts.
1.1.2.2 Microorganisms

Astaxanthin has been found in several microorganisms, including algae (Gong and Chen
1998), yeast (Liu and Wu 2007), and bacteria (Gu and others 2008). Numerous previous
studies have been conducted to isolate astaxanthin from natural resources such as microalgae

Haematococcus pluvialis (Zhang and others 2009) and Chlorella zofingiensis (Ip and Chen



2005); yeast Xanthophyllomyces dendrorhous (Liu and Wu 2007), Phaffia rhodozyma
(Ramirez and others 2001), and Rhodotorula rubra (Shih and Hang 1996); and bacteria
Rhodobacter sphaeroides (Gu and others 2008; Chen and others 2006). Many studies
investigated the effects of medium components and culture conditions on the growth of
microalgae and yield of astaxanthin, and the reported astaxanthin content varied from 1% up to
5% of the dry weight (Choi and others 2002; Orosa and others 2001; Fabregas and others 2000).
Physical factors (pH, temperature) and nutritional factors (carbon and nitrogen sources)
affecting astaxanthin production by yeast and bacteria have been studied (Ramirez and others
2001; Johnson and Lewis 1979; Fang and Cheng 1993; Meyer and others 1993; Kesava and
others 1998; Parajo and others 1998). Moreover, some researchers used genetically-improved

strains of the yeasts and bacteria to increase astaxanthin yield (Fang and Chiou 1996; Calo and

others 1995).

Table 1.1 Carotenoids content in various sources of crustacean byproducts

Astaxanthin
(mg/100g
Source byproducts) Other carotenoids References
Shrimp (Parapenaeopsis stylifera) 8.36 -carotene, zeaxanthin Shahidi and others 1998

Shrimp (Metapenaeus dobsoni) 8.41 -carotene,zeaxanthin Shahidi and others 1998
Shrimp (Penaeus indicus) 8.27 -carotene,zeaxanthin Shahidi and others 1998
Shrimp (Penaeus monodon) 7.47 -carotene,zeaxanthin Shahidi and others 1998
Shrimp (Penaeus.borealis) 14.77 B-carotene,zeaxanthin Shahidi and Synowiecki,
1991
Shrimp (Penaeus.borealis) 4.97 - Torrisen and others1981
Shrimp(Penaeus.borealis) 3.09 - Guilou and others 1995
Crawfish (P.clarkii) 12.3 Astacene Meyers and Bligh 1981
Backs snow crab (Ch.Opilio) 11.96 Lutein, zeaxanthin, Shahidi and Synowiecki,
astacene 1991




1.1.3 Applications of Astaxanthin
1.1.3.1 Pigmentation

The red orange color astaxanthin is responsible for many animal colors such as salmon,
shrimp, crawfish, and rainbow trout (Shahidi and Synowiecki 1991). In the environment,
astaxanthin is biosynthesized by plants and some bacteria and fungi, which are absorbed and
metabolized by fish (Chen and Meyers 1982). Astaxanthin then accumulates in their skin,
muscle, and exoskeleton, thereby producing the red orange color of these animals. Fish and
crustaceans are unable to biosynthesize astaxanthin in their bodies and must uptake this
pigment from their diet. Hence, astaxanthin is widely used as a colorant incorporated into
aquaculture feed to enhance natural color. The use of astaxanthin as a pigmentation agent in
aquaculture feed has been well documented by many previous studies (Chen and Meyers 1982;
Gentles and Haard 1991; Saito and Regier 1971; Sigurgisladottir and others 1994). Moreover,
astaxanthin is also widely used in the poultry industry (Perez-Galvez and others 2008).
Natural astaxanthin, isolated from microalgae Haematococcus, has been successfully
incorporated into poultry feed to change the egg yolk color from original yellow to red hues
which may be more appealing to consumers (Lorenz and Cysewski 2000). It was also found
that the addition of algae in the meal increased astaxanthin concentrations in chicken liver,

adipose tissue, and breast muscle (Lorenz and Cysewski 2000).
1.1.3.2 Antioxidant Activity
Free radicals (e.g. hydroxyl and peroxyl radicals) and activated forms of oxygen (e.g.

singlet oxygen) are produced in the body during normal metabolic reactions and processes,
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which could cause oxidative damage in vivo (Di Mascio and others 1991). An antioxidant is
defined as a molecule that is able to remove free radicals from a system by reacting with them
or by disrupting the oxidation reactions (Britton and others 1995).

Astaxanthin contains a long chain of conjugated double bond and ketonic and hydroxilic
groups which are attributed to its high antioxidant properties by removing free radicals and
quenching singlet oxygen. It has been reported that the antioxidant activity of astaxanthin is
10 times higher than other carotenoids such as zeaxanthin, lutein, canthaxantin, and -carotene
(Miki 1991). Numerous studies have identified astaxanthin antioxidant mechanisms that
quench active oxygen species and free radicals in vitro and in vivo (Edge and others 1997,
Palozza and Krinsky 1992; Rengel and others 2000).

Singlet oxygen is generated by energy transfer from the excited state of a sensitizer (°S) to
oxygen (reactions 1 and 2). The sensitizer absorbs energy and transfers to its excited form
(°S). Then, the excited sensitizer reacts with triplet oxygen (0,) to transfer its energy to

singlet oxygen ('0,) followed by return to its ground state (S) (Piette 1991; Girotti 1990).

S— 538 (1)
S0, —»S+0, ()

Carotenoids have the ability to inhibit photo-sensitized oxidation by quenching singlet
oxygen ('0,) or triplet sensitizer (°S) (reactions 3 and 4). Carotenoids could react with singlet
oxygen or triplet sensitizer to bring them back to their ground state by transferring energy with
electron exchange (Farmilo and Wilkinso.F 1973). The ability to quench singlet oxygen

increases with increasing number of conjugated double bonds (Conn and others 1991). As the



product of these reactions, triplet state carotenoid (*CAR) could return to its ground state with

release of energy (e.g., heat) to the environment (reaction 5).

’S+ CAR — S+°CAR 3)
'0, + CAR—>>0,+>CAR 4)
*CAR — CAR + heat (5)

In addition to reacting with singlet oxygen, carotenoids can also quench free radicals
(reactions 6, 7, and 8). It was reported that carotenoids are able to limit the oxidative damage
caused by oxygen radicals (Edge and others 1997).

The mechanism of quenching peroxyl radicals by carotenoids has not yet been defined.
However, researchers proposed a hypothesis that carotenoids could react with peroxyl radical to
form a carotenoid radical (reactions 6 and 7). Then, the carotenoid peroxyl complex could
react with another peroxyl radical, leading to a termination reaction (reaction 8) (Burton and
Ingold 1984).

CAR + ROO*® — CAR" + ROOH (6)
CAR "+ 0, < CAR - 00° (7)
CAR — OO * + ROO * — inactive  products ()

Due to its antioxidant properties, astaxanthin has a role in the treatment of chronic diseases

such as cardiovascular diseases, cataract development, macular degeneration, and some types

of cancer (Mayne 1996).
1.1.3.3 Other Functional Properties

Apart from antioxidant activity, astaxanthin has been reported to have many other



functional properties such as anti-cancer activity (Tanaka and others 1995a; Tanaka and others
1995b), prevention of cardiovascular diseases and inflammation (Kritchevsky 1999; Tracy
1999), and benefit to heart disease and eye health (Jacques 1999; Seddon and others 1994). It
was reported that the high daily supplementation of carotenoids could reduce the risk for both
nuclear cataracts and AMD (age-related macular degeneration) which are two main causes of
visual impairment and blindness.  Also, supplementation of astaxanthin effectively
suppresses carcinogenesis in mice urinary bladder tissue and inhibits tumor growth in breast

cancer (Chew and others 1999; Jyonouchi and others 2000; Tanaka and others 1994).
1.2 Recovery of Astaxanthin

Numerous studies have reported the recovery of astaxanthin from crustacean byproducts
such as snow crab (Shahidi and Synowiecki 1991), shrimp (De Holanda and Netto 2006;
Handayani and others 2008; Sachindra and others 2006; Sachindra and Mahendrakar 2005),
and crawfish (Chen and Meyers 1982; Chen and Meyers 1984; Meyers and Bligh 1981). In
their study, different methods were used to extract astaxanthin such as fermentation (Sachindra
and others 2007), enzymatic (De Holanda and Netto 2006), and organic solvent process
(Sachindra and others 2006).

1.2.1 Organic Solvent

A large number of studies have been conducted to extract astaxanthin from crustacean
byproducts using organic solvents. Sachindra and others (2007) extracted astaxanthin from
ensilaged shrimp waste using a solvent mixture of hexane and isopropanol (60:40 v/v).

Another study reported that the extraction of astaxanthin was carried out using mixtures of



chloroform: methanol: water (1: 2: 4), petroleum ether: acetone: water (15: 75: 10) (Meyers
and Bligh 1981), and ethanol: water (40: 60) (Armenta and Guerrero-Legarreta 2009).
Sachindra and others (2006) compared the yield of carotenoids from shrimp waste using
different organic solvents and their mixtures (e.g. acetone, methanol, ethyl methyl ketone,
isopropyl alcohol, ethyl acetate, ethanol, petroleum ether, hexane). It was found that the
highest carotenoid yield was obtained when the mixture of isopropyl alcohol and hexane was
used as the extraction medium, while the lowest carotenoid yield was obtained with two
non-polar solvents, petroleum ether and hexane.
1.2.2 Edible Oils

In addition to organic solvents, edible oils are widely used as the media to extract
astaxanthin from crustacean byproducts due to lipid solubility of astaxanthin. Chen and
Meyers (1982) developed a soy oil process to extract astaxanthin from crawfish byproducts
with assistance of enzyme hydrolysis. Sachindra and Mahendrakar (2005) used a number of
different vegetable oils such as sunflower oil, groundnut oil, gingelly oil, mustard oil, coconut
oil, and rice bran oil to extract carotenoids from shrimp byproducts and compared the
carotenoids yield. The results showed that the highest yield was obtained using sunflower oil.
Handayani and others (2008) studied extraction of astaxanthin from shrimp waste using palm
oil and evaluated the kinetics and thermodynamics of the extraction process. The
experimental data could be well described by both mass transfer kinetics model and reaction

kinetics model.



1.3 Flaxseed QOil

Flaxseed oil is derived from flaxseeds which grow in Western Canada traditionally and has
a high content of polyunsaturated fatty acids, dietary fiber and lignans (Cunnane and others
1993). In recent years, flaxseed oil has gained plenty of attention due to its unique nutrient
profile and protective effects to cardiovascular disease, inflammation, and some cancers
(Bloedon and Szapary 2004; Harper and others 2006; Tzang and others 2009). It was reported
that flaxseed oil contains a high content of polyunsaturated fatty acids (73 % of total fatty
acids), a moderate content of monounsaturated fatty acids (18 %), and a low content of
saturated fatty acids (9 %). It contains 16 % linoleic acid (LA) and about 57% alpha-linolenic
acid (ALA), yielding the highest n-3/n-6 fatty acid ratio amongst plant sources (Tzang and
others 2009). ALA and LA are precursors to long-chain (n-3) fatty acids such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Harper and others 2007;
Tzang and others 2009). Both ALA and LA are considered to be essential fatty acids and
numerous studies have shown that ALA can protect against cardiovascular disease and

inflammation (Bloedon and Szapary 2004).
1.4 Lipid Oxidation

Lipid oxidation is the main deteriorative reaction that affects the quality and acceptability
of lipid containing food products. In lipid oxidation process, hydroperoxides are formed
which then degrade to secondary oxidation products such as aldehydes, ketones, acids and
alcohols, which make food products less acceptable or unacceptable to consumers. These

compounds not only affect flavor, aroma, taste, nutritional value and overall quality of food
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products, but also produce toxic compounds which cause safety problems to food products.
The extent of lipid oxidation depends on chemical properties of foods (fatty acids composition,
number of conjugated double bonds, prooxidants, chelators and antioxidants) and
environmental factors (oxygen, moisture, heat, light) during processing, packaging and storage
(Colakoglu 2007; McDonald and Min 1996; St. Angelo and others 1992).

Oxygen and unsaturated fatty acids are two major components involved in the oxidative
process. Oxidative processes may be evoked by initiators such as heat, light, metal ions,
enzyme systems, or non-radical and radical oxygen species (102, 03, H,O,, ROOH, -O;’, -OH,
RO-, ROO") (St. Angelo and others 1992). It has been well documented that the oxidative
process occurs by three reaction pathways: (1) free radical chain autoxidation; (2)
photooxidation; (3) enzymatic oxidation. The two types of oxidation that are involved in
autooxidation and photooxidation are triplet oxygen (0,) and singlet oxygen ('0,) oxidations.
Triplet oxygen is the ground state which has low energy and is stable. However, singlet
oxygen is formed in the presence of sensitizer, light and triplet oxygen with an energy transfer
process (reaction 9) (St. Angelo and others 1992). Due to its high energy, the singlet oxygen
which is the excited state of oxygen has a higher oxidation rate than triplet oxygen. It was
reported that singlet oxygen reacts with oleic, linolenic acids about 1000-30000 times faster
than triplet oxygen (Shahidi and Weenen 2006).

Ysens—"''sens+'0,——'0, 9)
Although enzymatic and photo oxidation may play a role, autoxidation seems to be a key

mechanism in lipid oxidation which is illustrated through a three phase process (initiation,
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propagation and termination).

Initiation RH —iaor s R.4+H - (10)
Propagation R-+O0,—RO0O (11)
ROO -+RH —— ROOH +R- (12)
Termination R-+R-——> RR (13)
ROO-+ROO-——0, + RO,R (14)
ROO -+R-——> RO,R (15)

In the initiation phase, it is improbable that direct reaction occurs between a lipid molecule
and an oxygen molecule because of the high activation energy between triplet ground state
oxygen and singlet electronic state lipid molecule. However, the reaction could be initiated
by external agents such as metal ions, free radicals, heat, radiation or light which could help
formation of singlet oxygen or activated oxygen species. The activated oxygen is more likely
to be involved in the reaction. The hydrogen is abstracted from an unsaturated fatty acid,
resulting in the formation of lipid free radical (R-) (reaction 10) (Frankel 1984; Halliwell and
Chirico 1993; Ladikos and Lougovois 1990).

In the propagation period, the lipid free radical (R-) formed in the initiation phase reacts
with oxygen molecule to form a lipid peroxyl radical (ROO-). Then, the peroxyl radical
abstracts a hydrogen from another unsaturated fatty acid to form hydroperoxide (ROOH) and
another lipid free radical (R-) (reactions 11 and 12). This reaction occurs at a high rate,
resulting in the accumulation of hydroperoxide isomers during this phase (Frankel 1984;

Halliwell and Chirico 1993; Ladikos and Lougovois 1990).
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The termination process involves the decomposition of hydroperoxides into secondary
nonradical compounds. The mechanism of decomposition was well documented as cleavage of
the fatty acid chain adjacent to the hydroperoxyl group with formation of low molecular weight
volatile compounds such as hydrocarbons, aldehydes, alcohols and volatile ketones. These
breakdown compounds cause rancidity (Frankel 1984; Halliwell and Chirico 1993; Ladikos

and Lougovois 1990).
1.5 Microencapsulation

Over the last decade, microencapsulation technology has gained much of attention by
researchers due to its wide applications in the medical, pharmaceutical, cosmetics, chemical,
agricultural and food industries (Gharsallaoui and others 2007; Dai and others 2005; Krishnan
and others 2005; Magdassi 1997). Microencapsulation has been defined as ‘the technology of
packaging solid, liquid and gaseous materials in small capsules that release their contents at
controlled rates over prolonged periods of time’ (Champagne and Fustier 2007).
Microencapsulation forms a coating layer around the core compound in order to protect its
biological activity and enhance its stability (Figure 1.3). The core compound is defined as the
particular material to be coated and the coating material should be able to form a film that is
cohesive with the core compound (Augustin and Hemar 2009). The core compounds are
usually some sensitive compounds such as flavors, polyunsaturated fatty acids, carotenoids,
vitamins, phytosterols which need to be protected against oxygen, heat, moisture and pH

during processing and storage (Augustin and Hemar 2009; McClements and others 2007).
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Coating layer ompound

Figure 1.3 Schematic of microcapsule

Microencapsulation can reduce the reaction between core compound and environmental
factors to enhance its stability and prolong its shelf life. For some strong flavored foods such
as fish oil, microencapsulation can mask the core taste for the purpose of food fortification.
Microencapsulation can also control the release of the core material. For example, flavoring
agents in chewing gums are controlled to release during chewing and microencapsulated
leavening agents are released during baking. In dairy products, some probiotic bacteria which
are protected from the gastric environment are released in the small intestine (Gharsallaoui and
others 2007; Homayouni and others 2008; Shahidi and Han 1993).

