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ABSTRACT

Gelatin from cuttlefish skin was extracted and characterized, Cuttlefish
(Sepia pharaonis) skin was subjected to bleaching with 2 and 5% IH,0, for 24 and 48
h prior to gelatin extraction with distilled water at 60°C for 12 h. Bleaching not only
improved the color of gelatin gel by increasing the L*-value and decreasing a*-value
but also enhanced bloom strength, emulsifying and foaming properties of resulting
gelatin. Bleaching of gelatin with 5% H,0O; for 48 h resulted in the highest yield
(49.65 and 72.88 % for dorsal and ventral skin, respectively). Gelatin from bleached
skin contained protein with molecular weight of 97 kDa and had increased carbonyl
content. Fourier transform infrared (FTIR) spectroscopic study showed higher
intermolecular interactions and denaturation of gelatin from bleached skin than that of
the control. Hydrogen peroxide most likely induced the oxidation of gelatin, resulting
in the formation of gelatin cross-links with the improved functional properties.

Modification of cuttlefish skin gelatin with different phenolic
compounds including caffeic acid, ferulic acid and tannic acid at different
concentrations was carried out to improve antioxidative activity. Oxidized phenolic
compounds were attached to gelatin as indicated by the decrease in amino groups and
increase in total phonolic content. Based on FTIR spectroscopic result, aromatic ring
and hydroxyl group were present in gelatin after modification, Modification of gelatin
with oxidized phenolic compounds increased antioxidative activity but decreased
surface hydrophobicity of resulting gelatin (P<0.05). However, gelatin modified with
5% oxidized tannic acid (OTA) had no effect on emulsifying property, compared with
the control gelatin (P<0.05). Gelatin modified by 5% OTA could inhibit the formation
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of TBARS in the emulsion more effectively than the control gelatin,

Type of interaction between gelatin and phenolic compound played an
important role in the antioxidative activity and emulsifying properties of modified
gelatin. The non-covalent interaction was found between cuttlefish skin gelatin and
tannic acid (TA) at pH 7, whereas covalent interaction was prevalent in gelatin
modified with OTA at pH 9. Degree of tannic acid incorporation into gelatin via non-
covalent inferaction was more pronounced than that with covalent interaction as
evidenced by lowered free amino group content and increased total phenolic content
and hydroxyl group and aromatic ring determined by FTIR. Gelatin modified with TA
via non-covalent interaction showed the higher antioxidative activity than that with
covalent interaction (P<0.05). However, gelatin modified with OTA via covalent
interaction rendered the emulsion with high stability and could inhibit lipid oxidation
of menhaden oil-in-water emulsion more effectively than that with non-covalent
interaction,

When the MN-hydroxysuccinimide esters of different saturated fatty
acids including capric acid (C10:0), lauric acid (C12:0) and myristic acid (C14:0)
were incorporated into cuttlefish skin gelatin, covalent attachment of fatty acids into
gelatin was observed as cvidenced by the decrease in amino groups. FTIR results
indicated the presence of alkyl group in modified gelatin. Attachment of fatty acid,
especially with longer chain, into gelatin resulted in the increases in surface
hydrophobicity and increase in surface activity including foaming and emulsifying
properties, compared with the control gelatin (P<0.05). Emulsion stabilized by gelatin
modified with N-hydroxysuccinimide esters of C14:0 had the smaller mean particle
diameter with higher stability during storage for 10 days at 30°C, compared with that
stabilized by the control gelatin (P<0.05). Emuision stabilized by modified gelatin
remained stable at various pH (3-8), and salt concentrations (NaCl 0-S00 mM). It was
also stable after heat treatment at 50-90°C for 30 min.

Modification of cuttlefish skin gelatin with oxidized linoleic acid
(OLA) prepared at different conditions was also studied. Interaction between OLA
and gelatin led to the generation of carbonyl groups and the increase in particle size of

resulting gelatin. FTIR spectroscopic study revealed the structural changes and the
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incorporation of alky! group into modified gelatin. Gelatin with modified OLA had
the increased surface hydrophobicity and improved surface activity including foaming
and emulsifying properties. The degree of oxidation of linoleic acid played a key rule
in the characteristic and surface activity of modified gelatin. Gelatin modified with
OLA at 70°C for 9 h showed the highest surface hydrophobicity and surface activity.
Emulsion stabilized by this modified gelatin had the smaller mean particle diameter
with higher stability toward different harsh environments (pH, heat and salt),
compared with the control gelatin.

In general, attachment of OLA into gelatin increased surface
hydrophobicity and emulsifying property, whereas incorporation of OTA into gelatin
increased antioxidative activity but decreased surface hydrophobicity. Attachment of
OLA at a ratio of OLA-to-free amino group of 10:1 and OTA at a concentration of
5% increased both antioxidative activity and emulsifying property of modified
gelatin. The emulsion stabilized by gelatin modified with both OLA and OTA was
more stable to lipid oxidation and phase separation than the commercial bovine
gelatin. Therefore, modified cuttlefish skin gelatin can possess multi-functions, which

can be applied as additive in various foods.
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CHAPTER 1

INTRODUCTION AND REVIEW OF LITERATURE

1.1 Introduction

Gelatin is a denatured form of collagen and can be used widely in
medical, pharmaceutical and food industries (Cho ef al., 2005). Because of its unique
functional properties, gelatin has been utilized in food products as stabilizer,
texturizer, water binding agent, foaming agent and emulsifier (Schrieber and Gareis;
2007). Gelatin with surface/interfacial activity can adsorb on oil-water or air-water
interfaces, where various hydrophobic segment penetrating into the oil or air phase
(Olijve et al., 2001). Moreover, gelatin can form a continuous viscoelastic membrane-
like film around oil droplets or air cells via noncovalent intermolecular interactions,
resulting in the high stability in the food emuision and foam products (Damodaran,
1997). Gelatin is commercially made from skins and skeletons of bovine and porcine
by alkaline or acidic extraction (Gilsenan and Ross-Murphy, 2000). However, the
occurrence of bovine spongiform encephalopathy (BSE) and foot/mouth discases
have led to the major concern of human health and thus by-products of mammalians
are limited for production of collagen and gelatin as the functional food, cosmetic and
pharmaceutical products (Cho et al., 2005). Additionally, porcine gelatin can be of
objection from some religions. As a consequence, the increasing interest and attempt
have been paid to other gelatin sources, especially skin and bone, by-product from
seafood processing plants. So far, gelatin from skin from different fish species has
been intensively extracted and characterized (Muyonga ef al., 2004b).