1.5.1 Structure of Microencapsulated Particles

A conventional microencapsulated particle consists of a core compound which could be
solid, liquid or gaseous material and a thin interfacial coating layer consisting of emulsifier
molecules surrounding the core (Drusch 2007; Gharsallaoui and others 2007; Krishnan and
others 2005). Normally, the coating layer is formed by food grade ingredients including food
proteins or carbohydrates. The structure of encapsulated ingredients can broadly be
classified into capsules with: (a) a core that is surrounded by a shell of the matrix material; (b)
a core that is entrapped within a continuous network of the matrix material; (c) a core that is

surrounded by multi-layers; (d) multiple cores (Augustin and Hemar 2009).
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(a) (b) (c) (d)

Figure 1.4 Morphologies of microcapsules (a) single-core capsule, (b) dispersed core in
polymer gel, (c) multi-layer capsule, (d) dual-core capsule

1.5.2 Wall Materials

The selection of a wall material is a very important step in microencapsulation process due
to its effect on microencapsulation efficiency, microcapsule stability, and protection efficiency
of the core compound (Perez-Alonso and others 2003). The choice of a particular wall
material mainly depends on its physical and chemical properties such as solubility, viscosity,
glass or melting transition, forming and emulsifying properties (Gharsallaoui and others 2007).
A variety of different natural and synthetic polymers are available to be used as wall material
including proteins (milk or whey proteins, gelatin, etc.), and carbohydrates (starches, corn

syrup solids, maltodextrins, etc.).
1.5.2.1 Carbohydrates

Sugars (e.g. glucose, sucrose) and polysaccharides (e.g. starch, maltodextrins, pectin,
alginate, chitosan) have been widely used as wall materials (Risch 1995b; Kenyon 1995).
Sugars are considered to be good microencapsulating agents because they are able to be the
carrier medium for active compound prior to dehydration and they can form glassy solids
where the active core is surrounded upon dehydration. In addition, sugars can also stabilize

proteins during dehydration through hydrogen bonding. However, high concentrations of low
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molecular weight sugars were reported to not be suitable for spray drying due to the formation
of sticky powders and caramelization reaction (Bayrarn and others 2005). Maltodextrins
were reported to be good wall materials due to their low viscosity at high solids contents and
good solubility. Kenyon (1995) reported that oil encapsulated with maltodextrins exhibited
good oxidative stability but poor emulsifying capacity. In order to improve the poor
emulsifying properties of carbohydrates, proteins are usually used in combination with

carbohydrates to increase their surface-activity.
1.5.2.2 Proteins

Food proteins including milk proteins, whey proteins, and gelatin are commonly used as
coating materials due to their excellent functional properties (Vega and others 2005; Sliwinski
and others 2003; Bruschi and others 2003). Their properties mainly depend on their amino
acid composition, conformation and charge as well as their denaturation temperature.
Proteins have the ability to assemble at interfaces due to their amphiphilic nature. In addition,
proteins are good wall materials for flavor compounds because of their high binding activity
with flavor (Landy and others 1995). Whey proteins have been reported to be effective
coating materials for milk fat by spray drying, resulting in high yield. Furthermore, the
combination of whey protein with lactose significantly limits the diffusion of core material
through the wall thereby leading to high microencapsulation efficiency. Sodium caseinate is
also a very good wall material for encapsulation of oils (Hogan and others 2001). It was
reported that sodium caseinate has strong amphiphilic characteristics and high diffusivity,

which provides a better distribution around the surrounded oil surface. However, the high
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protein content can significantly increase the viscosity of the emulsion, which may result in
bad atomization during spray-drying, leading to the formation of irregular particles with a
large particle size distribution.

1.5.3 Spray Drying

Spray drying is a common method of encapsulation of food ingredients in the food
industry (Augustin and Hemar 2009; Gharsallaoui and others 2007). Numerous studies have
been conducted to use spray drying technology to encapsulate food ingredients such as
carotenoids, vitamins, minerals, flavors, polyunsaturated oils, enzymes and probiotic
microorganisms (Augustin and Hemar 2009; Drusch 2007; Gharsallaoui and others 2007;
Risch 1995a; Bayrarn and others 2005; Bruschi and others 2003; Carolina and others 2007;
Kittikalwan and others 2007; Laos and others 2007; Nunes and Mercadante 2007). The basic
steps in the microencapsulation process involves preparation of emulsion to be processed,
homogenization of the emulsion; atomization of the emulsion; and dehydration of the atomized
particles (Dziezak 1988; Shahidi and Han 1993).

In the emulsion preparation stage, the core material is dispersed into the wall solution and
homogenized, leading to the formation of a fine and stable emulsion. Owing to the
atomization process, the wall material should have good solubility in water and the ability to
form high solids content at low viscosity. It was reported that the viscosity properties of the
emulsion is important in the spray drying process. High emulsion viscosity causes the
formation of large droplets which affect the drying rate (Drusch 2007; Rosenberg and Sheu

1996). The emulsion then is fed into the atomizer where the emulsion is atomized by pressure
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or centrifugal energy. The hot air stream flows in either a co-current or counter-current
direction. The temperature of hot air is usually 150-220 °C. Thus, the evaporation occurs
rapidly, which keeps the core temperature below 100 °C (typically 50-80 °C). The contact
between emulsion droplets and hot air causes the rapid evaporation of water, producing the
dried microcapsules where the core is surrounded by the coating layer. The dried particles fall
to the bottom of the drying chamber and are collected in a collection vessel. However, the
finest ones go to the cyclone separator where they are separated from the humid air and are
collected.

It is notable that spray drying can be used for heat sensitive and volatile ingredients due to
the short heat exposure time (a few seconds at most) and rapid evaporation which keeps the
temperature inside the powder low. The small size particles produced by spray drying makes
them highly soluble and dispersible in water. However, the disadvantage of this technology is
that the fine powder needs further processing such as agglomeration in which they are treated
with steam to induce their cohesion and form larger particles to make them more readily
soluble and to reduce segregation tendency (Augustin and Hemar 2009; Gharsallaoui and

others 2007; Risch 1995a; Risch and others 1995).
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CHAPTER 2 EXTRACTION OF CRAWFISH AND SHRIMP ASTAXANTHIN
WITH FLAXSEED OIL: EFFECTS ON LIPID OXIDATION AND
ASTAXANTHIN DEGRADATION RATES

2.1 Introduction

Louisiana produces about 100 million pounds of shrimp annually and is also the world’s
fourth largest crawfish producer. The state harvests between 75 to 105 million pounds of
crawfish each year. Millions of pounds of byproducts generated from crawfish and shrimp
peeling operations in Louisiana annually and these byproducts are discarded or used as
aquaculture feed but with low economic value (Louisiana AgCenter Website).

Crawfish byproducts generated from the peeling process containing cephalothorax,
abdominal exoskeleton, and viscera accounts for approximately 85% of the whole crawfish
(Chen and Meyers 1982), while shrimp byproducts in the form of head and body carapace,
comprise 45-60% of the whole shrimp (Sachindra and others 2007). The byproducts from
crawfish and shrimp are a good source of high quality astaxanthin (Chen and Meyers 1982) and
there are opportunities to use crawfish and shrimp processing byproducts to extract astaxanthin,
which can be used as natural colorants and antioxidant ingredients in foods, feeds, and
industrial applications. Astaxanthin, the main pigment found in crustacean and salmonids
provides the desirable reddish-orange color in these organisms (Gentles and Haard 1991,
Higuera-Ciapara and others 2006; Shahidi and Synowiecki 1991). In addition to its
pigmentation function, antioxidant activity is one of the most important properties of
astaxanthin. It has been reported that the antioxidant activity of astaxanthin is 10 times higher

than other carotenoids such as zeaxanthin, lutein, canthaxantin, and B-carotene (Miki 1991).
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Several studies have identified astaxanthin antioxidant mechanisms that quench active oxygen
species and free radicals in vitro and in vivo (Edge and others 1997; Palozza and Krinsky 1992;
Rengel and others 2000). Due to its antioxidant properties, astaxanthin may have a role in the
treatment of chronic diseases such as cardiovascular diseases, cataract development, macular
degeneration, and cancer (Mayne 1996).

Astaxanthin is widely used in aquaculture, cosmetic, and functional foods (Guerin and
others 2003; Higuera-Ciapara and others 2006). The use of astaxanthin as a pigmentation
agent in aquaculture feed has been well documented by many previous studies (Chen and
Meyers 1982; Gentles and Haard 1991; Saito and Regier 1971; Sigurgisladottir and others
1994). There are also potential markets for natural carotenoids in soft drinks, ice cream,
desserts, candies, meat products and pet and aquaculture feeds (Delgado-Vargas and others
2000; Delgado-Vargas and Paredes-Lopez 2003). Astaxanthin is insoluble in water and
soluble in oil with increasing temperature. Astaxanthin can be extracted from crawfish and
shrimp byproducts using solvent and edible oil. Chen and Meyers (1982) have extracted
astaxanthin from crawfish byproducts using soybean oil. Although an established extraction
method exist for extracting astaxanthin from crustacean byproducts, flaxseed oil containing
astaxanthin has not been produced. The antioxidant-rich natural astaxanthin dispersed in
alpha linolenic acid-rich flaxseed oil may provide healthier functional food options for US
consumers.

Flaxseed oil has high content of alpha-linolenic acid (ALA) and linoleic acid (LA) which

are precursors to long-chain (n-3) fatty acids such as eicosapentaenoic acid (EPA) and
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docosahexaenoic acid (DHA) (Harper and others 2007; Tzang and others 2009). Both ALA
and LA are considered to be essential fatty acids and studies have shown that AL A can protect
against cardiovascular disease and inflammation (Bloedon and Szapary 2004). It is well
documented that lipid oxidation of oils mostly depends on the storage temperature and storage
period (Aidos and others 2002; Tan and others 2001). Chen and Meyers (1982) have
reported that the stability of astaxanthin is affected by heat, the length of exposure to oxygen,
and the intensity of exposure to light. Therefore, it is important to evaluate the lipid
oxidation and astaxanthin degradation rates of flaxseed oil containing astaxanthin. The
objectives of this study were to extract astaxanthin from crawfish (Procambarus clarkii) and
shrimp (Litopenaeus setiferus) byproducts using flaxseed oil and to study the oxidation rates
and the astaxanthin degradation rates in the flaxseed oil.

2.2 Materials and Methods

2.2.1 Determining Total Astaxanthin and Proximate of Crawfish and Shrimp
Byproducts

Three batches of fresh crawfish and shrimp peeling byproducts containing cephalothorax,
abdominal exoskeleton, and viscera were obtained from a local Louisiana seafood processor
and stored at -20 °C. The thawed crawfish or shrimp byproducts were ground in a Hobart
grinder (K5SS, Hobart Corporation, Troy, OH). The ground byproducts were analyzed for
total astaxanthin content, moisture, ash, protein, and fat contents. Total astaxanthin content
in crawfish and shrimp byproducts was determined using the method described by Niamnuy
and others (2008) with slight modification. A 10 g sample of crawfish or shrimp byproducts

was extracted three times with 40 mL of acetone using a stirrer (IKA® Works, Inc., RW20,
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Wilmington, NC) at 800 rpm for 2 min. Then, 40 mL of petroleum ether and 100 mL of
distilled water containing 0.5 % (w/v) sodium chloride were added to the acetone extracts.
The absorbance for petroleum ether layer containing astaxanthin was measured at 472 nm
using a spectrophotometer (Thermo Fisher Scientific, Vernon Hills, IL). Astaxanthin
content was calculated using the astaxanthin standard curve.

Moisture content was determined according to AOAC method 934.01 (AOAC 1995).
The samples were dried to a constant weight in an oven at 105 °C. Ash content was
determined by ashing 2 g of samples in a muffler furnace at 550 °C for 4 h according to
AOAC method 942.05 (AOAC 1995). Total nitrogen was determined by AOAC method
993.13 (AOAC 1995). The protein was calculated by multiplying nitrogen content by 6.25.
Fat content was determined using a Soxhlet extraction method according to AOAC method
920.39 (AOAC 1995).

2.2.2 Extraction of Astaxanthin from Crawfish and Shrimp Byproducts

Flaxseed oil (FO) containing crawfish (FOCA) and shrimp astaxanthin (FOSA) were
prepared using a modified method of Sachindra and Mahendrakar (2005) as described in
Figure 2.1. Two batches of FO were purchased from iHerb (iHerb, Irwindale, CA) and the FO
purchased to extract astaxanthin from crawfish was referred to as FO-1 and FO-2 for extracting
shrimp astaxathin throughout the study. A 100 g sample of ground crawfish or shrimp
byproducts was mixed with 100 mL of FO-1 or FO-2, stirred for 60 min at 60 °C. The mixture
was centrifuged at 8630 x g using a centrifuge (Beckman J2-HC, GMI, Inc., Ramsey, MN) for

15 min at 4 °C to separate FOCA or FOSA and water phase from the solid phase. FOCA or
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FOSA was separated from the water phase using a separatory funnel.

The solid phase was

also analyzed for total astaxanthin content, moisture, ash, protein, and fat contents as described

in section 2.2.1.

Ground crawfish or shrimp byproducts

FO

Extraction of astaxanthin

Centrifugation

Solid phase FOCA/FOSA and water

Separatory funnel

FOCA/FOSA

Water

Figure 2.1 Extraction of astaxanthin from crawfish or shrimp byproducts using flaxseed oil.
FO = Flaxseed oil; FOCA = Flaxseed oil containing crawfish astaxanthin; FOSA = Flaxseed

oil containing shrimp astaxanthin.

2.2.3 Characterization of FO, FOCA, and FOSA

2.2.3.1 Extractable Astaxanthin Content of Crawfish and Shrimp Byproducts

The amount of extractable astaxanthin in the crawfish or shrimp byproducts was

determined spectrophotometrically at 500 nm wavelength as described by Chen and Meyers

(1984). The astaxanthin content was reported as mg astaxanthin/100 g waste using Equation

2.1:
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lem

Astaxanthin (mg/100g  waste) = (2.1)

where A4 is absorbance at 500 nm; ¥ is volume of FOA recovered (mL); D is dilution factor; W

%
lem

is weight of waste (g); E,. is extinction coeffcient (1827); FOA is flaxseed oil containing

astaxanthin.
The amount of astaxanthin in 100 g of oil was calculated using Equation 2.2:

AxDx10°
100xd xS E,"

Astaxanthin (mg/100g FOA) = (2.2)

where A is absorbance at 500 nm; D is dilution factor, d is the cell width (1 cm); S is specific

gravity of FOA; E*

lem

is extinction coefficient (1827); FOA is flaxseed oil containing

astaxanthin.

2.2.3.2 Color of FO, FOCA, and FOSA

Color of FO, FOCA, and FOSA was measured in triplicate using a LabScan® XE
spectrophotometer (Hunter Associates Laboratory, INC. Resbon, VA) and was reported in
CIELAB color scales (L*, a* and b* values). The instrument was standardized using the
calibrated black and white standards that come with the instrument. Chroma and hue angle
value were calculated using Equations 2.3 and 2.4, respectively.

Chroma = [a** + b**] ” (2.3)
Hue angle = tan” (b*/a*) (2.4)
2.2.3.3 Peroxide Value of FO, FOCA, and FOSA

The peroxide value (PV) was measured according to the AOAC method 965.33 (AOAC
1995). A5 gsample of FO, FOCA or FOSA was dissolved in 30 mL acetic acid-chloroform
(3:2 viv) solution. Saturated KI solution (0.5 mL) was added and the mixture was shaken for

1 min and 30 mL of distilled water was added. The mixture was titrated with 0.1 N Na;S,0;
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until the yellowish color disappeared and then 0.5 mL of a 1% starch solution was added to the
mixture. The mixture was titrated with 0.1 N Na,S,0; until blue color just disappeared. The

results were expressed in terms of milliequivalents of peroxides per kg of oil.
2.2.3.4 Free Fatty Acids of FO, FOCA, and FOSA

Free fatty acids (FFA) content was determined according to AOAC procedure 940.28
(AOAC 1995). A 7.05 g sample of FO, FOCA or FOSA was added in 50 mL alcohol,
previously neutralized by adding 2 mL phenolphthalein solution and enough 0.1 N NaOH to
produce faint permanent pink. The oil and alcohol mixture was titrated with 0.25 N NaOH
until as just permanent pink appeared. The percentage of FFA was expressed as oleic acid

equivalents.
2.2.3.5 Fatty Acid Methyl Ester Profiles of FO, FOCA, and FOSA

Fatty acid methyl ester profiles of FO, FOCA, and FOSA determination were conducted
in two laboratories as described below. Fatty acid methyl esters (FAMEs) were prepared at
the USDA-ARS Laboratory, University of Alaska Fairbanks, AK using a modified method of
Maxwell and Marmer (1983). A 20 mg sample of FO or FOA was dissolved in 4.5 mL
isooctane and 500 pL internal standard (10 mg methyl tricosanoate (23:0)/mL isooctane and
500 pL 2 N KOH (1.12 g/10mL MeOH) was added to the mixture. The mixture was
vortexed for 60 seconds and centrifuged to the separate upper layer. The separated upper
layer was mixed with 1 mL saturated ammonium acetate solution and aqueous layer was
removed and discarded. The mixture was centrifuged separated the upper layer of the mixture
was removed. Then 1 mL of distilled water was added to the separated upper layer and

centrifuged separated the upper layer and then 2-3 g anhydrous sodium sulfate was added,
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vortexed, and kept for 20-30 min. The mixture was centrifuged and the liquid containing
methyl ester was separated. A 0.5 mL of isooctane containing methyl ester and 0.5 mL
isooctane were added to the amber GC vial. Gas chromatographic (GC) analysis was used
with a GC model 7890A (Agilent) fitted with a HP-88 (100m x 0.25 mm ID x 0.25um film)
column. The oven program used was 90 °C for 8 min, followed by 10 °C/min to 175 °C for
10 min, 4 °C/min to 190 °C for 10 min, 5 °C/min to 210 °C for 5 min and then 20 °C/min to
250 °C for 8 min. ChemStation software was used to integrate peaks. Peaks were
identified by comparing to reference standards obtained from Sigma: Supelco 37 mix. Data
are expressed as percent of total integrated area.

Fatty acid methyl esters (FAMEs) were prepared at the laboratory of the W. A. Callegari
Environmental Center, Louisiana State University, LA using the method described by Paquot
and others (1987) with slight modification. A 25 mg sample of FO, FOCA or FOSA was
dissolved in 10 mL hexane. Then 10 uL of 2 N KOH (1.12 g/10 mL MeOH) was added to
the mixture followed by vortexing for 1 min and this step was repeated for four times. Then
10 uL of 1 N H,SO4 was added to the mixture followed by vortexing for 1 min and
centrifuged for 2 min at 3400 rpm to separate the upper layer. Then 5 pL of clear
supernatant containing methyl esters was transferred to an auto sampler vial. Then 5 pL of
internal standard (Hexadecanoic acid, 2-hydroxy-methyles dissolved in palmitate at 4 ppm
concentration) and 1 mL of hexane was added to the vial. Gas chromatographic (GC)
analysis was used with a GC model 450-GC (Varian, Inc., Palo Alto, CA ) fitted with a

MF-28-12-1 (30 m x 0.25 mm ID x 0.25 um film) column. The oven program used was
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100 °C for 2 min, followed by 12 °C/min ramp to 255 °C and hold for 8 min. MS
WorkStation software was used to integrate peaks. Data are expressed as percent of total
integrated area. The results obtained by both laboratories for FO, FOCA, and FOSA of fatty
acid methyl esters profiles were averaged and reported.
2.2.4 Oxidation of FO, FOCA, and FOSA

Three batches of the opened amber bottles containing 20 g of FO, FOCA and/or FOSA
samples were placed in a water bath and heated at 30, 40, 50, and/or 60 °C. An oil sample was
drawn from the amber bottles using a pipette every hour from 0 to 4 hours for PV and
astaxanthin concentration analysis. A plot of PV versus time was constructed for 30, 40, 50,
and/or 60 °C. The resulting straight line yielded the magnitude of oxidation rate (mequiv-kg
oil'-h™) for the corresponding temperature. The effect of temperature on the oxidation rate

was described using the Arrhenius relationship as shown in Equation 2.5:
k=k, exp(-E,/RT) (2.5)

The logarithms were taken on both sides of Equation 2.5.

Ink = £, +Ink, (2.6)
RT

where k is the reaction rate constant; k., is the frequency factor; R is the universal gas constant
(8.3145 J/mol K); T is the absolute temperature (K); Ea is activation energy (J/mol). A plot of
In oxidation rate constant versus //7 (i.e., 1/absolute temperature) was constructed for FO,
FOCA, and FOSA oil. The slope of the straight line was obtained from the trend line of the

plot. The magnitude of Ea was calculated as the slope of the trend line multiply by the
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universal gas constant.
2.2.5 Kinetic Parameters of Astaxanthin Degradation

Zero order (Equation 2.7) and first order (Equation 2.8) models were used to describe the
astaxanthin degradation kinetics according to Avila and Silva (1999) and Niamnuy and others
(2008).

C=C"-kt (2.7)
where C is the initial concentration (mg-100 g oil™") of astaxanthin; C is the concentration
(mg-100 g oil ™) of astaxanthin at time #; k is the degradation rate constant (mg-100 g oil*-h™);
t is the oxidation time (h).

A plot of astaxanthin concentration (C-C’) versus time was constructed for 30, 40, 50,
and/or 60 °C to obtain k by zero order model (Equation 2.7). The slope of the straight line
and the correlation coefficient were obtained from the trend line of the plot. The & values for
the oil heated at 30, 40, 50, and/or 60 °C were obtained from the resulted slope of the plot.

C=Cexphi) (2.8)
The logarithms were taken on both sides of Equation (2.8).
InC=InC'-kt (2.9)

The Equation (2.9) was rearranged as Equation (2.10).

h{%) =kt (2.10)

C . )
A plot of ln[gj versus ¢ was constructed to determine & values and correlation

coefficients. The resulted £ values from zero and first order models (/n k) versus 1/T were
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plotted and obtained activation energy for astaxanthin degradation using the Arrhenius model
(Equation 2.6). The magnitude of Ea was calculated as the slope of the plot multiplied by the
gas constant.
2.2.6 Statistical Analysis

Mean values and standard deviations of triplicate determinations were reported. ~Analysis
of variance (ANOVA) was carried out to determine the difference among treatments means
(SAS Version 8.2, SAS Institute Inc., Cary, NC) using the post hoc Tukey's studentized range

test.
2.3 Results and Discussion

2.3.1 Proximate Compositions of Crawfish and Shrimp Byproducts

Moisture content (wet weight basis) of crawfish and shrimp byproducts was 66.95 % and
74.5 %, respectively, while the generated solid waste from extraction of astaxathin from
crawfish and shrimp byproducts contained 54.68 % and 62.82 % moisture, respectively,
crawfish and shrimp solid waste. Dry weight basis of ash, fat, and protein contents of
crawfish byproducts before extraction of astaxanthin were 42.97 % , 1.37 %, and 38.1 %,
respectively (Table 2.1) and the protein content of crawfish byproducts was similar to the
value (36.7%) reported by Meyers and Bligh (1981). The ash content of crawfish was
slightly higher than the reported value of 35.7 % by Meyers and Bligh (1981), while the same
author reported a higher fat content (6.7 %) than that found in this study. Meyers and Bligh
(1981) have also reported that crawfish byproducts contained 14.1 % chitin. The total ash,

fat, and protein contents of crawfish byproducts accounted for was 82.44 %, which indicated
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that the crawfish byproducts might contain 17.56% chitin.

Ash, fat, and protein contents (dry weight basis) of shrimp byproducts were 17.41 %,
7.22 %, and 60.2 %, respectively. The previously reported ash, fat, and protein contents for
shrimp byproducts were 22.2%, 22.7%, and 51.3%, respectively (Lee and others, 1999). The
proximate composition of shrimp byproducts depends on the age of shrimp, seasons and
species of shrimp (Sachindra and others 2007). Total ash, fat, and protein contents for the
shrimp byproducts accounted for 84.83 %, indicating that the byproducts might contain about
15.17 % chitin. The expected chitin amount in the shrimp byproducts was similar to reported
amount of 14.2% for shrimp byproducts by Lee and others (1999).

The solid waste, liquid containing soluble proteins, and oil containing astaxathin phases
were generated during the astaxathin extraction from crawfish and shrimp byproducts. The
ash content of wastes generated from astaxanthin extraction was similar to both crawfish and
shrimp byproducts, while the wastes had higher fat and lower protein contents (Table 2.1).
This indicated that some FO used for extracting astaxanthin from the byproducts might be
retained in the wastes, while some soluble protein might have been removed from the
byproducts when solid and oil phases separated from the liquid phase during the separation of

oil containing astaxathin.

Table 2.1 Proximate compositions of crawfish and shrimp byproducts and waste (dry weight

basis)
CB CWA SB SWA
Ash % 42.97£0.07 40.25+1.53  17.41+0.73  16.74+0.61
Fat % 1.37+0.07  2.61+0.04 7.22+0.11 18.89+0.16
Protein % 38.1+0.4 30.4+0.3 60.2+0.46 43.2+0.4

Values are means and SD of three determinations. CB = Crawfish byproducts; SB = Shrimp
byproducts; CWA = Crawfish waste after extraction; SWA = Shrimp waste after extraction.
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2.3.2 Astaxanthin Content, Color, PV, and FFA of FO, FOCA, and FOSA

The total astaxanthin content in crawfish and shrimp byproducts was 8.84 mg/100 g wet
crawfish byproducts and 6.47 mg/100 g wet shrimp byproducts, respectively. After
extraction, the remaining astaxanthin in crawfish and shrimp byproducts was 3.38 mg/100 g
wet crawfish waste and 0.7 mg/100 g wet shrimp waste, respectively. The amount of
extractable astaxanthin in the crawfish byproducts was 3.02 mg/100 g of wet crawfish
byproducts (Table 2.2), which was lower than previously reported value by Meyers and Bligh
(1981). In their study, petroleum ether-acetone-water mixture was used to extract astaxanthin
from crawfish waste with a concentration of 15.3 mg of astaxanthin / 100 g of crawfish peeling
waste. The amount of extractable astaxanthin in the shrimp byproducts was 4.83 mg/100 g of
wet shrimp waste (Table 2.3), which is similar to those reported in the previous literature for
shrimp waste (De Holanda and Netto 2006; Handayani and others 2008). De Holanda and
Netto (2006) used an enzymatic method to extract astaxanthin from shrimp (Xiphopenaeus
kroyeri) waste using soy oil and extracted 4.90 mg astaxanthin/100 g waste. The extraction of
astaxanthin in FOSA was higher than that in other vegetable oils such as sunflower oil,
groundnut oil, coconut oil, and rice bran oil (Sachindra and Mahendrakar 2005). A number of
studies have demonstrated that the yield of astaxanthin depends upon the extraction methods,
solvents or media and other factors such as particle size of the waste and ratio of waste to oil
used for extracting astaxanthin from seafood processing byproducts (Chen and Meyers 1982b;
Meyers and Bligh 1981; Sachindra and others 2005; Sachindra and others 2006). In addition,

the variation of extractable astaxanthin in the waste and different species may also affect the
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extraction yield of astaxanthin. In their study, however, either proteolytic enzymes or
solvents were used to extract the astaxanthin, which might explain why they obtained a higher
concentration of astaxanthin. Although, our astaxanthin concentration in FOCA was lower
than previously reported astaxanthin extraction concentrations, the process presently used
could significantly reduce the processing time and lower the chemical waste generation during
extraction of astaxanthin from crawfish byproducts. Thus, our process might reduce overall

processing cost.

Table 2.2 Astaxanthin, color, PV, and FFA of FO-1 and FOCA

FO-1 FOCA
Astaxanthin(mg/100 g wet waste) — 3.02+0.02

Astaxanthin (mg/100 g FOCA) — 3.90+0.34

Color L* 50.42+0.22° 35.63+0.26"
Color a* 4.04+0.07° 35.27+0.12°
Color b* 81.30+0.35 61.78+0.25"
PV(mequiv /kg oil) 3.97+0.08" 4.59+0.16"
Chroma 81.4+0.35 71.14+0.17°
Hue angle 87.16+0.04° 60.28+0.17°
FFA(%) 0.31+0.00° 0.30+0.00°

Values are means and SD of three determinations. “°means with different letters in each row are

significantly different (p < 0.05). FO-1 = Flaxseed oil; FOCA = Flaxseed oil containing
crawfish astaxanthin; FFA= Free fatty acids; PV= Peroxide value.

After extraction, significant differences of color values were observed either between
FO-1 and FOCA or between FO-2 and FOSA. The FOCA and FOSA had higher redness
color and lower lightness than FO-1 and FO-2 respectively due to the astaxanthin pigments in
the FOCA and FOSA. However, the FO-1 and FO-2 were more yellow than FOCA and
FOSA. A significant decrease of chroma and hue angle value was obtained for FOCA and

FOSA as compared to those of FO-1 and FO-2 (Tables 2.2 and 2.3).
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Table 2.3 Astaxanthin, color, PV, and FFA of FO-2 and FOSA

FO-2 FOSA

Astaxanthin(mg/100 g wet waste) — 4.83+0.01

Astaxanthin (mg/100 g FOSA) — 6.23+0.22

Color L* 47.7+0.28" 34.58+0.50°
Color a* 6.0+0.55° 36.45+1.27
Color b* 77.7740.35° 58.93+1.03°
Chroma 78.00+0.31° 69.30+0.94°
Hue angle 85.59+0.42° 58.26+1.11°
PV(mequiv /kg oil) 0.87+0.18" 1.02+0.13?
FFA(%) 0.30£0.00° 0.30+0.00°

ab

Values are means and SD of three determinations. “"means with different letters in each row are

significantly different (p < 0.05). FO-2 = Flaxseed oil; FOSA = Flaxseed oil containing shrimp
astaxanthin; FFA= Free fatty acids; PV= Peroxide value.

In the crawfish astaxanthin extraction process, the PV of FO-1 was 3.97 mequiv/kg oil
(Table 2.2), lower than the PV value of 5.2 mequiv/kg oil for FO extraction reported by a
previous study (Bera and others 2006). After extraction, a slight increase was observed in PV
value between FO-1 and FOCA (Table 2.2). The PV of FO-2 was 0.87 mequiv/kg oil (Table
2.3) which was different from FO-1 due to the difference between different batches of oils.
However, the PV of FOSA was 1.02 mequiv/kg oil, which was similar to that of FO-2
statistically. Similarly, FO-2 and FOSA had similar FFA values (Table 2.3).

2.3.3 Fatty Acid Methyl Esters Profile of FO, FOCA, and FOSA

The fatty acids methyl esters profiles for FO, FOCA, and FOSA obtained from both
laboratories were similar and they were summarized and reported in Tables 2.4 and 2.5. The
fatty acid methyl esters compositions of FO-1 and FOCA are given in Table 2.4.
Alpha-linolenic acid (ALA) was the predominant fatty acid accounting for 55.51 % and
55.47 % for FO-1 and FOCA, respectively, and similar ALA content in FO was reported by

previous research (53.5 %) (Tzang and others 2009). Table 2.5 shows the fatty acid methyl
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ester compositions of FO-2 and FOSA. Both FO-2 (73.03 %) and FOSA (71.03 %) had
high percentages of polyunsaturated fatty acids (Table 2.5). The ALA content in FO-2 and
FOSA were 58.2 % and 55.91 %, respectively. However, ALA content in FO-1, FO-2,
FOCA and FOSA was slightly higher than a previously reported value (50.4%) (Bera and
others 2006). No significant difference in ALA content was observed either between FO-1
and FOCA or between FO-2 and FOSA, demonstrating that the extraction procedure that was
used had no effect on ALA content. Degradation of fatty acid has been reported to be
related to fatty acid oxidation and acidification (Pereda and others 2008). Thus the

extraction process did not cause ALA oxidation and acidification.