Gelatin is usually composed of a few hydrophobic amino acids (proline
and leucine) and a large portion of hydrophilic amino acids (lysine, serine, arginine,
hydroxyproline, aspartic and glutamic acids). Low hydrophobicity of gelatin therefore
lowers its ability to function as a surface active agent (Toledano and Magdassi, 1997).

To improve the surface activity of gelatin, the incorporation of hydrophobic domains

I




can be an effective means to bring about amphiphilic characteristic of gelatin (Kato
and Nakai, 1980; Toledano and Magdassi, 1997). Covalent attachment of fatty acids
into protein by reaction between N-hydroxysuccinimide esters of fatty acids with free
amino groups of proteins could improve surface activity of protein (Magdassi ef al,
1996). Wierenga er al. (2003) reported that attachment of CI10 alkyl chain to
ovalbumin caused an increase in surface activity. Toledano and Magdassi (1998)
showed that bovine gelatin modified with fatty acid ester had the higher foaming and
emulsifying properties in comparison with native gelatin, Moreover, the lipid
oxidation products could modify amino acids of proteins (Stadtman and Berlett,
1997). Alkyl and peroxyl radical decomposed from hydioperoxide can directly
interact with side chains of proteins (Kato er al., 1992). The secondary lipid oxidation
products, such as aldehydes, react mainly with amino acids via condensation reaction
to form Schiff’s bases or by Michael addition reactions (Liu e /., 2003; Stadtman
and Berlett, 1997). Therefore, the introduction of lipid oxidation products to gelatin
might provide the hydrophobic domain for gelatin, thereby facilitating the migration
of gelatin to the interface.

Interactions of protein with phenolic compounds lead to changes in the
proteins solubility and hydrophilic/hydrophobic nature. Such an interaction affects
functional properties of proteins such as emulsion formation and gelling properties
(Kroll ef al., 2003; Rawel et al., 2002a). Due to cross-linking and complex formation,
the conformation of protein is changed and the exposure of some additional
hydrophobic regions previously buried takes place. Nevertheless, the increasing
number of hydroxyl groups in the phenols bound can increase hydrophilicity (Rawel
ef al., 2002a; Rawel ef al, 2002b). The interaction between proteins and phenolic
compounds can also influence the antioxidant activity of phenolic compounds.
Protein-phenolic complexes may act as radical scavengers and radical sinks (Rohn ef
al., 2004; Rohn ef al., 2005).

Cuttlefish has become one of important fishery products of Thailand,
mainly exported to different countries all over the world. During processing, de-
skinning is a common practice to obtain desirable products, resulting in the generation
of skin as a byproduct. Skin has the low market value and in commonly used as

animal feed. The extraction of gelatin from cuttlefish skin could increase its




profitability. Additionally, the modification of cuttlefish skin gelatin by an appropriate
means or combined methods could augment the use of gelatin from cuttlefish skin as
surface active agent, which may function as antioxidant to retard lipid oxidation in
emulsion food system. The information gained will be of benefit for both seafood

processing industry as well as additive-related industries.

1.2 Review of literature

1.2.1 Cephaloped and cuttlefish

Cuttlefish belong to the family Sepiodia, class Cephalopoda, which
forms part of phylum Mollusca. Sepioidea is characterized by a thick internal
calcium-éontaining shell called the cuttlebone, Cuttlefish has the length ranging from
2.5 to 90 cm and have a somewhat flattened body bordered by a pair of narrow fins
(Figure 1). They feed mainly on crustaceans as well as small fishes, Cuttlefish has
been used as human food, as a source of ink, and the cuttlebone is used as a dietary
supplement for cage birds. They grow quickly and live in the deeper water. The new

adult cuttlefish are ready to spawn at 18- 24 months of age.

Figure 1. Cuttlefish (Seapia pharaonis)
Source: Department of Fisheries (2006)




1.2.1.1. Cephalopod tissue
1.2.1.1.1. Skin tissue

The skin (epidermis) on the surface of Todarodes pacificus is
composed of four layers (Figure 2). The first and second layers have nuclei and black
chromatopores. The third layer is composed of many nuclei. The fourth layer is
typical muscle fiber connective tissue. The thickness of each layer varies. The first
layer is 60-100 pm; the second layer is 150-270 pm; the third layer is 50-60 pm and
the fourth layer is 30-40 pm (Sugiyama et al., 1989).
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Figure 2. Tissue structure of mantle muscles of 7. Pacificus

Source: Sugiyama ef al. (1989)

A chromatophore is a container for the color particles. Each color is
indicated by the three types of chromatophore cells including erythrophores,
melanophores, and xanthophores. The first type is the erythrophores, which contains
reddish pigments such as carotenoids and pteridines. The second type is the
melanophores, which contains black and brown pigments such as the melanins. The
third type is the xanthophores which contains yellow pigments in the forms of
carotenoids. It consists of a cell with an expandable membrane as a wall (Kreuzer,

1984). Several muscle fibers are radially attached to the membrane and each fiber is




connected with a nerve. If the animal is on a light surface, the muscle. attached to the
cell wall are relaxed, the chromatophores appear small and round. The skin of the
animal appears light. When the animal moves into a dark background, the shade of the
required color are controlled by a nerve system. Instantly, the muscles contract and
expand the walls of the chromatophores in all directions. Each chromatophore cell can
now cover up to 60 times the surface than the small, contracted cell. The pigment
flows to the periphyry of the expanded cell covering the whole area. The skin now
becomes dark (Kreuzer, 1984).
1.2.1.1.2, Muscle tissue

The meat of cuttlefish is mainly from its mantle. The mantle is
composed of five layers of tissue (Figure 3) (Otwell and Hamann, 1979). The middle
layer contains the muscle tissue with the muécle fibers group (Kreuzer, 1984). The
characteristic feature of the cephalopod muscles is their very small size. The
clongated cells of myofibril are surrounding a central core which contains
sarcoplasmic proteins. The muscle fibers are obliquely striated and covered with a

thin sarcolemma.
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Figure 3. Tissue composition in the mantle of cephalopod

Source: Otwell and Hamann (1979)




The muscle layer comprises about 98% of the total thickness of the
mantle. The muscle is covered on each side by a layer of connective tissue called the
outer and the inner tunic. The outer side of most of each tunic is covered by a thin
layer tissue, the outer lining, which connects the outer tunic with the skin. It consists
of randomly oriented fibers. The inner lining is the inner surface of the mantle (Otwell
and Hamann, 1979). The different layers possess different chemical and physical
properties (Okuzumi and Fujii, 2000).