Table 2.4 Profile of fatty acid methyl esters for FO-1 and FOCA

Fatty acids (%) FO-1 FOCA

C16:0 Palmitic 5.92+0.29° 6.06+0.31%
C18:0 Stearic 4.02+0.91° 4.07+0.75°
C18:1n9c Oleic 16.02+0.81° 17.00+0.81°
C18:2n6¢ Linoleic 15.02+0.11* 12.50+1.43°
C18:3n3 Alpha-Linolenic 55.51+1.58" 55.47+1.33%
Total omega 3 55.51+1.58" 55.48+1.33"
Total omega 6 15.0840.15° 12.54+1.49°
Saturates 11.67+2.88" 12.314+2.43%
Monounsaturates 16.77+1.49* 17.00+0.28"
Polyunsaturates 70.61+£1.71° 68.04+2.49°
Omega 3/0Omega 6 3.68+0.08" 4.47+0.48°
Polyunsaturates/Saturates 6.36+1.56" 5.75+1.41°
Total fatty acids 99.05+0.9% 97.89+1.47°

Values are means and SD of three determinations. *’means with different letters in each row are
significantly different (p < 0.05). FO-1 = Flaxseed oil; FOCA = Flaxseed oil containing
crawfish astaxanthin. Only major fatty acids were reported.
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Table 2.5 Profile of fatty acid methyl esters for FO-2 and FOSA

Fatty acids (%) FO-2 FOSA

C16:0 Palmitic 5.22+0.4° 5.39+0.35%
C18:0 Stearic 3.47+0.88" 4.23+0.99*
C18:1n9c Oleic 17.05£0.97* 16.07+1.14%
C18:2n6¢ Linoleic 14.65+0.14" 14.99+0.47"
C18:3n3 Alpha-Linolenic 58.20+2.28" 55.91+£2.79*
Total omega 3 58.38+2.37° 56.04+2.92°
Total omega 6 14.65+0.14° 14.99+0.47°
Saturates 8.69+3.26° 11.59+£3.37°
Monounsaturates 19.96+1.37° 16.51£1.60°
Polyunsaturates 73.03£2.24° 71.03£2.56"
Omega 3/0Omega 6 3.98+0.19* 3.74+0.29%
Polyunsaturates/Saturates 4.07+1.47° 4.40+0.37°
Total fatty acids 99.69+1.44" 99.13+1.24°

Values are means and SD of three determinations. “means with same letter in each row are not
significantly different (p > 0.05). FO-2 = Flaxseed oil; FOSA = Flaxseed oil containing shrimp
astaxanthin. Only major fatty acids were reported.

2.3.4 Lipid Oxidation of FO, FOCA, and FOSA

The peroxide value is used to measure peroxides formed in fats and oils as a result of
autoxidation and oxidation processes, especially at the beginning of lipid oxidation (Choe and
Min 2005). Figures 2.2 and 2.3 show the changes in PV of FO-1 and FOCA as a function of
time at different temperatures. Lipid oxidation, as indicated by the PV, increased with
increasing time and temperature. The FO-1 and FOCA heated at 30 °C exhibited minimal
lipid oxidation with increasing time, whereas FO-1 heated at 40-60 °C showed higher lipid
oxidation than FOCA with increasing time from 0 to 4 hr (Table 2.6). Lipid oxidation in
edible oils occurs very slowly but it is accelerated when subjected to heat, air and light (Naz
and others 2004). Similarly, the oxidation results for FO-2 and FOSA were shown in Figures
2.4 and 2.5. The lowest lipid oxidation was observed at 30 °C for both FO-2 and FOSA with

increasing time. Higher temperature accelerates the lipid oxidation of FO-2 and FOSA (Table

35



2.7). However, FOCA and FOSA showed lower oxidation rates than those of FO-1 and FO-2
respectively, when oil samples were heated from 40-60 °C.

The use of antioxidants is an effective way to minimize or prevent lipid oxidation. Erkan
and others (2009) reported that addition of the natural antioxidants (carnosic acid or sesamol)
significantly decreased hydroperoxide formation during microwave heating. Also, Shyamala
and others (2005) reported that sunflower oil containing leafy vegetable extracts minimized
peroxide formation during heating and storage processes. Our study was in accordance with
reports of reduced lipid oxidation of FO by the addition of antioxidants (Bera and others 2006;
Erkan and others 2009), which indicated that the presence of the astaxanthin in the FO
minimized the oxidation of the FO. Oxidation was significantly higher for FO-1 and FO-2
than that of FOCA and FOSA respectively regardless of different heating temperatures used.
The oxidation rate (mequiv-kg oil"h™) increased from 0.098 to 0.698 for FO-1 while it
increased from 0.027 to 0.305 for FOCA when the oils were heated from 30 to 60°C for 4 hr
(Table 2.6). Similarly, the oxidation rate (mequiv-kg oil'*h™") increased from 0.018 to 0.229
for FO-2 when heated from 30 to 60 °C for 4 hr. However, the oxidation rate (mequiv-kg
oil"-h™) for FOSA only increased from 0.003 to 0.094 for the same conditions (Table 2.7).
The oxidation rates for the oil samples were well described by the Arrhenius equation (Figures
2.6 and 2.7) and the high R? values indicated that peroxide formation rates of these oils could
be modeled by the Arrhenius equation. The activation energy for lipid oxidation of FO,
FOCA and FOSA were calculated using the Arrhenius equation (Figures 2.6 and 2.7). The

activation energies for lipid oxidation of FO-1 and FOCA were 51.07 kJ / mol and 65.84 kJ /
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mol, respectively (Table 2.6). Similarly, the activation energies for FO-2 and FOSA
oxidation were 68.97 kJ/mol and 93.37 kJ/mol, respectively (Table 2.7). Lower activation
energy and higher oxidation rate indicated that FO-1 and FO-2 had a higher heat sensitive lipid
oxidation rate than did FOCA and FOSA during heating. Adegoke and others (1998) reported
that antioxidants such as tocopherols and propyl-gallate either delay or inhibit the initiation and
propagation stages of oxidation by reacting with lipid-free radicals and peroxy or alkoxy
radicals, respectively. Carotenoids have been reported to be the most efficient molecules for
'0, quenching (Laguerre and others 2007). Astaxanthin as a member of carotenoids family
has conjugated double bonds and phenolic hydroxyl groups, which may have actively
prevented oxidation of the glycerides in the FO during heating. Our results show that
astaxanthin exhibited an effective antioxidant activity both in FOCA and FOSA when it was

heated from 30 to 60 °C.
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Figure 2.2 Effect of time on peroxide formation in the FO-1 at different temperatures. FO-1
= Flaxseed oil. Data are the average of three replicates.
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Figure 2.3 Effect of time on peroxide formation in the FOCA at different temperatures.
FOCA = Flaxseed oil containing crawfish astaxanthin. Data are the average of three
replicates.
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Figure 2.4 Effect of time on peroxide formation in the FO-2 at different temperatures. FO-2
= Flaxseed oil. Data are the average of three replicates.

38



=
oy
E 1.5
= m
=
[-P]
E —x
) 1 @ 7 )
=
<
>
[-?]
= i
2 05 D
s m60C
d‘: *50°C
A40C
0 1 1 1 J
0 1 2 3 4

Time (h)
Figure 2.5 Effect of time on peroxide formation in the FOSA at different temperatures.
FOSA = Flaxseed oil containing shrimp astaxanthin. Data are the average of three replicates

Table 2.6 Oxidation rates of FO-1 and FOCA

Temperature (°C) Oxidation rate (mequiv-kg oil"-h™")
FO-1 FOCA

30 0.098+0.01°" 0.027+0.02°P

40 0.348+0.01°C 0.144+0.01°¢

50 0.404+0.04°® 0.24+0.03"8

60 0.698+0.05 0.305+0.04>

E, (kJ/mol) 51.07+1.62° 65.84+0.89"

Values are means and SD of three determinations. “’means with different letters in each row are
significantly different (p < 0.05). “®“Pmeans with different letters in each column are
significantly different (p < 0.05). E, = Activation energy; FO-1 = Flaxseed oil; FOCA =
Flaxseed oil containing crawfish astaxanthin.

Table 2.7 Oxidation rates of FO-2 and FOSA

Temperature (°C) Oxidation rate (mequiv-kg oil-h™)
FO-2 FOSA

30 0.018+0.00%" 0.0030.00°¢

40 0.072+0.01°¢ 0.025+0.01°B¢

50 0.115+0.01°® 0.051+0.01°®

60 0.22940.01% 0.094+0.00

Ea (kJ/mol) 68.97+0.46° 93.3743.47°

Values are means and SD of three determinations. *’means with different letters in each row are
significantly different (p < 0.05). ABCDMeans with the same letters in each column are not
significantly different (p > 0.05). Ea = Activation energy; FO-2 = Flaxseed oil; FOSA =
Flaxseed oil containing shrimp astaxanthin.
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Figure 2.6 The Arrhenius plot for the peroxide values of the FO-1 and FOCA. FO-1 =
Flaxseed oil; FOCA = Flaxseed oil containing crawfish astaxanthin
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Figure 2.7 The Arrhenius plot for the peroxide values of the FO-2 and FOSA. FO-2 =
Flaxseed oil; FOSA = Flaxseed oil containing shrimp astaxanthin
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2.3.5 Astaxanthin Degradation Kinetics of FOCA and FOSA

Astaxanthin is sensitive to heat, oxidation, and light because of its highly unsaturated
structure (Ribeiro and others 2005). Figures 2.8-2.11 show the results of astaxanthin
degradation in the FOCA and FOSA during heating. The rate of degradation of astaxanthin
was determined by linear regression of both (C-C”) and /n (C/C’) against heating time. The
astaxanthin degradation was fitted by both zero (Figures 2.8 and 2.10) and first order (Figures
2.9 and 2.11) kinetics models. Both models showed that rate constant (k) for astaxanthin
degradation of FOCA and FOSA increased with increased temperature. For astaxanthin
degradation of FOCA, the R’ for the zero order kinetics model was 0.7, 0.88, 0.89, and 0.94
for 30, 40, 50, and 60 °C, respectively (Table 2.8), while R’ ranged from 0.85 to 0.97 (Table
2.10) for the first order kinetics model. For astaxanthin degradation of FOSA, the R’ for the
zero order kinetics model was 0.61, 0.83, 0.88, and 0.91 for 30, 40, 50, and 60 °C, respectively
(Table 2.9), while R’ ranged from 0.85 to 0.98 (Table 2.11) for the first order kinetics model.
This indicated that first order kinetics could be used to describe the degradation of astaxanthin
in FOCA and FOSA between 30 to 60 °C while zero order might describe the astaxanthin
degradation in FOCA and FOSA at 60 °C. Niamnuy and others (2008) have also reported that
the first order model can be used to describe the degradation of dried shrimp astaxanthin.
Tachaprutinun and others (2009) have reported that most astaxanthin molecules degraded
when astaxanthin solution (in ethanol) was heated to 70 °C for two hours. Levenspiel (1999)
and Niamnuy and others (2008) have reported a higher k for a higher rate of reaction, which

indicated astaxanthin degraded faster at a higher temperatures. Rao and others (2007) have
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also reported reductions in astaxanthin concentrations at elevated heat processing temperatures.
Astaxanthin degradation of FOCA was well described by the Arrhenius equation (Figures 2.12)
and a high R’ value of 0.98 and 0.99 was determined from zero and first order models,
respectively.  Similarly, astaxanthin degradation of FOSA was well described by the
Arrhenius equation (Figures 2.13) and a high R’ value of 0.97 and 0.99 was determined from
zero and first order models, respectively. The E, value obtained from zero and first order
models for astaxanthin degradation of FOCA was 104.65 and 96.79 kJ/mol, respectively
(Tables 2.8 and 2.10). The E, value obtained from zero and first order models for astaxanthin
degradation of FOSA was 84.53 and 88.44 kJ/mol, respectively (Tables 2.9 and 2.11). These
values were lower than the reported £, value of 110 kJ/mol for carotenoids degradation during

heat treatment (Dhuique-Mayer and others 2007).

(C-C") of astaxanthin

-0.8 r

®30°C
_0.9 1 1 1 J

0 1 2 3 4
Time (h)

Figure 2.8 Zero order kinetics plots of astaxanthin degradation in FOCA at various
temperatures. FOCA = Flaxseed oil containing crawfish astaxanthin. C’ is the initial
concentration of astaxanthin; C is the concentration of astaxanthin at time ¢.
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Figure 2.9 First order kinetics plots of astaxanthin degradation in FOCA at various
temperatures. FOCA = Flaxseed oil containing crawfish astaxanthin. C’ is the initial
concentration of astaxanthin; C is the concentration of astaxanthin at time ¢.
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Figure 2.10 Zero order kinetic plots of astaxanthin degradation in FOSA at various
temperatures. FOSA = Flaxseed oil containing shrimp astaxanthin. C’ is the initial
concentration of astaxanthin; C is the concentration of astaxanthin at time ¢.
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Figure 2.11 First order kinetic plots of astaxanthin degradation in FOSA at various
temperatures. FOSA = Flaxseed oil containing shrimp astaxanthin. C’ is the initial
concentration of astaxanthin; C is the concentration of astaxanthin at time ¢.

Table 2.8 Zero order kinetics of astaxanthin degradation in FOCA

Temperature (°C) k= 107 (mg-100 g FOA™-h™) R’ Ea (kJ/mol)
30 0.49+0.03° 0.70
40 1.16+0.25° 0.88 104.65+2.33
50 4.56+0.48" 0.89
60 20.22+0.76" 0.94

®°Means with different letters in each

Values are means and SD of three determinations.
column are significantly different (p < 0.05). k= Degradation rate constant; Ea = Activation

energy. FOCA = Flaxseed oil containing crawfish astaxanthin.

Table 2.9 Zero order kinetics of astaxanthin degradation in FOSA

Temperature (°C) k = 107 (mg-100 g FOA™-h™) R’ Ea (kJ/mol)
30 0.46+0.11° 0.61
40 1.13+£0.21° 0.83 84.53+4.08
50 4.93+0.45° 0.88
60 7.79+0.00° 0.91

Values are means and SD of three determinations. **Means with different letters in each
column are significantly different (p < 0.05). k= Degradation rate constant; Ea = Activation
energy. FOSA = Flaxseed oil containing shrimp astaxanthin.
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Table 2.10 First order kinetics of astaxanthin degradation in FOCA

Temperature (°C) k= 10% (b R’ Ea (kJ/mol)
30 0.22+0.02¢ 0.85
40 0.50+0.11°¢ 0.95 96.79+1.37
50 1.93+0.21% 0.97
60 6.49+0.30° 0.95

Values are means and SD of three determinations. ***Means with different letters in each
column are significantly different (p < 0.05). k= Degradation rate constant; Fa = Activation
energy. FOCA = Flaxseed oil containing crawfish astaxanthin.

Table 2.11 First order kinetics of astaxanthin degradation in FOSA

Temperature (°C) k= 10* (h™") R’ Ea (kJ/mol)
30 0.21+0.05¢ 0.85
40 0.58+0.19% 0.91 88.44+5.00
50 2.16+0.21% 0.95
60 4.14+0.97° 0.98

Values are means and SD of three determinations. ****Means with different letters in each
column are significantly different (p < 0.05). k= Degradation rate constant; Ea = Activation
energy. FOSA = Flaxseed oil containing shrimp astaxanthin.
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Figure 2.12 The Arrhenius plot for the astaxanthin degradation of FOCA. FOCA = Flaxseed
oil containing crawfish astaxanthin. Open symbols represent degradation rates calculated
from zero order kinetics; closed symbols represent degradation rates calculated from first
order kinetics. Data are the average of three replicates.
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Figure 2.13 The Arrhenius plot for the astaxanthin degradation of FOSA. FOSA = Flaxseed
oil containing shrimp astaxanthin. Open symbols represent degradation rates calculated
from zero order kinetics; closed symbols represent degradation rates calculated from first

order kinetics. Data are the average of three replicates.

2.4 Conclusions

The amount of extractable astaxanthin in crawfish and shrimp waste using FO was 3.02
mg / 100 g of crawfish waste and 4.83 mg/100 g of shrimp waste, respectively. The FOCA
and FOSA had higher redness and lower lightness than FO. FOCA and FOSA showed
minimal lipid oxidation at 30 °C with increasing time, whereas FO had a higher oxidation at
30-60 °C than FOCA and FOSA with increasing heating time from 0 to 4 hr.  Collectively, the
latter results demonstrated that astaxanthin could effectively reduce lipid oxidation in FO when
it is heated from 30 to 60 °C. The degradation of astaxanthin during heating could be
described by first order reaction kinetics. Astaxanthin was stable in FOCA and FOSA at 30
and 40 °C, but had substantial degradation at 50 and 60 °C. Byproducts generated from
crawfish and shrimp peeling operations are a good source of high quality astaxanthin, which
can be used as a natural colorant and antioxidant ingredient in human food and industrial

applications.
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CHAPTER 3 DEVELOPING MICROENCAPSULATED FLAXSEED OIL
CONTAINING CRAWFISH AND SHRIMP ASTAXANTHIN

3.1 Introduction

Microencapsulation is an effective method to protect the stability of bioactive compounds
from environmental factors by shielding the compounds from the environment with thin
edible coating materials (Bustos and others 2003; Higuera-Ciapara and others 2004; Kagami
and others 2003; Kolanowski and others 2006; Tan and others 2009; Sathivel and Kramer
2010). Several techniques, including spray drying, spray cooling, fluidized bed drying,
extrusion, and centrifugal extrusion, can be used to produce microcapsules (Krishnan and
others 2005). Spray drying is the most commonly used microencapsulation technology in
food industries (Kagami and others 2003).