1.2,1.2 Chemical compositions of cephalopod

The chemical composition of cephalopod is dependent on species,
growth stage and season. Mantle is the main edible portion of cephalopod constituting
about 35-44.7 % of total body (Kreuzer, 1984). Proximate composition of mantle

muscle of squid and cuttlefish is shown in Table 1.

Table 1. Proximate composition of mantle muscle of squid and cuttlefish (% on wet

basis)

Species Moisture Protein Lipid Ash
Todarodes pacificus 76.6 20.6 1.88 .59
Ommastrephesbartrami 77.1 20.9 1.33 1.71
Nototodaru sloani gouldi 78.4 18.7 1.66 1.78
{lllex argentinus 78.8 18.2 2.03 1.71
Loligo opalescens 77.0 19.6 2.74 1.52
Sepia esculenta 8L.5 15.6 1.28 1.56
Sepia pharaonis 76.4 20.2 1.36 1.86

Source: Kreuzer (1984)

Protein is an important component of cephalopod mantle. The main
proteins of the muscle are myofibrillar (77-85%), sarcoplasmic (2.0%) and stroma
proteins (12-13%) (Okuzumi and Fujii, 2000). Myofibrillar proteins are the main
constituents in squid mantle. Squid protein consists of a thick filament called myosin
and a fine filament called actin. The thick filament of squid is formed from a
composite core of protein called paramyosin, unique to invertebrates, around which

the myosin is coiled in a structure that is unique to squid. As a result, squid has a




longer and thicker filament than vertebrate (Okuzumi and Fujii, 2000), Sarcoplasmic
proteins are soluble at low ionic strength even water. Sarcoplasmic protein is
composed of proteinases that have the highest activity at weak alkaline, as well as
TMAQ demethylase, that causes the formation of dimethylamine and formaldehyde in
frozen cuttlefish. Collagen content of fish and seafood depends on the species, feeding
regime, and state of maturity. The structure of collagen fibrils evidently influences the
physical properties of the tissue, mainly solubility and texture (Okuzumi and Fujit,
2000).

Lipid is a minor composition of cephalopod. The squid mantle contains
only 1.0-2.0% (Okuzumi and Fujii, 2000). The lipid profile of cephalopod is clearly
distinct from other species since it was rich in phospholipids. Triglyceride has been
reported as a minor component of the flesh of cephalopods (Jangaard and Acman,
1965). Southgate and Lou (1995) reported that adult cephalopods are rich in long
chain polyunsaturated fatty acid (PUFA). Their oil is a good source of PUFA, which

is often used in aquaculture to supplement feed.

1.2.2 Collagen and gelatin
1.2.2.1 Collagen

Collagen is abundant in tendons, skin, bone, the vascular system of
animals, and the connective tissue sheath surrounding muscle, contributing to
toughness of muscle. About 10% of mammalian muscle protein is collagen but the
amount in fish is generally much less (Foegeding ef /., 1996; Karim and Bhat, 2009).
The collagen monomer is a long cylindrical protein about 2,800 A long and 14-15 A
in diameter (Foegeding ef al., 1996). The friple helix of collagen assembles from
specific polypeptide chain (o chains), which has Gly-X-Y repeat with the frequent
occurrence of proline and hydroxyproline in the X and Y position, respectively.
Hydroxyproline and hydroxylysine are found only in position Y, while proline can be
found in either the X- or Y- position (Fratzl, 2008). Each a-chain coil is a left-handed
helix with three residues per turn, and the three chains are twisted right-handed to
form tropocollagen. The triple helix is held together by hydrogen bonding (Figure 4).

Each o-chain contains ~1,000 amino acid residues and varies in amino acid




compositions (Wong, 1989) and has a molecular mass of about 100,000 Da, yielding a

total molecular mass of about 300,000 Da for collagen. (Foegeding et al., 1996).

Figure 4. Schematic represéntation of the conformation of tropocollagen
Source: Burghagen (1999)

Various types of collagen are observed among different organs and

connective tissue layers of muscular tissue (Table 2).

Table 2. Types of collagen

Type Peptide Molecular Occurrence
chains® composition
I al, o (o (D]0X(D) Skin, tendons, bones, muscle
(epimysium)
Il o [a' (D) cartilage
I o CRUHIE Fetal skin, cardio vascular system,
synovial membranes, inner organs,
muscle
v al, o [ (IV)]3(7)° Basal membranes, capsule of lens,
glomeruli, lung, muscle (endomysium)
\Y oA, aB,aC  {oB]oA or Placental membrane, cardiovascular
[aB)lsHoA) or system, lung, muscle (endomysium),
[aClx(?) secondary component of many tissues

® Since the o chains of various types of collagen differ, they are called o'(D), &'(II),
oA etc.
b () Not completely elucidated.

Source: Burghagen (1999)

Polypeptides of collagen are mostly helical but differ from the typical

a-helix due to the abundance of hydroxyproline and proline, which interfere with a-




helical structure (Foegeding ef al.,, 1996). Collagen molecules link end to end and

adjacently form collagen fibers as shown in Figure 5.

Figure 5. Overlap structure of the collagen
Source: Foegeding et al. (1996)

Collagen possesses high contents of glycine (33%), proline (12%) and
the occurrence of 4-hydroxyproline (12%) and S5-hydroxylysine (1%) is its
characteristics (Burghagen, 1999). Glycine generally represents mainly one-third of
the total residues, and it is distributed uniformly at every third position throughout
most of the collagen molecule. The repetitive occurrence of glycine is absent in the
first 14 or so amino acid residues from the N-terminus and the first 10 or so from the
C-terminus. These end portions are termed “telopeptides”. Collagen is the only
protein that is rich in hydroxyproline; however, fish collagens contain less of this
amino acid than do mammalian collagens (Hulmes, 2008). Collagen is generally
almost devoid of tryptophan,

The presence of proline stabilizes the helix structure by preventing
rotation of the N-C bond. Hydroxyproline also stabilizes the collagen molecule, and
collagen that has small concentrations of both imino acids, denatures at lower
temperatures than do those with high concentrations (Foegeding et al., 1996). In
general, fish collagens have lower imino acid contents than mammalian collagens,
and this may be the reason for the denaturation at low temperature (Karim and Bhat,
2009). The proline and hydroxyproline contents are approximately 30% for
mammalian gelatins, 22-25% for warm-water fish gelatins (tilapia and Nile perch),
and 17% for cold-water fish gelatin (cod) (Muyonga ef al., 2004b). The source and

type of collagen will influence the properties of the resulting gelatins.
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1.2.2.2 Gelatin

Gelatin is obtained by thermal denaturation or physical and chemical
degradation of collagen. The process involves the disruption of non-covalent bonds
and it is partially reversible in agreement with the gelling propeities of gelatin (Karim
and Bhat, 2009). Collagen fibrils shrink to less than one-third of their original length
at a critical temperature, known as the shrinkage temperature. This temperature varies,
depending on species from which the collagen is derived (Burghagen, 1999). This
shrinkage involves a disassembly of fibers and a collapse of the triple-helical
arrangement of polypeptide subunits in the collagen molecule. Essentially the same
type of molecular change occurs when collagen is heated in solution, but at a much
lower temperature (Foegeding ef al.,, 1996). The midpoint of the collagen-to-gelatin
transition is defined as the melting temperature (Figure 6). During the collagen-to-
gelatin fransition, many covalent bonds are broken along with some covalent inter-
and intra-molecular bonds (Schiff’s base and aldo condensation bonds). This results in
conversion of the helical collagen structure to a more amorphous form, known as
gelatin. These changes lead to the denaturation of the collagen molecule but not to the
point of a completely unstructured product (Foegeding ef al., 1996).
| After gelatin is produced and the temperature is lowered to below the
critical value, there is a partial renaturation of the collagen molecule, involving what
is called the “Collagen fold”. Apparently, those parts of collagen that are rich in
proline and hydroxyproline residues regain some of their structure, following which
they can apparently interact (Foegeding er al, 1996). When many molecules are
involved, a three-dimensional structure is produced and responsible for the gel
observed at low temperatures. The strength of the gel formed is proportional to the
square of the concentration of gelatin and directly proportional to molecular weight
(Cho et al., 2004). Circular dichroism analysis reveals that gelling involves a
refolding of denatured collagen chains into the typical triple helix conformation and
conversely unfolding upon reheating. The folding process seems to be directly related
in the stabilization of the gels without disregarding its role in triggering the gelation

process (Gémez-Guiltén ef al., 2002).
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HATIVE GELATIN HUCLEATED REFOLD
COLLAGEN GELATIN

Figure 6. Collagen conversion into gelatin
Source: Wong (1989)

1.2.2.2.1 IFish gelatin

Gelatin from marine sources (warm- and cold-water {ish skins, bones,
and fins) is a possible alternative to bovine gelatin (Kim and Mendis, 2006). One
major advantage of marine gelatins is that they are not associated with the risk of
outbreaks of bovine spongiform encephalopathy (BSE). Fish gelatin is acceptable for
Islam, and can be used with minimal restrictions in Judaism and Hinduism (Cho et af.,
2005). Furthermore, fish skin, which is a major byproduct of the fish-processing
industry, causing waste and pollution, could provide a valuable source of gelatin
(Badii and Howell, 2006). Fish skin contains a large amount of collagen. Nagai and
Suzuki (2000) reported that the collagen contents in the skin of Japanese sea-
bass, chub mackerel, and bulthead shark were 51.4, 49.8, and 50.1% (dry basis),
respectively. Production of fish gelatin is actually not new as it has been produced
since 1960 by acid extraction (Norland, 1990). Gelatin has been exfracted
from skins and bones of various cold-water (e.g., cod, hake, Alaska pollock,
and salmon) and warm-water (e.g., tuna, catfish, tilapia, Nile perch, shark and

megrim) fish as shown in Table 3.
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Table 3. Sources of fish gelatin

Fish species References

Unicorn leatherjacket (Aluterus monoceros) Ahmad and Benjakul (2011)
Bamboo shark (Chilescyllium punctatum), blacktip  Kittiphattanabawon ef al.
shark (Carcharhinus limbatus) (2010b)

Balf.lc cod (Gadus morhua), salmon (Salmo salar), Kolodzicjska ef al, (2008)
herrings (Clupea harengus)

Catfish (fctalurus punctatus) Liu et al. (2008)

Grass carp (Ctenopharyngodon idella) Kasankala ef al. (2007)
Atlantic salmon (Salmo salar) Arnesen and Gildberg (2007)
Skate (Raja kenojei) Cho et al. (2006)

Yellowfin tuna (Thunnus albacares) Chiou et al. (2006)

Bigeye snapper (Priacanthus macracanthus),

brownstripe red snapper (Lutjanus vitta) Jongjareonrak et al. (2006¢)

Sin croaker (Johnius dussumieri), shortfin scad Cheow et al. (2006)
(Decapterus macrosoma)

Horse mackerel (Trachurus trachurus) Badii and Howell (2006)
Alaska pollock (Theragra chalcogramma) Zhou and Regenstein (2005)
Nile perch (Lates niloticus) Muyonga ef al. (2004a)
Flounder (Platichthys flesus) Ferndndez-Diaz ef af. (2003)
Black tilapia (Oreochromis mossambicus), . o

red tilapia (Oreochromis nilotica) Jamilah and Harvinder (2002)
Megrim (Lepidorhombrus boscii) Gémez-Guillén e al, (2002)

(Risso), Hake (Merluccius merluccius)