Astaxanthin has desirable bioactive properties for use in fortifying foods. However it is a
highly unsaturated molecule which can degrade and lose its bioactive properties during
processing and storage of the food product. Therefore, attempting to fortify foods with
astaxanthin may lead to only limited success. Microencapsulation may make it possible to
transform extracted astaxanthin in oil into a powdered form, wherein small droplets of oil
containing astaxathin are surrounded and protected by a shell coating of proteins and/or
carbohydrates. Astaxanthin in the microencapsulated form should allow fortification of foods
without excessive degradation of the astaxanthin.

Astaxanthin is the main natural ketocarotenoid pigment responsible for the red orange

color in crustacean and salmon flesh (Shahidi and Synowiecki 1991). This natural pigment
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serves as a biological antioxidant with an antioxidant activity 10 times higher than other
carotenoids such as zeaxanthin, lutein, canthaxantin, and B-carotene (Miki 1991). Examples
of its effectiveness include: the supplementation of astaxanthin effectively suppressed
carcinogenesis in mice urinary bladder tissue (Tanaka and others, 1994), it inhibited tumor
growth in breast cancer (Jyonouchi and others 2000), and prevented oxidative stress (Tanaka
and others 1995) and cardiovascular diseases (Snodderly 1995). Byproducts generated from
shrimp and crawfish peeling operations are a good source of high quality astaxanthin which
can be used as an antioxidant agent in flaxseed oil. = Microencapsulated flaxseed oil
containing astaxanthin powder has not been produced. There is a potential market for natural
carotenoid-fortified foods. Natural carotenoids could be added to soft drinks, ice cream,
desserts, candies, meat products and pet and aquaculture feeds (Delgado-Vargas and
Paredes-Lopez 2003).

The objectives of this study were to: (1) develop microencapsulated flaxseed oil
containing crawfish and shrimp astaxanthin powders using spray drying, (2) evaluate their
oxidative stability, and (3) estimate the microencapsulated powder production efficiency and
the energy required to produce microencapsulated flaxseed oil containing astaxanthin by
spray drying.

3.2 Materials and Methods

3.2.1 Materials
Fresh crawfish and shrimp peeling byproducts containing cephalothoraxs, abdominal

exoskeletons, and viscera were obtained from a local Louisiana seafood processor. Flaxseed
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oil was purchased from iHerb Inc. (iHerb, Irwindale, CA). Lactose was purchased from
Sigma-Aldrich, Co. (Sigma-Aldrich, Co, St. Louis, MO). Sodium caseinate was donated by
American Casein Company (American Casein Company, Burlington, NJ). All other
chemicals were purchased from Sigma Chemical Co. (Sigma Chemical Co., St. Louis, MO).
3.2.2 Extraction of Astaxanthin

Flaxseed oil (FO) containing crawfish astaxanthin (FOCA) or shrimp astaxanthin (FOSA)
was prepared using a modified method of Sachindra and Mahendrakar (2005) as described in
Figure 2.1. The thawed crawfish and shrimp byproducts were separately ground in a Hobart
grinder (K5SS, Hobart Corporation, Troy, OH). One hundred grams of either the ground
crawfish or shrimp byproducts was mixed with an equal volume of FO (iHerb, Irwindale, CA),
stirred for 60 min at 60 °C, and then the mixture was centrifuged (Beckman J2-HC centrifuge,
GMLI, Inc., Ramsey, MN) at 8630 x g for 15 min at 4 °C.  FOCA or FOSA and the water phase
was separated from the solid phase and recovered. Then the FOCA or FOSA was separated
from the water phase using a separatory funnel.
3.2.3 Preparation of Emulsions

Oil-in-water emulsions containing crawfish astaxanthin (ECA) or shrimp astaxanthin
(ESA) were prepared for producing microencapsulated FOCA (MCA) and FOSA (MSA)
powders using the modified method of Keogh and others (2001). The ratio (w/w) of the
components used to prepare emulsions was 10 FOCA or FOSA: 10 sodium caseinate: 10
lactose: 70 water. The aqueous solution of the wall materials was prepared by dissolving

sodium caseinate and lactose in distilled water at room temperature to allow complete
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dissolution. The FOCA or FOSA was added into the aqueous phase, mixed and stirred for 5
min using a high-speed blender (IKA® Works, Inc., RW20, Wilmington, NC). The
emulsions were then homogenized for 10 min using an ultrasonic processor. A Vibra cell
Ultrasonic Processor, converter model CV33 equipped with a 13 mm probe (Sonics,
Newtown, CT) was used at 80% amplitude with 2x1 s pulses (with 1 s delay between pulses).
Samples were held in an ice bath during the procedure.

3.2.4 Characterization of Emulsions
3.2.4.1 Microstructure and Color of Emulsions

The microstructure of ECA or ESA was determined using a light microscope (Nikon
Microphot-FXA, Nikon Instrument Inc., Japan). A drop of emulsion was observed at an
objective magnification of 80x. Images of the structure for all emulsions were acquired using
image processing software with a CCD camera. Color of ECA or ESA was measured using

the method as described in 2.2.3.2.
3.2.4.2 Flow Behavior and Viscoelastic Properties

Flow behavior and viscoelastic properties of the emulsions were measured in triplicate
using an AR 2000 Rheometer (TA Instrument, New Castle, DE) fitted with plate geometry. A
steel plate with a 40-mm diameter was used and a 400 um gap was set between the two plates.
The shear stress was measured at 0, 15, and 25 °C at varying shear rates from 1 t0 200s™. The
power law (Equation 3.1) was used to analyze the flow behavior index of emulsion samples.
oc=Ky" (3.1
where o = shear stress (Pa), y = shear rate (s™'), K = consistency index (Pa.s), and n = flow

behavior index. The logarithms were taken on both sides of Equation 3.1, and a plot of log &
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versus log y was constructed. The resulting straight line yielded the magnitude of log K (i.e.,
intercept) and 7 (i.e., slope).

Frequency sweep tests were conducted between 0.1 tol10 Hz at a constant temperature of
25 °C. The storage modulus and loss modulus of emulsion samples were obtained using

Universal Analysis (TA instrument) software and were calculated using Equations 3.2 and 3.3.

G'= {ﬁ} coso (3.2)
7o

G"= {ﬁ} sin & (3.3)
Yo

where G’ (Pa) is the storage modulus, G” (Pa) is the loss modulus, o is generated stress, and y
is oscillating strain.
3.2.5 Spray Drying

ECA or ESA was spray-dried under co-current drying conditions to produce
microencapsulated flaxseed oil containing astaxanthin powders by a pilot plant scale spray
dryer (FT 80 Tall Form Spray Dryer, Armfiled Inc., Jackson, NJ). The FT80 spray dryer
includes inlet and outlet air fans, an electrical air heating chamber, a tall drying chamber, and a
cyclone separator. The temperature, relative humidity, and air velocity of ambient air were
measured using an Omega 4-in-1 multifunctional anemometer (Omega Engineering, Stamford,
CT). The ambient air was blown into the air heating chamber by the inlet fan where the
ambient air was heated by an electric resistance heater. The heated air (inlet air) was blown
into the top of the drying chamber. The emulsion’s temperature was measured and the

emulsion was fed through the hygienic progressing cavity pump to a spray nozzle where it was
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atomized and sprayed into the drying chamber. The emulsion droplets were dried in the
drying chamber yielding dried powder (the microcapsules) and dust. The dried powder, dust,
and air were pulled to the bottom of the drying chamber and then to the cyclone separator by
the exhaust fan. The powder and dust were separated in the cyclone separator. The powder
separated by the cyclone separator was collected in the cyclone collection vessel and the
exhaust air was expelled through filter bag to the atmosphere. The internal diameter of
ambient air intake pipe and exhaust air pipe, exhaust (outlet) air temperature, and outlet air
velocity were measured. The relative humidity and exhaust air temperature that passed
through exhaust fan were recorded. The emulsion, powder, and dust were analyzed for
moisture content. The powder production rate was estimated and compared with the actual
powder production rate. The mass flow rate for water entering and leaving the spray dryer and
the energy required to dry the emulsion in the production of microencapsulated powder were

determined.

Emulsion Oulet air Dust
Me, We, Te Mao, AHaO, Tao mgy, Wy, Td
e e
' :
) |
: : Inlet air | . |
Ambient ATl Heater Lyl Drying chamber A1r+dust+' Cyclone I
: powder :
Maa, AHaa, (heated air) | |
Taa L ________________________ i ______ ]I
Powder
mp, Wp, Tp

Figure 3.1 Mass balance for a spray drying process
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3.2.5.1 Estimation of Production Rate of Microencapsulated Astaxanthin Powders

The overall mass flow rate on dry solids entering and leaving the spray dryer (Figure 3.1)
was expressed by Equation 3.4.
m, =mP+m, (3.4)
mP is the estimated powder production rate which included both the actual production flow
rate (m,) for the powder collected through cyclone vessel and product retained in the spray
dryer. Physical properties of product retained in the spray dryer were assumed to be the same
as the powder product collected in cyclone collection vessel.
The estimated production rate was obtained by the Equation 3.5.
mP=m, —m, (3.5)
where m. is emulsion flow rate (kg dry solids/h); mq is dust flow rate (kg dry solids/h); mP is
the estimated production rate (m,) for the powder collected through cyclone vessel and product

stored on the chambers, pipes, and joints and chambers walls.
3.2.5.2 Estimation of Evaporation Rate

An overall balance on water entering and leaving the spray dryer was expressed as
Equation 3.6.
m, AH, +mw, =m, AH, +m,w,+mPw, (3.6)
where m,, is the dry air mass flow rate of inlet ambient air (kg dry air/h); m,, is the dry air mass
flow rate of outlet air (kg dry air/h); m. is the mass flow rate of emulsion (kg dry solids/h); mg
is the mass flow rate of dust (kg dry solids/h); mP included both the product flow rate (m,) for
the powder collected through cyclone vessel and product retained in the spray dryer; AH,, is

the absolute humidity of inlet ambient air (kg water/kg dry air); AH,, is the absolute humidity
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of outlet air (kg water/kg dry air); we is the moisture content of dry basis of emulsion (kg
water/kg dry solids); wq is the moisture content of dry basis of dust (kg water/kg dry solids); w,
is the moisture content of dry basis of product (kg water/kg dry solids).

The evaporation rate (E,,) was calculated from the moisture uptake by the dry air as described
by Equation 3.7.

E,, =m AH, -m AH, (3.7)
The evaporation rate (E,,) was also calculated based on the moisture content of the emulsion,
powder collected through cyclone vessel and dust using Equation 3.8.

E,=mw, —m,w, —mPw, (3.8)
The dry air mass flow rate of inlet ambient air and dry air mass flow rate of outlet air were

calculated using Equation 3.9 as described by the AIChE Equipment Testing Procedure (2003).

\Y%

m=—
VV

(3.9)
where m is the dry air mass flow rate (kg dry air/h); V is the volumetric flow rate of inlet or
outlet air (m’/s); V” is the specific volume of inlet or outlet air (m3/kg dry air).

The volumetric flow rate of inlet ambient air and outlet air was calculated as described by
Equation 3.10.

V=vxA (3.10)
where v is the average velocity of the inlet or outlet air (m/s); A is the cross sectional area of the
inlet or outlet air pipe (m?).

The specific volume of inlet ambient air and outlet air were calculated using Equation 3.11 as

described by Singh and Heldman (2001).
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1 AH
V'=(0.082T +22.4)(—+— 3.11
( )(29 18 ) (3.11)
where T is the temperature of inlet ambient or outlet air (°C); AH is the absolute humidity of
inlet ambient or outlet air (kg water/kg dry air).
The absolute humidity of inlet ambient and outlet air were calculated as Equation 3.12 as

described by AIChE Equipment Testing Procedure (2003).

AH=062x— Pv (3.12)
101.325—p,

where AH is the absolute humidity of the inlet ambient or outlet air (kg water/kg dry air); py is
the partial pressure exerted by water vapor (kPa).

The partial pressure exerted by water vapor pressure is calculated with Equation 3.13 as
described by Singh and Heldman (2001).

p, =p,xRH (3.13)
where py, is the partial pressure exerted by water vapor (kPa); py is the saturation pressure of

water vapor (kPa); RH is the relative humidity (%).

3.2.5.3 Estimation of Energy Required to Dry the Emulsions

The energy required to heat the inlet ambient air was calculated using Equation 3.14 as
described by Singh and Heldman (2001).

Q = maanAT =m,, (Caa + cv‘AHaa )(Tad - Taa) (314)
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where my, is dry air mass flow rate of inlet ambient air (kg dry air/h); ¢, is specific heat of
inlet ambient air (kJ/[kg K]); caa 1s specific heat of inlet ambient dry air; c, is the specific heat
of water vapor (kJ/[kg K]); AH,, is the absolute humidity of inlet ambient air (kg water/kg
dry air); AT is the temperature difference between inlet ambient air and heated air (K); T,q is

temperature of inlet drying air (K); and T,, is temperature of inlet ambient air (K).

3.2.6 Determination of Microencapsulation Efficiency of Microencapsulated
Astaxanthin Powders

The amounts of surface and total oil were determined to calculate the microencapsulation
efficiency (ME) as described by Tan and others (2005) with a slight modification. Hexane (50
ml) was added to 5 g of powder followed by stirring for 10 min. The suspension was then
filtered and the residue rinsed thrice by passing 20 ml of hexane through each time. The
residual powder was then air dried for 30 min and weighed. The amount of surface oil (OS)
was calculated by the difference in weights of the microspheres.

OS = Original weight - Final weight of microspheres (3.15)

The total oil (OT), which included both the encapsulated oil (OE) and OS, was determined
using the method described by Shahidi and Wanasundara (1995). Five gram of powder was
dispersed in 25 ml of a 0.88% (w/v) KCI solution. Then 50 ml of chloroform, 25 ml of
methanol and a few crystals of tert-butylhydroquinone (TBHQ) were added. The mixture was
then homogenized using a high speed mixer for 5 min at 8000 rpm. The mixture was
transferred to a separatory funnel and the chloroform layer was separated and then evaporated
using a rotary evaporator at 60 °C to recover the oil.

The OE and the ME was calculated as described Equations 3.16 and 3.17, respectively.
OE=0T-0S (3.16)
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ME = OE/OT %100% (3.17)
3.2.7 Determination of Astaxanthin Content of Microencapsulated Astaxanthin Powders

Astaxanthin content in microencapsulated astaxanthin powders was determined using the
method described by Rodriguez-Huezo and others (2004) with slight modification. A 0.5 g
sample of powder was dissolved in 5 mL of NaCl-methanol solution (prepared by mixing equal
volumes of 10% NaCl and methanol) followed by vortexing for 5 min, after which 30 mL of
hexane-acetone solution (prepared by mixing equal volumes of 100% hexane and 100%
acetone) were added. Then the mixture was centrifuged at 3840 x g for 10 min at 10 °C.
Absorbance of the supernatant was measured at 460 nm in quartz cuvette. The amount of
astaxanthin in the powder sample was calculated using the following equation (Britton and
others 1995):

Astaxanthin (g) = Av/A}” 100 (3.18)

lem

where v is the volume of solution, A is the absorbance value, A% is the specific absorption
coefficient (2500) (Britton and others 1995).
3.2.8 Color of Microencapsulated Astaxanthin Powders

Color of microencapsulated astaxanthin powders was measured in triplicate using a
LabScan® XE spectrophotometer (Hunter Associates Laboratory, INC. Resbon, VA) and was
reported in CIELAB color scales (L*, a* and b* values). The instrument was standardized
using the calibrated black and white standards that come with the instrument. Chroma and
hue angle values were calculated using Equations 3.19 and 3.20, respectively.