1.2.2,2.2 Extraction of fish gelatin

Generally, gelatin manufacturing processes consist of three main
stages: pretreatment of the raw material, extraction of the gelatin, and purification and
drying (Karim and Bhat, 2009). Depending on the method in which the collagens are
pretreated, two different types of gelatin (each with differing characteristics) can be
produced. Type A gelatin (isoelectric point at pH 6-9) is produced from acid-
treated collagen, and type B gelatin (isoelectric point at approximately pH 5) is
produced from alkali-treated collagen (Stainsby, 1987). Acidic treatment is most
suitable for the less covalently cross-linked collagens found in pig and fish, while
alkaline treatment is suitable for the more complex collagens found in bovine hides.
The extraction process can influence the length of the polypeptide chains and the
functional properties of the gelatin. This depends on the processing parameters
(femperature, time, and pH), the pretreatment, and the properties and preservation

method of the starting raw material (Karim and Bhat, 2009).
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Fish gelatin has been extracted using a number of different methods as
summarized in Table 4. The direct procedures used for preparing fish gelatin typically
involve a mild chemical pretreatment of the raw material and mild conditions during
the extraction process. In general, a mild acid pretreatment of the fish skin is used
prior to gelatin extraction. Procedure for extracting gelatin with high gélling capacity
from fish skins was essentially based on a mild alkaline or acid pretreatment for
collagen swelling, followed by extraction in water at moderate temperatures (45°C)
(Gomez-Guillén and Montero, 2001). The entire process takes about 24 h. Because of
the acid or alkaline lability of the cross-links found in fish skin collagen, mild
treatment is sufficient to produce adequate swelling and to disrupt the non-covalent
intra- and intermolecular bonds (Montero es af., 1990; Norland, 1990), Subsequent
thermal treatment above 40°C (above helix-to-coil transition temperatures for fish
gelatins) destroys hydrogen bonding and cleaves a number of covalent bonds, which
destabilizes the triple-helix via a helix-to-coil transition and results in conversion to
soluble gelatin (Djabourov ef al., 1993). High-molecular weight polymers may occur
in the resulting gelatin through the possible persistence of cross-links, depending on
the nature and degree of solubilization. However, pretreatment and extraction with
strong condition might be required for gelatin extraction. Gémez-Guillén et al. (2002)
reported that gelatin was not extracted by heating the squid skin (Dosidicus gigas) in
water at 45°C. Therefore, heating the squid skin was performed at 80°C overnight.
However, the yield of squid gelatin was only 2.6% which was lower than that found
in sole (8.3%), megrim (7.4%), cod (7.2%) and hake (6.5%) using a milder procedure.
Therefore, invertebrate collagens present a really high cross-linking degree, compared
to vertebrate collagens, mainly due to the high increase in lysine hydroxylation that
participate in different types of cross-links via Schiff-base formation. Moreover,
hydroxylysine is normally glycosylated in invertebrate collagens, and the sugar
moieties contribute to the establishment of additional covalent cross-links (Gémez-

Guillén et al., 2002),
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The lower extraction yield of fish gelatin could be due to the loss of
extracted collagen through leaching during the series of washing steps or due to
incomplete hydrolysis of the collagen (Jamilah and Harvinder, 2002). In addition, it
has been reported that endogenous heat-stable proteases are involved in the
degradation of gelatin molecules (specifically the B- and a-chains) during the
exfraction process at elevated temperatures, which contribute to the low Bloom
strength (Intarasirisawat et a/., 2007). Nalinanon er al. (2008) found that the addition
of an appropriate protease inhibitor together with the pepsin-aided process might be
an effective means to obtain a higher yield with negligible hydrolysis of the peptides.
Extraction of gelatin from the bigeye snapper using the pepsin-aided process in
combination with a protease inhibitor (pepstatin A) markedly increased the yield from
22.2 10 40.3%.

Generally, the extraction yield of gelatin from skins ranged from about
5.5 to 21% of the starting material (Giménez ef al., 2005a; Giménez et al., 2005b;
Muyonga ef «l., 2004b). The variation in such values depends on the differences in
both proximate composition of the skins and the amount of soluble components in the
skins (Muyonga et al., 2004b), as these propeities vary with the species and the age of
the fish. In addition, the variation in the extraction method can also have an effect on
yields (Arnesen and Gildberg, 2007). Higher extraction temperature resulted in the
higher yield of gelatin, however the higher degradation took place
(Kittiphattanabawon et /., 2010a).

1.2.2.3 Composition of gelatin

Gelatin is a heterogeneous mixture of water-soluble proteins of high
molecular weight (Kantaria ef al., 1999). On a dry weight basis, gelatin consists of 98
to 99% protein, The molecular weight of these large proteins typically ranges between
20,000 and 250,000 Da. However, some aggregates weigh in the millions (Poppe,
1997). Coils of amino acids are joined together by peptide bonds, The predominant
amino acid sequence is Gly-Pro-Hyp (Fratzl, 2008). Gelatin contains relatively high
levels of these folowing amino acids: glycine (Gly) 26-34%; proline (Pro) 10-18%;
and hydroxyproline (Hyp) 7-15% (Poppe, 1997). Other significant amino acids
include alanine (Ala) 8-11%; arginine (Arg) 8-9%; aspartic acid (Asp) 6-7%; and
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glutamic acid (Glu) 10-12% (Poppe, 1997). Table 5 shows the typical amino

acid composition of gelatin from different sources,

Table 5. Amino acid composition of fish gelatins in comparison with pork gelatin

(residues/1000 total amino acid residues)

Amino acid Cod? Hake® Megrim®  Tilapia® S{:ﬁc Pork?
Ala 96 119 123 123 82 112
Arg 56 54 54 47 61 49
Asx 52 49 48 48 61 46
Cys 0 0 0 0 10 0
Glx 78 74 72 69 83 72
Gly 344 331 350 347 332 330
His 8 10 8 6 7 4
Hyl 6 5 5 8 17 6
Hyp 50 59 60 79 74 91
Ile 11 9 8 8 11 10
Leu 22 23 21 23 27 24
Lys 29 28 27 25 12 27
Met 17 15 13 9 10 4
Phe 16 15 14 13 10 14
Pro 106 114 115 119 89 132
Ser 64 49 41 35 43 35
Thr 25 22 20 24 26 18
Trp 0 0 0 0 0 0
Tyr 3 4 3 2 8 3
Val 18 19 18 [5 37 26
[mino acid 156 173 175 198 163 223

Cod and hake are examples of cold-water fish, whereas megrim and tilapia are
examples of warm-water fish. Giant squid is example of invertebrate