Chroma = [a** + b**] * (3. 19)
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Hue angle = tan” (b*/a*) (3.20)
3.2.9 Hydroperoxide of Microencapsulated Astaxanthin Powders
The hydroperoxide value of microencapsulated astaxanthin powders was measured
according to the method of Boon and others (2008). A 0.5 g sample of microencapsulated
powder was dispersed in 5 mL of distilled water. Then the dispersion was vortexed for 5 min
to allow complete dispersion. A 0.3 mL aliquot of this dispersion was added into 1.5 mL of
isooctane-2-propanal (3:1 v:v) solution and vortexed for 30 s. The organic phase was
separated by centrifugation at 3400 x g for 2 min. Then, 100 pL of organic phase was mixed
with 2.8 mL of methanol-1-butanol (2:1 v:v) followed by adding 15 pL of 3.94 M thiocyanate
solution and 15uL of ferrous iron solution (prepared by mixing equal volumes of 0.144 M
FeSO4-H,O and 0.132 M BaCl,, centrifuged and collected the clear supernatant). The
mixture was vortexed and allowed to react for 20 min at room temperature. The absorbance
was measured at 510 nm using a spectrophotometer (Thermo Fisher Scientific, Vernon Hills,
IL). Hydroperoxide content was determined using a cumene hydroperoxide standard curve.
3.2.10 TBA of Microencapsulated Astaxanthin Powders
TBA of microencapsulated astaxanthin powders was measured using a method of
Klinkesorn and others (2005). TBA solution was prepared by mixing 15 g of trichloroacetic
acid, 0.375 g of TBA, 1.76 mL of 12 N HCl, and 82.9 mL of H,O. Every 100 mL of TBA
solution was mixed with 3 mL of 2% butylated hydroxytoluene in ethanol. A 0.5 g sample of
microencapsulated astaxanthin powder was dispersed in 5 mL of distilled water. Then 1 mL

of this mixture was mixed with 2 mL of TBA solution and vortexed and placed in boiling water
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for 15 min. After cooling to room temperature, the mixture was centrifuged at 3400 x g for 25
min and absorbance was measured at 532 nm. TBA content was determined using a standard
curve of 1,1,3,3-tetracthoxypropane.
3.2.11 Fatty Acid Methyl Esters Profiles of Microencapsulated Astaxanthin Powders
Fatty acid methyl esters profiles of FOCA, and FOSA were determined by two
laboratories as described below. FOCA and FOSA were extracted from MCA and MSA at
the USDA-ARS Laboratory, University of Alaska Fairbanks, AK using the method as
described in section 3.2.6. Fatty acid methyl esters (FAMEs) were prepared using a
modified method of Maxwell and Marmer (1983). A 20 mg sample of FO or FOA was
dissolved in 4.5 mL isooctane and 500 pL of internal standard (10 mg methyl tricosanoate
(23:0)/mL isooctane and 500 uL 2 N KOH (1.12 g/10mL MeOH) was added to the mixture.
The mixture was vortexed for 1 min and centrifuged to the separate upper layer. The
separated upper layer was mixed with 1 mL of saturated ammonium acetate solution and
aqueous layer was removed and discarded. The mixture was centrifuged and the upper layer
of the mixture was separated. Then 1 mL of distilled water was added to the separated upper
layer and centrifuged, then 2-3 g anhydrous sodium sulfate was added, vortexed, and kept for
20-30 min. The mixture was centrifuged and the liquid containing methyl ester was separated.
A 0.5 mL of isooctane containing methyl ester and 0.5 mL of isooctane were added to the
amber GC vial. Gas chromatographic (GC) analysis was used with a GC model 7890A
(Agilent) fitted with a HP-88 (100m x 0.25 mm ID x 0.25um film) column. The oven

program used was 90 °C for 8 min, followed by 10 °C/min to 175 °C for 10 min, 4 °C/min to
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190 °C for 10 min, 5 °C/min to 210 °C for 5 min and then 20 °C/min to 250 °C for 8 min.
ChemStation software was used to integrate peaks. Peaks were identified by comparing to
reference standards obtained from Sigma: Supelco 37 mix. Data are expressed as percent of
total integrated area.

Fatty acid methyl esters (FAMEs) were prepared at the laboratory of the W. A. Callegari
Environmental Center, Louisiana State University, LA using the method described by Paquot
and others (1987) with slight modification. A 25 mg sample of FO, FOCA or FOSA was
dissolved in 10 mL of hexane. Then 10 pL of 2 N KOH (1.12 g/10 mL MeOH) was added to
the mixture followed by vortexing for 1 min and this step was repeated for four times. Then
10 pL of 1 N H,SO4 was added to the mixture followed by vortexing for 1 min and centrifuging
for 2 min at 3400 rpm to separate the upper layer. Then 5 pL of clear supernatant containing
methyl esters was transferred to an auto sampler vial. Then 5 pL of internal standard
(Hexadecanoic acid, 2-hydroxy-methyles dissolved in palmitate at 4 ppm concentration) and 1
mL of hexane was added to vial. The gas chromatographic (GC) analysis was used with a GC
model 450-GC (Varian, Inc., Palo Alto, CA) fitted with a MF-28-12-1 (30 m x 0.25 mm ID x
0.25 um film) column. The oven program used was 100 °C for 2 min, followed by 12 °C/min
ramp to 255 °C and hold for 8 min. MS WorkStation software was used to integrate peaks.
Data are expressed as percent of total integrated area. The fatty acid methyl esters profiles

obtained for FO, FOCA, and FOSA were averaged and reported.
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3.2.12 Scanning Electronic Microscopy of Microencapsulated Astaxanthin Powders

The morphology of the microencapsulated astaxanthin powders were evaluated by
scanning electronic microscopy (SEM) (JSM-6610LV, JEOL Ltd., Japan) using an
acceleration voltage of 5 kV. The samples were mounted on aluminum SEM stubs, coated
with gold: palladium (60:40) in an Edwards S150 sputter coater (Edwards High Vacuum
International, Wilmington, MA) and imaged with SEM.
3.2.13 Storage Stability of Microencapsulated Astaxanthin Powders

Amber bottles containing spray-dried microencapsulated astaxanthin powders were stored
in a refrigerator at 5 °C and environment chambers at 25 °C and 40 °C. The powder samples
were withdrawn periodically and analyzed for color, hydroperoxide, TBA, and astaxanthin
content.

A first order (Equation 3.21) kinetics model was used to describe the astaxanthin
degradation according to Niamnuy and others (2008).
C =C'exp(—kt) (3.21)
where C’ is the initial concentration (ug'g powder™) of astaxanthin; C is the concentration
(ng-g powder ") of astaxanthin at time #; k is the degradation rate constant (day™); 7 is the

storage time (day).
The logarithms were taken on both sides of Equation 3.21.
InC=InC'-kt (3.22)

The Equation (3.22) was rearranged as Equation 3.23.
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1n(£,] = —kt (3.23)

C ) )
A plot of ln(Fj versus time ¢ was constructed for 5, 25, and 40 °C to determine k values

and correlation coefficients. The slope of the straight line and the correlation coefficient were
obtained from the trend line of the plot. The & values for the powder stored at 5, 25, and 40 °C

were obtained from the resulted slope of the plot.
The effect of temperature on the degradation rate was described using the Arrhenius
relationship as shown in Equation 3.24.

k=k, exp(-E,/RT) (3.24)

The logarithms were taken on both sides of Equation 3.24.

Ink=—Le ik (3.25)
RT

where £ is the reaction rate constant; k. is the frequency factor; R is the universal gas constant
(8.3145 J/mol K); T is the absolute temperature (K); and Ea is activation energy (J/mol).
The resulting k values from first order models (/n k) versus 1/T were plotted and obtained
activation energy for astaxanthin degradation using the Arrhenius model (Equation 3.24).
The magnitude of Ea was calculated as the slope of the plot multiplied by the gas constant.

The color value a* was correlated with astaxanthin concentration in microcapsules
during storage time at different temperatures. A linear equation was used to describe the
relation between a* value and astaxanthin concentration:

a=kc+k, (3.26)
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where a is the a* value of microcapsules; c is the astaxanthin concentration (ug:g powder™);
and k;, k, are the regression coefficients.
3.2.14 Statistical Analysis

Mean values and standard deviations of triplicate determinations were reported. Analysis
of variance (ANOVA) was carried out to determine the difference among treatments means
(SAS Version 8.2, SAS Institute Inc., Cary, NC) using the post hoc Tukey's studentized range

test.
3.3 Results and Discussion

3.3.1 Microstructure and Color of Emulsions

Microstructure of the ECA and ESA showed that both emulsions had a spherical shape
(Figures 3.2 and 3.3), which ranged from 5 to 25 pum in size. L* value is a measure of the
lightness of ECA and ESA and a* and b* values are the measurement of redness and
yellowness color of emulsions, respectively. Both ECA and ESA were light orange in color
(Table 3.1). The color values of L* a* and b* values of ECA were 82.76+0.56, 10.89+0.20,
and 21.15+0.33, respectively (Table 3.1), while L*, a*, and b* values of ESA were 80.59+0.50,
12.840.17, and 22.28+0.37, respectively. Chroma is a measurement of the vividness of color
(higher values indicate a more vivid color). Hue angle is defined as a color wheel with red
at an angle 0° and yellow at 90° (Ergunes and Tarhan 2006). The chroma and hue angle
values of ECA were 23.79+0.35 and 62.76+0.39, respectively (Table 3.1), while chroma and

hue angle values of ESA were 25.9+0.4 and 70.37+0.1, respectively.
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Table 3.1 Color values of ECA and ESA

ECA ESA
Color L* 82.76+0.56 80.59+0.50
Color a* 10.89+0.20 12.80+0.17
Color b* 21.15+0.33 22.28+0.37
Chroma 23.79+0.35 25.90+0.40
Hue angle 62.76+0.39 70.37+£0.10

Values are means and SD of triplicate determinations. ECA = emulsion containing crawfish
astaxanthin; ESA = emulsion containing shrimp astaxanthin.

Figure 3.2 Light microscope of ECA
ECA = emulsion containing crawfish astaxanthin

Figure 3.3 Light microscope of ESA
ESA = emulsion containing shrimp astaxanthin
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3.3.2 Flow Behavior and Viscoelastic Properties of Emulsions

The flow index (n) for ECA and ESA were both less than 1.0 regardless of different
temperatures (Tables 3.2 and 3.3) indicating that both the emulsions were pseudoplastic fluids
(Batista and others 2006). The n values of ECA and ESA significantly increased with
increased temperature. The n values ranged from 0.87+0.02 to 0.98+0.00 and 0.84+0.00 to
0.99+0.00 for ECA and ESA, respectively. The K values of ECA and ESA significantly
increased with increased temperature. A higher K value of an emulsion indicates a more
viscous consistency (Batista and others 2006). The apparent viscosities of ECA and ESA
emulsions at 0, 15 and 25 °C are shown in Figures 3.4 and 3.5. Both ECA and ESA
exhibited shear-thinning behavior at low shear rates at 0 °C, while shear-thinning behavior
was not significant at 15 and 25 °C.  Viscosity is modified by the feed temperature (Zakarian
and King 1982; Zbicinski and others 2002; AIChE Equipment Testing Procedure 2003). It is
important to know the changes of the viscosity because they alter the drying rate of the spray

dryer.

Table 3.2 Flow behavior properties of ECA

ECA
Temperature (°C) n K (Pa.") Apparent viscosity (Pa.s)
0 0.87+0.02° 0.82+0.09? 0.40+0.01?
15 0.96£0.00°  0.29+£0.01° 0.23+0.01°
25 0.98+0.00" 0.17+0.01°¢ 0.16+0.01°

*means with different letters in each

Values are means and SD of triplicate determinations. *
column are significantly different (p <0.05). ECA = emulsion containing crawfish astaxanthin;

n = flow index; K= consistency index.
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Table 3.3 Flow behavior properties of ESA

ESA
Temperature (°C) n K (Pa.") Apparent viscosity (Pa.s)
0 0.84+0.00° 1.12+0.04° 0.47+0.01*
15 0.91£0.02°  0.45+0.06" 0.28+0.01°
25 0.99+0.00" 0.23+0.01° 0.19+0.02°

Values are means and SD of triplicate determinations. **means with different letters in each

column are significantly different (p < 0.05). ESA = emulsion containing shrimp astaxanthin; »
= flow index; K= consistency index.
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Figure 3.4 Apparent viscosity of ECA as a function of shear rate.
ECA = emulsion containing crawfish astaxanthin
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Figure 3.5 Apparent viscosity of ESA as a function of shear rate.
ESA = emulsion containing shrimp astaxanthin

Dynamic rheological tests can be used to characterize viscoelastic properties of
emulsions. The G’ (an elastic or storage modulus) and G (a viscous or loss modulus) of the
emulsions were determined as a function of frequency at a fixed temperature of 25 °C. G’ is
a measure of energy recovered per cycle of sinusoidal shear deformation and G” is an
estimate of energy dissipated as heat per cycle (Rao 1999). The results of the frequency test
are shown in Figures 3.6 and 3.7. Both G’ and G” showed an increasing trend with the
increase of angular frequency over the ranges examined in this study for ECA and ESA
samples. G’ was always larger than G” throughout the tested range of frequency for both
ECA and ESA. Both emulsions behaved more like a viscoelastic material because it had a
higher G’ than G”” which indicated that the they were stable (Moschakis and others 2005) and
therefore stable microencapsulated flaxseed oil containing astaxanthin powders could be

produced after spray drying the emulsions (Sathivel and Kramer 2010).
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Figure 3.6 Viscoelastic properties of ECA.
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Figure 3.7 Viscoelastic properties of ESA.

ESA = Emulsion containing shrimp astaxanthin; G' = storage modulus; G”
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3.3.3 Spray Drying

Table 3.4 Summary calculation of the evaporation rate and energy required to spray dry ECA

Inlet ambient air Outlet air
Temperature (°C) 26.27+1.63 82.93+0.92
Velocity (km/h) 61.12+2.40 14.78+2.38
Internal pipe diameter (m) 0.034 0.075
Volumetric flow rate inlet or outlet air (m*/h) 55.47+2.17 65.28+10.58
Relative humidity (%) 58.44+3.11 5.2+0.20
Partial pressure exerted by water vapor (kPa) 2.00+0.11 2.79+0.11
Saturation pressure of water vapor (kPa)* 3.425 53.654
Absolute humidity x 10° (kg water/kg dry air) 12.54+0.68 17.61+0.70
Specific volume of inlet or outlet air (m*/kg dry air) 0.864+0.01 1.035+0.01
Mass flow rate (kg dry air/h) 64.21+2.1 63.03+£10.01
Specific heat of dry air at 26.27 °C (kJ/kg K)* 1.0126 —
Specific heat of water vapor at 26.27 °C (kJ/kg K)** 1.88 —
Evaporation rate (kg water/h)' 0.303+0.10°
Evaporation rate (kg water/h) 0.294+0.01°
Energy required to spray dry ECA (kJ) 1.022x10* + 0.011x10*

*Obtained from appendix A 4.2 and A 4.4, respectively (Singh and Heldman 2001).
**Selected as 1.88 kJ/(kg K) according to Singh and Heldman (2001). !Calculated based on
moisture uptake by the dry air (kg water/h). “Calculated based on the moisture content of the
emulsion, powder collected through cyclone vessel, and dust (kg water/h).  *Means with same
letter in each column are not significantly different (p > 0.05). ECA = emulsion containing
flaxseed oil with crawfish astaxanthin.

Table 3.5 Mass and production flow rates for spray drying ECA

ECA MCA Dust
Moisture content (wet basis, %) 70£1.79 6.24+0.36 6.60+0.44
Moisture content (dry basis, kg water/kg dry 2.34+0.20 0.067+0.01 0.07+0.01
solids)
Mass flow rate x 10° (wet basis, kg/h) 433.33+£15.28 104.33+9.71  3.23+0.91
Mass flow rate x 10° (dry basis, kg dry solids/h) ~ 130.1+11.8 97.80+£8.80  3.02+0.86
Estimated powder production rate x 10° (kg dry 127.08+12.64
solids/h)

Estimated powder production rate included both powder collected through cyclone vessel and
product stored on the chambers, pipes, and joints and chambers walls. ECA = emulsion
containing flaxseed oil with crawfish astaxanthin; MCA = microencapsulated flaxseed oil
containing crawfish astaxanthin powder.
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Table 3.6 Summary calculation of the evaporation rate and energy required to spray dry ESA

Inlet ambient air Outlet air
Temperature (°C) 25.73£1.10 81.81+0.80
Velocity (km/h) 59.77+1.86 14.97+1.31
Internal pipe diameter (m) 0.034 0.075
Volumetric flow rate inlet or outlet air (m’/h) 55.45+2.09 66.09+5.76
Relative humidity (%) 57.78+1.42 5.07+0.25
Partial pressure exerted by water vapor (kPa) 1.92+0.05 2.61£0.13
Saturation pressure of water vapor (kPa)* 3.32 51.566
Absolute humidity x 10° (kg water/kg dry air) 12.00+0.30 16.46+0.84
Specific volume of inlet or outlet air (m*/kg dry air) 0.862+0.01 1.03+0.01
Mass flow rate (kg dry air/h) 64.36+2.37 64.14+5.68
Specific heat of dry air at 25.73 °C (kJ/kg K)* 1.0126 —
Specific heat of water vapor at 25.73 °C (kJ/kg K)** 1.88 —
Evaporation rate (kg water/h)’ 0.286+0.12°
Evaporation rate (kg water/h)’ 0.29+0.01°

Energy required to spray dry ESA (kJ)

1.028x10% £ 0.048 x10*

*Obtained from appendix A 4.2 and A 4.4, respectively (Singh and Heldman 2001).

**Selected as 1.88 kJ/(kg K) according to Singh and Heldman (2001).
moisture uptake by the dry air (kg water/h).
emulsion, powder collected through cyclone vessel, and dust (kg water/h).
letter in each column are not significantly different (p > 0.05).
flaxseed oil with shrimp astaxanthin.

'Calculated based on
*Calculated based on the moisture content of the
*Means with same
ESA = emulsion containing

Table 3.7 Mass and production flow rates for spray drying ESA

ESA MSA Dust
Moisture content (wet basis, %) 69.66+1.25 6.04+0.41 6.43+0.34
Moisture content (dry basis, kg water/kg dry ~ 2.3+£0.14 0.064+0.01 0.07+0.01
solids)
Mass flow rate x 10° (wet basis, kg/h) 428+12.53 100.67+8.5 4.17+0.25
Mass flow rate x 10’ (dry basis, kg dry 130.08+8.33  94.57+7.78 3.90+0.22
solids/h)
Estimated powder production rate x 10° (kg 126.18£8.13
dry solids/h)

Estimated powder production rate included both powder collected through cyclone vessel and

product stored on the chambers, pipes, and joints and chambers walls.

containing flaxseed oil with shrimp astaxanthin; MSA = microencapsulated flaxseed oil

containing shrimp astaxanthin powder.
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Figure 3.8 Scanning electronic microscopy of MCA. MCA = microencapsulated flaxseed oil
containing crawfish astaxanthin.
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Figure 3.9 Scanning electronic microscopy of MSA. MSA = microencapsulated flaxseed oil
containing shrimp astaxanthin.

The estimated production rates were 0.127 and 0.126 kg dry solids/h for MCA and MSA,
respectively, while the actual production rates were 0.0978 and 0.0946 kg dry solids/h for
MCA and MSA, respectively (Tables 3.5 and 3.7). As expected, the actual powder
production rates were lower than estimated production rates, which might be due to powder

particles were retained in chamber wall, pipes, and joints and chambers walls. Huang and
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others (2006) reported that a large amount of powder can be deposited on the outlet pipe and
chamber wall during spray drying. The evaporation rates calculated from moisture uptake by
the dry air were 0.303 and 0.286 kg water/h for MCA and MSA, respectively (Tables 3.4 and
3.6), while the calculated evaporation rates based on the moisture content of the emulsion,
product, and dust were 0.294 and 0.29 kg water/h, respectively (Tables 3.4 and 3.6).
Temperature and humidity of the inlet dry air and feed rate directly affects the water
evaporation from the powder during spray drying (Garg and others 2009; Gharsallaoui and
others 2007). Low inlet air temperatures cause low evaporation rates and produce powder
with high moisture contents, and agglomerated powder particles, while a high air inlet
temperature causes excessive evaporation and produces low quality powders. A higher
evaporation rate can result when the feed droplets pass through a lower humidity and/or higher
temperature drying chamber (Huang and others 2006) and affect the particle size and produce
smaller particles during spray drying. In this study, 2 pm to 20 pm particles of the MCA and
MSA were produced at the evaporation rate of 0.303 and 0.286 kg water/h for MCA and MSA
(Figures 3.8 and 3.9). Separated microencapsulated particles produced from the drying
process indicated that the air inlet temperature used for the spray dryer and evaporation rates
had not caused powder agglomeration.

A Similar shape of MCA and MSA morphology was reported for microencapsulated
sunflower oil (Ahn and others 2008; Katona and others 2010). The shape and size of
microcapsules depends on evaporation rate and several other factors including viscosity of

emulsion, atomization, feed rate (Sathivel and Kramer 2010; Walton 2000; Kagami and others
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2003); therefore, it is important to determine the factors such as evaporation rate, feed rate,
viscosity of emulsion, and atomization pattern

Both inlet and outlet air flow had similar dry air mass flow rate, which evidenced that the
technique, instrumentation and measurements used to measure air flow rates were accurate.
The energy required to spray dry ECA and ESA were 1.022x10* and 1.028x10* kJ,
respectively (Tables 3.4 and 3.6). The required power was determined as 2.84 and 2.86 kW
for spray drying ECA and ESA, respectively, which were well within the available power of
the electric heater (4.5 kW) of the FT80/81 Tall Form spray dryer (Spray dryer manual,

Armfield, Ringwood, UK).

3.3.4 Surface Oil and Total Oil Content, Microencapsulation Efficiency, Lipid Oxidation,
Astaxanthin, and Color of Microencapsulated Astaxanthin Powders

The OS for MCA and MSA were 0.04+0.00 and 0.05+0.00 g/g powder, respectively
(Table 3.8). The surface oil expresses the amount of oil that is non-encapsulated and it is an
important parameter determining the product quality because the non-encapsulated oil is
prone to oxidize thus may lead to the development of off-flavors and affect the acceptability
of the product (Drusch and Berg 2008). The OT indicates the total extractable oil of
microcapsules which includes both surface oil and encapsulated oil. The OT for MCA and
MSA were 0.32+0.00 and 0.33+0.01 g/g powder, respectively (Table 3.8). The ME for
MCA and MSA were 86.06+1.44 % and 84.84+0.55 %, respectively, which indicated that
most of the oil was encapsulated and less oil was on the surface of the microcapsules.
Therefore, as expected, both microencapsulated astaxanthin powders had less hydroperoxides

and TBA values (Table 3.8). The hydroperoxide values of MCA and MSA were 3.13+0.61
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and 2.64+0.30 mmol/kg oil, respectively. The hydroperoxide values of MCA and MSA were
lower than the reported value (15.2 meq/kg oil) for encapsulation of sunflower oil by Ahn and
others (2008) and (8.2 mmol/kg oil) for encapsulated fish oil by Serfert and others (2009).
The TBA values for MCA and MSA were 0.09+0.00 and 0.07+0.00 mmol/kg oil, respectively.

The astaxanthin concentration in MCA and MSA was 13.76+0.37 and 16.08+0.24 pg/g
powder, respectively (Table 3.8). The MCA and MSA were light orange in color. The color
values of L* a* and b* values of MCA were 91.20+0.45, 5.37+0.25, 15.1140.66, respectively
(Table 3.8), while L*, a*, and b* values of MSA were 92.71+0.44, 5.714+0.34, and 14.55+0.81,
respectively. The chroma and hue angle values of MCA were 16.04+0.70 and 70.43+0.21,
respectively (Table 3.8), while chroma and hue angle values of MSA were 15.634+0.87 and

68.57+0.20, respectively.

Table 3.8 Surface oil and total oil content, microencapsulation efficiency, hydroperoxide,
TBA, astaxanthin, and color of MCA and MSA

MCA MSA

OS (g/g powder) 0.04+0.00 0.05+0.00
OT (g/g powder) 0.32+0.00 0.33+0.01

ME (%) 86.06+1.44 84.84+0.55
Hydroperoxide (mmol/kg oil) 3.13+0.61 2.64+0.30
TBA (mmol/kg oil) 0.09+0.00 0.07+£0.00
Astaxanthin (pg/g powder) 13.76+0.37 16.08+0.24
Color L* 91.20+0.45 92.71+0.44
Color a* 5.37+0.25 5.71+0.34

Color b* 15.11+0.66 14.55+0.81
Chroma 16.04+0.70 15.63+0.87
Hue angle 70.43+0.21 68.57+0.20

Values are means and SD of three determinations. MCA = microencapsulated flaxseed oil
containing crawfish astaxanthin; MSA = microcapsulated flaxseed oil containing shrimp
astaxanthin; OS = surface oil content; OT = total oil content; ME = microencapsulation
efficiency.
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3.3.5 Fatty Acid Methyl Esters Profile of Microencapsulated Astaxanthin Powders

Table 3.9 Fatty acid methyl esters profile of FOCA and MCA

Fatty acids (%) FOCA MCA
C16:0 Palmitic 5.66+0.39% 5.83+0.64"
C18:0 Stearic 4.00+0.68" 3.84+0.70%
C18:1n9¢ Oleic 17.36+0.25° 16.97+0.49°
C18:2n6¢ Linoleic 13.01£1.69* 13.73+1.05%
C18:3n3 Alpha-Linolenic 56.71+£2.06" 56.32+2.88°
Total omega 3 56.71+£2.06" 56.32+2.88"
Total omega 6 13.01£1.69° 13.73£1.05°
Saturates 11.42+2.92° 11.40+£3.71°
Monounsaturates 17.9+0.38" 17.70+0.37°
Polyunsaturates 69.72+3.65" 70.04+3.93"
Omega 3/0Omega 6 4.41+0.45° 4.11+0.11°
Polyunsaturates/Saturates 4.37+0.41° 4.15+0.10°
Total fatty acids 99.03+1.11° 99.14+0.60"

Values are means and SD of three determinations. “Means with same letter in each row are not
significantly different (p > 0.05). FOCA = flaxseed oil containing crawfish astaxanthin; MCA =
MCA = microencapsulated flaxseed oil containing crawfish astaxanthin. Only major fatty

acids were reported.

Table 3.10 Fatty acid methyl esters profile of FOSA and MSA

Fatty acids (%) FOSA MSA
C16:0 Palmitic 5.32+0.40% 5.47+0.47°
C18:0 Stearic 4.27+0.94° 4.03+£0.67°
C18:1n9c Oleic 16.06+1.13" 16.66+0.11°
C18:2n6¢ Linoleic 14.88+0.57° 13.7240.92°
C18:3n3 Alpha-Linolenic 56.31+£3.22° 55.47+2.84°
Total omega 3 56.31+3.22° 55.56+2.92°
Total omega 6 14.88+0.57 13.72+0.92°
Saturates 11.55+£3.41° 11.87+£3.51°
Monounsaturates 16.47+1.56" 17.23+£0.62°
Polyunsaturates 71.19+£2.73* 69.28+3.68"
Omega 3/0Omega 6 3.80+0.35" 4.06+0.18"
Polyunsaturates/Saturates 4.42+0.36" 4.23+0.17°
Total fatty acids 99.22+1.30° 98.37+0.78"

Values are means and SD of three determinations. **Means with different letters in each row are
significantly different (p < 0.05). FOSA = flaxseed oil containing shrimp astaxanthin; MSA =
microencapsulated flaxseed oil containing shrimp astaxanthin. Only major fatty acids were
reported.
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The fatty acids methyl esters for FOCA, MCA, FOSA, and MSA obtained from both
laboratories had similar fatty acids methyl esters profiles and they were summarized and
reported in Tables 3.9 and 3.10.  Alpha-linolenic acid (ALA) was the predominant fatty acid
accounting for 56.71+2.06 % and 56.32+2.88 % for FOCA and MCA (Table 3.9), respectively.
The ALA content in FOSA and MSA were 56.31+£3.22 % and 55.56£2.92 %, respectively
(Table 3.10). Both FOCA (69.72+3.65 %) and MCA (70.04£3.93 %) had high percentages of
polyunsaturated fatty acids (Table 3.9). Similarly, both FOSA (71.19£2.73 %) and MSA
(69.28+3.68 %) had high percentages of polyunsaturated fatty acids (Table 3.10). No
significant difference in ALA content was observed either between FOCA and MCA or
between FOSA and MSA, demonstrating that the spray drying had no significant effect on
ALA content of FOCA and FOSA.

3.3.6 Storage Stability of Microencapsulated Astaxanthin Powders

The hydroperoxide values of MCA and MSA increased during storage regardless of
storage temperatures (Figures 3.10 and 3.11). A more rapid increased in hydroperoxide
content was observed for MCA and MSA during storage at 40 °C than those at 5 and 25 °C.
The initial hydroperoxide value of MCA was 3.13+0.61 mmol/ kg oil and after storage at 40 °C
for 26 days increased to 15.72+1.03 mmol/ kg oil. MCA and MSA samples stored at 5 °C had
lower hydroperoxide values but they had the tendency to significantly increase with time
(Figures 3.10 and 3.11). The hydroperoxide value of MSA increased from 2.64+0.3 to
14.84+0.61 mmol/ kg oil at 40 °C after 26 days, while it only increased from 2.64+0.3 to

10.50+0.59 mmol/ kg oil at 5 °C. A similar trend was observed for MCA. The
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hydroperoxide value of MCA increased from 3.13+0.61 to 15.72+1.03 mmol/ kg oil at 40 °C
and increased from 3.13+0.61 to 10.25+1.06 mmol/ kg oil at 5 °C.  Kolanowski and others
reported that the hydroperoxides of microencapsulated fish oil increased from 4.06 to 30
mmol/kg oil after 32 days storage at room temperature, while Serfert and others (2009)
reported that the hydroperoxides value of microencapsulated fish oil increased from 20 to 80
mmol/kg oil after 56 days storage at 20 °C.  Other previous studies have also reported similar
lipid oxidation trends for microencapsulated oil powders during storage (Baik and others 2004;
Klinkesorn and others 2005; Kagami and others 2003). Naz and others (2004) reported that
lipid oxidation in edible oils occurs very slowly but it is accelerated when subjected to heat, air

and light.
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Figure 3.10 Formation of lipid hydroperoxides in MCA
MCA = microencapsulated flaxseed oil containing crawfish astaxanthin
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Figure 3.11 Formation of lipid hydroperoxides in MSA
MSA = microencapsulated flaxseed oil containing shrimp astaxanthin

The formation of TBA as a function of storage time and temperature in MCA and MSA are
shown in Figures 3.12 and 3.13. TBA significantly increased during the storage period
regardless of storage temperature. Several previous studies also reported that the formation of
TBA in microencapsulated oil powders increased with increasing time and temperature (Baik
and others 2004; Boon and others 2008; Klinkesorn and others 2005). The initial TBA of
MCA and MSA were 0.087+£0.00 and 0.074+0.00 mmol/kg oil, respectively. After 26-day
storage at 5 °C, TBA of MCA and MSA increased to 0.16+0.01 and 0.14+0.01 mmol/kg oil,
respectively. The TBA value increased to 0.27+0.01 and 0.22+0.01 mmol/kg oil for MCA
and MSA respectively during storage at 40 °C. The microencapsulated astaxanthin powders

stored at 40°C had a higher TBA value than that stored at 5 °C.
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Figure 3.12 Formation of TBA in MCA
MCA = microencapsulated flaxseed oil containing crawfish astaxanthin
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Figure 3.13 Formation of TBA in MSA
MSA = microencapsulated flaxseed oil containing shrimp astaxanthin
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Astaxanthin is sensitive to heat, oxidation, and light because of its unsaturated structure
thereby it gradually degrades during storage (Ribeiro and others 2005). Astaxanthin stability
was evaluated on the basis of retained astaxanthin content in MCA and MSA during storage at
5,25, and 40 °C. Figures 3.14 and 3.15 show the astaxanthin stability in MCA and MSA
over storage at different temperatures. Astaxanthin concentration in MCA and MSA
decreased with increased storage time and temperature. The initial astaxanthin concentration
for MCA and MSA was 13.76+0.37 and 16.08+0.24 pg/g powder, respectively. After storage
at 5,25, and 40 °C for 26 days, the astaxanthin concentration in MCA decreased to 10.16+0.28,
8.28+0.55, and 6.48+0.24 ng/g powder, respectively. Similarly, the astaxanthin content in
MSA decreased to 12.24+0.24, 10.88+0.60, and 9+0.36 ug/g powder at 5, 25, and 40 °C,
respectively. Rodriguez-Huezo and others (2004) also reported a total carotenoids content in
microcapsules degraded 50% after 25 days storage at 35 °C. Ribeiro and others (2005)
reported that the astaxanthin degradation was approximately 60% of its initial concentration in
an emulsion after 3 weeks of storage at 4 °C.