* Gomez-Guillén et al. (2002)

® Sarabia ef al. (2000)

¢ Giménez ef al. (2009)

9 Eastoe and Leach (1977)
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Generally, gelatin from fish skin shows a wider variety in amino acid
compositions than those of mammalian gelatin, Fish gelatin has lower imino acid
contents (proline and hydroxyproline) than mammalian gelatin (Grossman and
Bergman, 1992). The proline and hydroxyproline contents are approximately 30% for
mammalian gelatins, 22-25% for warm-water fish gelatins (tilapia and Nile perch),
and 17% for cold-water fish gelatin (cod) (Muyonga ef al., 2004b). Avena-Bustillos
efal. (2006) reported that cold-water fish gelatins have significantly lower
hydroxyproline, proline, valine, and leucine residues than mammalian gelatins, but
possess more glycine, serine, threonine, aspartic acid, methionine, and histidine
residues. However, both cold-water fish and mammalian gelatins have the same
proportion of alanine, glutamic acid, cysteine, isoleucine, tyrosine, phenylalanine,
homocysteine, hydroxylysine, lysine, and arginine residues (Avena-Bustillos ef af,
2006). Gelatin is not a nutritionally complete protein. It contains no tryptophan and is
deficient in isoleucine, threonine, and methionine (Potter and Hotchkiss, 1998).
Sulfur-containing amino acids, cysteine and cystine, are also deficient in gelatin.
Water varies between 6 and 9% (Potter and Hotchkiss, 1998).

1.2.2.4 Gelatin structure

1.2,2.4.1 Primary structure

The primary structure of gelatin closely resembles the parent collagen.
Small differences are due to raw material sources together with pretreatment and
extraction procedures. These can be summarized as follows (Johnston-Banks, 1990):

1. Partial removal of amide groups of asparagines and glutamine,
resulting in an increase in the contents of aspartic acid and glutamic acid. This
increases the number of carboxyl groups in the gelatin molecule and thus lowers the
isoelectric point. The degree of conversion is related to the severity of the
pretreatment process.

2. Conversion of arginine to ornithine in more prolonged treatments
experienced during long liming processes. This takes place by removal of a urea
group from the arginine side-chain.

3. There is a tendency for trace amino acids, such as cysteine, tyrosine,

isoleucine, serine, etc., to be found in lower proportions than in their parent collagens.
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This is due to the inevitable removal of some telopeptide during cross-link cleavage,
which is then lost in the pretreatment solutions.
1.2.2.4.2 Secondary structure

Gelatin is not completely polydispersed, but has a definite molecular
weight distribution pattern corresponding to the a.-chain and its oligomers (Table 6).
One fo eight oligomers may be detected in solution, but it is possible that higher
numbers exist. Doublets, known as [-chains, are formed from both ai- and o2-
chains, giving rise to $11- and B12-molecules (Johnston-Banks, 1990). Oligomers of
three a-~chains will mainly exist as intact triple helix, but a certain proportion will
exist as extended o-polymers bonded randomly by end-to-end or side-to-side bonds
(Johnston-Banks, 1990). The structure of oligomers of greater than four o-chain units
obviously becomes increasingly more complex. Molecular-weight spectra normally

relate with physical properties of gelatin (de Wolf, 2003; Karim and Bhat, 2009).

Table 6. Molecular weight distribution showing the major structural components of

gelatin

Molecular fraction Description

Q Very high molecular weights, of 15-20 x 106 daltons
and thought to be branched in character owing to their
inability to penetrate the gel successfully.

1-4 Oligomers of a-chains, levels of five to eight.

X Oligomers of four a-chains.

Y 285,000 daltons, i.e. 3 x ¢-chain.

B 190,000 daltons, i.e. 2 x a.-chain.

o 95,000 daltons.

A-peptide 86,000 daltons.

a-, B~ and y- peptides Seen as tailing their parent peaks.

Source: Johnston-Banks (1990)

Differences can be detected between commercial gelatin from the
different raw materials. In general, the sum of the o- and B-fractions, together with
their larger peptides, is proportional to the bloom strength, and the percentage of
higher molecular weight material is related with the viscosity (Karim and Bhat, 2009).
The setting time is increased for the peptide fractions below a-chain, but a certain

proportion of the very high molecular weight “Q” fraction can reduce the setting time
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markedly (Johnston-Banks, 1990). The melting point also increases with higher
molecular weight content (Cho et a/., 2004; Karim and Bhat, 2009).
1.2.2.5 Functional properties of gelatin

The functional properties of gelatin are related to their chemical
characteristics. The gel strength, viscosity, setting behavior and melting point of
gelatin depend on their molecular weight distribution and the amino acid composition
(Karim and Bhat, 2009).

1.2.2.5.1 Gelation

Gelatin is categorized as a physical gel and the interactions or bonds
between the chains that make up the material are physical in nature (van der Waal's
interactions and hydrogen bonds) (Karim and Bhat, 2009), Gel strength and gel
melting point are the major physical properties of gelatin gels. These are governed by
amino acid composition, as well as by molecular weight and the ratio of o/B-chains
present in the gelatin (Cho ef al,, 2004). Tt is generally recognized that the imino
acids, proline and hydroxyproline, are important in gelation (Kittiphattanabawon et
al., 2005). Since super-helix structure of the gelatin is stabilized by hydrogen bonds,
gelatin with high levels of imino acids tends to have higher gel strength and melting
point, This results from the presence of pyrrolidine rings of the imino acids in
addition to the hydrogen bonds formed between amino acid residues (Te Nijenhuis,
1997). In addition, the molecular weight distribution is also important in determining
the gelling behavior of gelatin. According to Johnston-Banks (1990), the sum of intact
a and P} fractions together with their peptides is proportional to the gel strength, while
the viscosity, setting rate and melting point increase with increasing in the amount of
the high molecular weight (greater than y) fraction. While the amino acid composition
is mainly dependent on the source or species (Muyonga ef al., 2004a), the molecular
weight distribution of gelatin depends to a large extent on the extraction process
(Zhou et al., 2006). During conversion of collagen to gelatin, the inter- and intra-
molecular bonds linking collagen chains as well as some peptide bonds are broken.
The more severe the extraction process, the greater the extent of hydrolysis of peptide
bonds and therefore the higher the proportion of peptides with molecular weight less
than o are generated. Kittiphattanabawon ef al. (2010b) reported that the decreased

bloom strength and increased setting time of gels of gelatin extracted from bamboo
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shark and blacktip shark associated with the degradation of -, §- and y-chain during
heating in gelatin extraction. Older animal collagen is more cross-linked and a m ore
severe process is required to denature it to form gelatin (Muyonga er al., 2004a).
There are differences in the extent and type of cross-linking found in bones and skins
(Kittiphattanabawon et al., 2005). This may also affect solubilization and
transformation of collagen to gelatin may result in differences in properties between
gelatins extracted from both sources.
1.2.2.5.2 Emulsifying and foaming properties

Gelatin, and to some extent also collagen, is used as a foaming,
emulsifying, and wetting agent in food, pharmaceutical, medical, and technical
applications due to its surface active properties. Gelatin is surface active and it is
capable of acting as an emulsifier in oil-in-water emulsions (Lobo, 2002). The
hydrophobic areas on the peptide chain are responsible for giving gelatin its
emulsifying and foaming properties (Cole, 2000; Galazka ef al., 1999). The versatility
of the emulsifying and foaming properties of gelatin is particularly valued in products
like emulsified powders (Klaui ef af., 1970). In such products, its surface active and
film-forming characteristics can be successfully exploited during the emulsification
process. Its stabilization and gelation characteristics are useful during the subsequent
drying and encapsulation stages. In marshmallows, the gel-forming properties of
gelatins are used to stabilize the foam upon cooling. In most applications, gelatin is
chosen not only for its surface active properties, but rather because of its unique
combination of surface active, chemical, rheological, and gelling properties. In
gelatin-foamed foods and ice creams, the unique gel melting behavior in the range of
10--30°C results in the melting of gelatin gels in the mouth (de Wolf, 2003). Surh
et al. (2006) reported that fish gelatin at protein concentrations >4.0 wit%, both low
molecular weight fish gelatin [LMW-FG] and high-molecular weight fish gelatin
[HMW-FG], could yield emulsions with monomodal particle size distributions and
small mean droplet diameters (dgz ~ 0.35 pm for LMW-FG and 0.71 pm for HMW-
FG). The number of large droplets and the amount of destabilized oil was less in the
HMW-FG emulsions than in the LMW-FG emulsions. Thickness of an adsorbed
gelatin membrane, which increases with increasing molecular weight, is associated

with emulsifying properties. Emulsion stabilized by low- and high-molecular weight
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fish gelatins were fairly stable when subjected to high salt concentrations (250 mM
sodium chloride), thermal treatments (30 and 90°C for 30 min), and different pH
values (pH 3-8). However, gelatin is generally a weaker emulsifier than other surface
active substances such as globular proteins and gum arabic. Therefore, it was either
hydrophobically modified by the attachment of nonpolar side-groups (Toledano and
Magdassi, 1998), or used in conjunction with anionic surfactants to improve its
effectiveness as an emulsifier (Surh ef al., 2005).
1.2.2.5.3 Film-forming properties

Films from fish gelatin and their characterization have been carried
out. It has been observed that all fish gelatins exhibited excellent film-forming
properties (Avena-Bustillos ez al., 2006; Gémez-Guillén ef al., 2007; Jongjarconrak e/
al., 2006a; Jongjareonrak ef al., 2006b). The properties of film, especially mechanical
property, were governed by peptide chain length, Hoque ef a/. (2011) reported that
gelatin from cuttlefish skin had the lower tensile strength and elongation at breake
when it was hydrolysed to obtain the degree of hydrolysis of 0.4%. Film could not be
formed when gelatin with excessive hydrolysis was used as film forming material, In
general, gelatin films from the skins of a warm-water fish species, such as the Nile
perch, showed stress and elongation at break similar to that of bovine bone gelatin
(Avena-Bustillos et al,, 2006). Fish gelatin film, however, exhibits lower water vapor
permeability than bovine gelatin. Films from tuna skin gelatin plasticized with
glycerol showed lower water vapor permeability (WVP) compared to values reported
for pigskin gelatin (Muyonga ef al., 2004b). The lower WVP values (compared to
those from bovine or porcine) reported for films based on fish gelatins from several
species can be explained in terms of the amino acid composition. Fish gelatins are
known to have much higher hydrophobicity due to lower proline and hydroxyproline
contents, as the hydroxyl group of hydroxyproline is normally available to form
hydrogen bonds with water (Gdmez-Guillén ef al., 2007). Gelatin films prepared from
cold-water fish and warm-water fish also show different WVPs. WVP of cold-water
fish gelatin films was significantly lower than warm-water fish, and this was
attributed to increased hydrophobicity associated with the lower amounts of proline

and hydroxyproline in cold-water fish gelatins. This result suggested that the lower
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WYVP of fish gelatin films can be particularly useful for applications related to lower
water loss from encapsulated drugs and from refrigerated or frozen food systems.
1.2.2.5.4 Sensory properties

Choi and Regenstein (2000) studied the physicochemical differences
between pork and fish gelatin and the effect of melting point on the sensory
characteristics of a gelatin-water gel. Quantitative descriptive analysis (QDA) was
performed to determine the effect of the melting point on the sensory characteristics
of gelatin gels. Flavored fish gelatin dessert gel product had less undesirable off-
flavors and off-odors, with more desirable release of flavor and aroma than the same
product produced with pork gelatin. The lower melting temperature of fish gelatin
seems to assist in the release of fruit aroma, fruit flavor, and sweetness. In contrast,
since pork gelatin melts more slowly than fish gelatin in the mouth, the perceived
viscosity of pork gelatin might be expected to be higher than that of the fish gelatin

under the same conditions (Karim and Bhat, 2009).