Astaxanthin degradation in MCA and MSA was modeled by first-order reaction kinetics.
Table 3.11 shows the degradation rate constants (day), and activation energy of MCA and
MSA during storage. The high R* (Table 3.11) indicated that astaxanthin degradation in
MCA and MSA could be well described by first-order reaction kinetics. Previous studies
have reported that the degradation of astaxanthin follows a first-order kinetics reaction (Ahmed
and others 2002; Niamnuy and others 2008; Rodriguez-Huezo and others 2004). The

degradation rate constants (k) for MCA and MSA increased with increased storage temperature,
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which indicated that astaxanthin degraded faster at a higher temperature than that of a lower
temperature. The degradation rate constants (k) for MCA that was stored at 5, 25, and 40 °C
were 1.33x1072, 2.16x102, and 3.19x107 day'l, respectively, whereas for MSA it was
1.18x107, 1.71x107, and 2.5x10 day”, respectively. Figure 3.16 shows the Arrhenius
plot of In (k) versus 1/T for astaxanthin degradation during storage. The astaxanthin
degradation rate constants (k) in MCA and MSA were well described by the Arrhenius equation
(Figure 3.16) with high R? (0.9716 and 0.9879 respectively) obtained. The activation
energies of astaxanthin degradation in MCA and MSA were 15.65 and 13.73 kJ/mol
respectively, which were lower than the previously reported activation energy (20.56 kJ/mol)

for carotenoids degradation during heat treatment (Ahmed and others 2002).
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Figure 3.14 Degradation of astaxanthin in MCA during storage at 5, 25, and 40 °C
MCA = microencapsulated flaxseed oil containing crawfish astaxanthin
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Figure 3.15 Degradation of astaxanthin in MSA during storage at 5, 25, and 40 °C
MSA = microencapsulated flaxseed oil containing shrimp astaxanthin
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Figure 3.16 The Arrhenius plot for the astaxanthin degradation of MCA and MSA. MCA =
microencapsulated flaxseed oil containing crawfish astaxanthin; MSA = microencapsulated
flaxseed oil containing shrimp astaxanthin.



Table 3.11 Degradation rate equations, rate constants (day™), and activation energy of MCA

and MSA
Temperature First-order degradation & (day'l) R? Activation
(°C) energy
(kJ/mol)

MCA 5 C=13.76[-exp(0.0133)t] ~ 1.33x107% 0.9373

25 C=13.76[-exp(0.0216)t]  2.16x107 0.955 15.65

40 C=13.76[-exp(0.0319)t] ~ 3.19x107 0.9525
MSA 5 C=16.08[-exp(0.0118)t]  1.18x107 0.9533

25 C=16.08[-exp(0.0171)t]  1.71x107 0.9296 13.73

40 C=16.08[-exp(0.025)t] 2.50x107%  0.9305

k = Degradation rate constants; R*> = Square of correlation coefficient; C = Astaxanthin
concentration; MCA = Microencapsulated flaxseed oil containing crawfish astaxanthin; MSA
= Microencapsulated flaxseed oil containing crawfish astaxanthin.

Figures 3.17 and 3.18 show the change of a* values of MCA and MSA during storage.
Generally, a* value of MCA and MSA decreased with increased temperature and storage time.
The initial a* values of MCA and MSA were 5.37+0.25 and 5.7140.34, respectively. After 26
days storage, the a* value of MCA decreased to 4.98+0.08, 4.78+0.05, and 3.96+0.02 at 5, 25,
and 40 °C, respectively. Similarly, it decreased to 5.33+0.08, 5.15+0.03, and 4.62+0.05 for
MSA at 5, 25, and 40 °C, respectively. The red color of MCA and MSA are mainly attributed
to the reddish-orange colored astaxanthin. The loss of astaxanthin in salmon muscle was
highly correlated with the reduction in redness of the muscle and the loss of a* value in salmon
muscle was very likely due to the loss of astaxanthin which is sensitive to photo-oxidation
(Yagiz and others 2010). Ahmed and others (2002) reported that the Hunter (a*xb*) values
correlated with pigment concentration in papaya puree during heat treatment. Similar results
were also reported by McKenna and others (2003) that the decrease of a* and b* values of

salmon fillets during irradiation was attributed to the degradation of carotenoids pigment. The
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square of correlation coefficient (R?) between astaxanthin concentration and a* value for MCA
at 5, 25, and 40 °C were 0.92, 0.91, and 0.94, respectively, while it was 0.90, 0.92, and 0.96 for
MSA. The high R* indicated that the relation between a* value and astaxanthin concentration
could be well described by linear equations. Thus, the a* color value could be used to predict
the astaxanthin concentration during processing or storage. Ahmed and others (2002) used

visual color to correlate the carotenoid content during thermal processing of papaya puree.
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Figure 3.17 Changes in a* value of MCA during storage at 5, 25, and 40 °C
MCA = microencapsulated flaxseed oil containing crawfish astaxanthin
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Figure 3.18 Changes in a* value of MSA during storage at 5, 25, and 40 °C
MSA = microencapsulated flaxseed oil containing shrimp astaxanthin

Table 3.12 Linear equation coefficients between a* value and astaxanthin concentration

Temperature Linear equation k; ky R?
(°C)
MCA 5 a=0.099¢+3.9579 0.099 3.9579 0.9234
25 a=0.1015¢+3.879 0.1015 3.879 0.9101
40 a=0.1678¢+2.9541 0.1678 2.9541 0.9427
MSA 5 a=0.099¢+3.9579 0.0118 0.9533 0.9029
25 a=0.0929c+4.1345 0.0929 4.1345 0.9194
40 a=0.1397¢+3.3782 0.1397 3.3782 0.9599

. . . . P
a = a* value; ¢ = Astaxanthin concentration; k;, k, = Regression coefficients; r” = Square of

correlation coefficient; MCA = Microencapsulated flaxseed oil containing crawfish

astaxanthin; MSA = Microencapsulated flaxseed oil containing shrimp astaxanthin.

3.4 Conclusions

Homogeneous emulsions were prepared using FOCA and FOSA and the droplet size of

the emulsions ranged from 5 to 25 um. The emulsions made with FOCA and FOSA had

viscoelastic properties with G' > G", which means that they exhibited solid behavior.
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ECA and ESA showed pseudoplastic characteristics (n < 1). The energy required to spray
dry ECA and ESA was 1.022x10* and 1.028x10" kJ, respectively. The MCA and MSA
microcapsules were light red in color. Microencapsulation process did not affect the ALA
content of flaxseed oil. The astaxanthin in MCA and MSA was more stable when powders
were stored at 5 °C than when they were stored at 25°C and 40°C. Degradation of
astaxanthin in MCA and MSA followed first-order reaction kinetics and could be well
described by the Arrhenius equation. This study provided a method to prepare
microencapsulated flaxseed oil containing astaxanthin, which facilitates the potential use of

astaxanthin for food fortification and other functional properties.
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CHAPTER 4 SUMMARY AND CONCLUSIONS

The seafood industry in Gulf of Mexico coastal and other seafood States in the United
States of America discards millions of tons of seafood byproducts yearly. On average, 100
million pounds of waste generated from crawfish and shrimp peeling operations in Louisiana
annually are discarded or used as aquaculture feed but with low economic value. Thus,
disposal of these seafood byproducts are a growing environmental problem. The question is
what to do with the crawfish and shrimp byproducts? Methods of utilizing crawfish and
shrimp byproducts are needed to convert these byproducts into more marketable forms.
Crawfish and shrimp waste are an excellent source of astaxanthin, which has high antioxidant
and other functional properties. The recovery of astaxanthin components from the crawfish
and shrimp byproducts waste will add new dollar value to the crawfish and shrimp industries.
The goal of this study was to extract astaxanthin from crawfish and shrimp byproducts and to
develop astaxanthin dry powders using microencapsulation technology. The specific
objectives of this study were to: (1) extract astaxanthin from crawfish (Procambarus clarkii)
and shrimp (Litopenaeus setiferus) byproducts using flaxseed oil, (2) study the oxidation rates
and the astaxanthin degradation rates in the flaxseed oil, (3) develop microencapsulated
flaxseed oil containing crawfish and shrimp astaxanthin powders using spray drying, (4)
estimate the microencapsulated powder production efficiency and the energy required to
produce microencapsulated flaxseed oil containing astaxanthin by spray drying.

The second chapter was devoted to extract astaxanthin from crawfish and shrimp

byproducts using flaxseed oil and evaluate the lipid oxidation and astaxanthin degradation
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rates. The total astaxanthin content in crawfish and shrimp byproducts was 8.84 mg/100 g
wet crawfish waste and 6.47 mg/100 g wet shrimp byproducts, respectively. The amount of
astaxanthin extracted from crawfish and shrimp byproducts using flaxseed oil was 3.02 mg /
100 g wet crawfish waste and 4.83 mg/100 g wet shrimp waste, respectively. When FOCA,
and FOSA were heated to 30 °C, the both oils exhibited minimal lipid oxidation with increasing
heating time, whereas FO, when heated to 40, 50, 60 °C, had a higher lipid oxidation rate than
FOCA and FOSA with increasing heating time from 0 to 4 hr. This indicated that astaxanthin
was an effective antioxidant agent in FO when it was heated from 30 to 60 °C. The rates of
lipid oxidation for FO, FOCA, and FOSA could be well described by Arrhenius equation.
The degradation of astaxanthin in FOCA and FOSA followed first order reaction kinetics.
Astaxanthin was stable in FOCA and FOSA at 30 and 40 °C, but had substantial degradation at
50 and 60 °C. The degradation of astaxanthin during the heating could be described by first
order reaction kinetics. This study demonstrated that extracted astaxanthin with FO from
crawfish and shrimp byproducts can effectively reduce lipid oxidation in FO when it is heated
from 30 to 60 °C.

In chapter three, microencapsulated flaxseed oil containing crawfish and shrimp
astaxanthin powders were developed and analyzed for the storage stability of the powders.
The microencapsulated powders production efficiency and the energy required to produce
microencapsulated flaxseed oil containing astaxanthin powders by spray drying were
determined. The energy required to spray dry 0.433 kg ECA and 0.428 kg ESA was

1.022x10* and 1.028x10* kJ, respectively. The actual product rate of MCA and MSA was
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lower than the estimated production rate of MCA and MSA. The astaxanthin concentration
of microencapsulated powders containing FOCA and FOSA was 13.76+0.37 and 16.08+0.24
ng/g powder, respectively. Alpha-linolenic acid (ALA) was the predominant fatty acid in
MCA and MSA, which accounted for 56.32 and 5547 %, respectively.  The
microencapsulation process did not affect the ALA content of flaxseed oil. The lipid
oxidation of MCA and MSA was lower at 5 °C storage than those at 25 °C and 40 °C during
26 days storage. The astaxanthin in MCA and MSA was more stable when powders were
stored at 5 °C than they stored at 25 °C and 40 °C. Degradation of astaxanthin in MCA and
MSA fitted with first-order reaction kinetics model showed that the degradation rate constants
for MCA and MSA increased with increased storage temperature, which indicated that
astaxanthin degraded faster at a higher temperature than that at lower temperature. This study
demonstrated that astaxanthin extracted from crawfish and shrimp byproducts using flaxseed
oil can be microencapsulated using spray drying technology. Microencapsulation reduced the
lipid oxidation and astaxanthin degradation. This study provided a method to extract
astaxanthin from crawfish and shrimp byproducts using flaxseed oil and provided a method
to prepare microencapsulated flaxseed oil containing astaxanthin. The research findings

will help utilize crawfish and shrimp byproducts.
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APPENDIX: SAMPLE CALCULATION FOR SPRAY DRYING

Estimation of production rate

The overall balance of dry solids entering and leaving the system under steady state conditions
would be

me = mP + my

Based on this, the product flow rate was estimated as following

mP = m, — mgq = 0.13 — 0.003 = 0.127 kg/h

Air flow balance

1) Inlet air

From the velocity of inlet air and the diameter of the inlet air pipe, we obtained the volumetric

flow rate

vaind®  16.97 x 3.14 x 0.0347
4 4

Vai = Vg X Ayj = =0.0154 m3/s = 55.47 m3 /h
where V,; is the volumetric flow rate of inlet air; v,; is the velocity of the inlet air (m/s); A is
the cross sectional area of the inlet air pipe (m”); d is the diameter of the inlet air pipe (m).
The partial pressure exerted by water vapor (py) was calculated
Pw = pv X RH = 3.425 X 0.5844 = 2.00 kPa
where py, is the partial pressure exerted by water vapor (kPa); py is the saturation pressure of
water vapor (kPa); RH is the relative humidity (%).
The absolute humidity of inlet air was calculated as

Pw 2.00

AH,; = 0622 X ——— = 0.622 X :
al 101.325 — py 101.325 — 2.00

= 0.0125 kg water/kgdry air
where AH,; is the absolute humidity of the inlet air (kg water/kg dry air); py is the partial
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pressure exerted by water vapor (kPa).
The specific volume of inlet air was calculated using following equation

V4 —(0082T+224)(1+AH)
ai = A “7\29 " 18

1 N 0.0125
29 18

= (0.082 X 26.27 + 22.4) ( ) = 0.864 m3/kg dry air
where T is the temperature of inlet air (°C); AH is the absolute humidity of inlet air (kg

water/kg dry air); this equation is applicable at atmospheric pressure.

The dry air mass flow rate of inlet air was calculated as following

_ Vi _ 0.0154
V', 0.864

my; = 0.0178 kg/s = 64.08 kg/h

where m,; is the dry air mass flow rate of inlet air; V,; is the volumetric flow rate of inlet air
(m’/s); Vi’ is the specific volume of inlet air (m’/kg dry air).

2) Outlet air

From the velocity of outlet air and the diameter of the outlet air pipe, we obtained the

volumetric flow rate

Vaomd? 4.1 x 3.14 X 0.0752 5 5
Vao = Vao X Agg = =2 = 7 = 0.0181 m3/s = 65.16 m3/h

where V,, is the volumetric flow rate of outlet air; v,, is the velocity of the outlet air (m/s); A,
is the cross sectional area of the outlet air pipe (m”); d is the diameter of the outlet air pipe (m).
The partial pressure exerted by water vapor (py) was calculated

p, =P, X RH = 53.654 X 0.052 = 2.79 kPa

where py, is the partial pressure exerted by water vapor (kPa); py is the saturation pressure of
water vapor (kPa); RH is the relative humidity (%).

The absolute humidity of outlet air was calculated as
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2.79
P = 0.622 x

AH,, = 0.622 X ——————
o 101.325 —p, 101.325 = 2.79

= 0.0176 kg water/kg dry air
where AH,, is the absolute humidity of the outlet air (kg water/kg dry air); py is the partial
pressure exerted by water vapor (kPa).
The specific volume of outlet air was calculated using following equation

V'yo = (0.082T + 22.4 <1 +AH)

1 4 0.0176
29 18

= (0.082 X 82.93 + 22.4) ( ) = 1.035 m®/kg dry air

where T is the temperature of outlet air (°C); AH is the absolute humidity of outlet air (kg
water/kg dry air); this equation is applicable at atmospheric pressure.
The dry air mass flow rate of outlet air was calculated as following

V.o 0.0181

= 2w Y  0.0175 kg/s = 63 kg/h
Vi 1.035 e/s e/

my,
where m,, s the dry air mass flow rate of outlet air; V,, is the volumetric flow rate of outlet air
(m’/s); Vo’ is the specific volume of outlet air (m” /kg dry air).

Estimation of evaporation rate

An overall balance on water entering and leaving the system gives

m, AH, +mw, =m AH, +m,w, +mPw_ (3.6)
where my,, is the dry air mass flow rate of inlet ambient air (kg dry air/h); m,, is the dry air mass
flow rate of outlet air (kg dry air/h); m. is the mass flow rate of emulsion (kg dry solids/h); my4
is the mass flow rate of dust (kg dry solids/h); mP is including both the product flow rate (m,)
for the powder collected through cyclone vessel and product stored on the chambers, pipes, and

joints and chambers walls; AH,, is the absolute humidity of inlet ambient air (kg water/kg dry
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air); AH,, is the absolute humidity of outlet air (kg water/kg dry air); w, is the moisture content
of dry basis of emulsion (kg water/kg dry solids); wq is the moisture content of dry basis of dust
(kg water/kg dry solids); w, is the moisture content of dry basis of product (kg water/kg dry
solids).
The evaporation rate (E,,) that was calculated from the moisture uptake by air was
Ey, = my,AH,, — my,;AH,; = 63 X 0.0176 — 64.08 X 0.0125 = 0.308 kg water/h
The evaporation rate (E,;) that was calculated from product and dust moisture was
E,p = mew, — mygwy — mPw, = 0.13 X 2.34 — 0.003 X 0.07 — 0.127 x 0.066
= 0.296 kg water/h

Estimation of energy required to dry the emulsions
The energy required to heat inlet air to drying air was calculated as following
Q = my;c, AT = m,;(cy + ¢y AHy) (Tog — Thi)

= 64.08 X (1.0126 + 1.88 x 0.0125) x (453.15 —299.42)

= 10206.64kJ/h = 2.84 kW
where m,; is dry air mass flow rate of inlet air (kg/h); ¢, is specific heat of inlet air at constant
pressure (kJ/[kg K]); c,i is specific heat of inlet dry air at constant pressure; c, is specific heat of
water vapor at constant pressure; AH,; is the absolute humidity of inlet air (kg water/kg dry air);
AT 1is the temperature difference between inlet air and drying air (K); T.q is temperature of

drying air; Ty is temperature of inlet air.
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