1.2.3 Food emulsion and the role of proteins

An emulsion can be defined as a thermodynamically unstable system
consisting of one liquid, in the form of small spherical droplets, dispersed in another
immiscible liquid (Dickinson, 2010). The individual droplets are considered as the
dispersed phase, and the surrounding liquid as the continuous phase (Pomeranz, 1991).
For most food emulsions, the diameters of the droplets range from 0.1 to 100 microns
(Walstra, 1996). Oil-in-water or O/W emulsions consist of oil droplets dispersed in an
aqueous phase, while water-in-oil or W/O emulsions are opposite. The
thermodynamic instability of these emulsions is due to the fact that the contact between
oil and water molecules, which are different in polarity, is thermodynamically unfavorable
(Israelachvili, 1992). However, a kinetically stable emulsion can be formed by adding an
erulsifier and/or a thicken_i.rfgigggn_t_ before homogenization (McClements, 1999).
gr_;l_tfsiﬁers that have\ Bc;l; golar and non-polar groups on their molecules can absorb to the
interface forming a protective membrane to prevent drq_p}__e:tﬂ aggregation, whercas
thickening agents can —ir_iéi'eége_i&;e___\;i;c;)-sity of ;}1; conth;l-inous phase to retard droplet

movement (McClements, 1999). A wide variety of synthetic and natural emulsifiers
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are legally acceptable for utilization in food emulsions, including small molecule
surfactants, phospholipids and biopolymers (Stauffe, 1999).
Proteins extracted from a variety of natural sources are surface active

molecules that can be used as emulsifiers in foods because of their ability to facilitate

the formation, improve the stability and produce desirable physicochemical
properties in oil-in-water emulsions, e.g. soy, whey, casein, fish, meat and plant
proteins (Dickinson, 2003; McClements, 2004). Proteins ad_sgl:b to the surfaces of
freshly formed oil droplets created by homogenization ofﬁo}_i?-water-protein mixtures,
where they facilitate further droplet disruption by lowering the interfacial tension and
retard droplet coalescence by forming protective membranes around the droplets via
noncovalent interactions (Walstra, 2003) and the sulfhydryl-disulfide interchange
reaction (Daﬁwdaran, 1997). These interactions, apart from making the protein
irreversibly adsorbed to the interface, provide a highly viscoelastic film that resists
coalescence (Dickinson and Lopez, 2001). The ability of proteins to gencrate
repulsive interactions (e.g., steric and electrostatic) between oil droplets and to form
an interfacial thembrane that is resistant to rupture also plays an important role in
stabilizing the droplets against flocculation and coalescence during long-term storage
(Tcholakova ef al., 2003).
1.2.3.1 Molecular factors affecting emulsifying property
1.2.3.1.1 Solubility

Solubility of proteins plays a role in their emulsifying properties;
however, 100% solubility is not an absolute requirement. While highly insoluble
proteins do not perform well as emulsifiers, no reliable relationship exists between
solubility and emulsifying properties in the 25 — 80% solubility range (Liao and
Mangino, 1987). However, since highly insoluble proteins may precipitate at the oil-
in-water interface, which may promote coalescence; some dégree ggsolubility may
be necessary in order to form a stable elastic film at the interface (Damodaran, 1997).

1.2.3.1.2 Surface hydrophobicity

The emulsifying properties of proteins show a positive correlation
with surface _hydrophobicity (Kato and Nakai, 1980), but not with mean
hydrophobicity of amino acid residues. Proteins having many hydrophobic patches or

cavities on their surface are potentially unstable at the oil-in-water interface.
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Although proteins are unstable and undergo conformational change at the oil-in-
water interface, they are not extensively denatured as it occurs at the air/water
interface. The interfacial free energy at the oil-in-water interface is considerably
lower than that at the air/water interface; this lower interfacial energy is probably
insufficient to overcome the activation energy barrier for complete unfolding of
proteins at the oil-in-water interface (Damodaran, 1997). Apart  from
hydrophobicity, molecular flexibility is another important factor affecting the
emulsifying properties of proteins (Damodaran, 1997).
1.2.3.1.3 Heat denaturation

Controlled heat denaturation of proteins prior to emulsification, which
does not result in insolubilization, can improve the emulsifying properties of
proteins (Dickinson and Hong; 1994; Kato ef al., 1983). This is probably due to an
increase of surface hydrophobicity and flexibility of heat-treated proteins. Matsumura
et al. (1994) showed that a-lactalbumin in the molten globule state unfolded more
readily than the native protein at interfaces. Moreover, in competitive adsorption
experiments involving native P-lactoglobulin and the molten globule state o-
lactalbumin, the latter preferentially adsorbed to the oil-in-water interface than the
former (Damodaran, 1997). Excessive heat treatment that leads to aggregation
and/or insolubilization of proteins impairs their emulsifying properties (Damodaran,
1997).

1.2.3.1.4 Competitive adsorption

Typical food proteins are mixtures of several proteins. Thus,
competitive adsorption among the proteins is expected, and hence the composition
of the interfacial film and its stability will be dependent on the initial ratio of protein
components in the bulk phase (Damodaran, 1997). Whey protein exhibited selective
adsorption at the oil-in-water interface (Shimizu e @/, 1981). This selectivity was
affected by the pH. At pH 3, 48% of the proteins in the film at the oil-in-water
interface was o-lactalbumin, which decreased to about 10% at pH 9; in contrast,
the surface composition of B-lactoglobulin increased from 13% at pH 3 to about
62% at pH 9. In the case of caseinate-stabilized emulsions, the composition of o~

and B-caseins at the oil-in-water interface immediate after formation of the emulsion
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was almost the same as that of the initial bulk solution; however, during aging, the
ratio of the f-casein to ug-casein in the adsorbed film increased, presumably
because of displacement of og-casein by B-casein (Dickinson ef al,, 1988). Because
os1-casein and f-casein are similar proteins and thermodynamically compatible, they
can displace each other from the oil-in-water interface (Dickinson et i, 1988).
However, gelatin-caseinate mixtures showed different phenomenon. For gelatin to
caseinate weight ratio of less than 2:1, the interfacial film of freshly formed emulsion
contained only caseinate (Castle ef al., 1986). On the other hand, in the case of
gelatin-B-lactoglobulin mixtures, a significant amount of gelatin was able to adsorb
to the oil-in-water interface even at high ratios of -lactalbumin to gelatin in the
bulk phase. This must be related to differences in thermodynamic compatibility of
the mixture of gelatin with B-casein and p-lactoglobulin at the interface (Damodaran,
1997).
1.2,3.1.5 Low miolecular weight surfactants
Typical food emulsifiers include low molecular weight surfactants,

such as phospholipids and mono- and diglycerides. Competitive adsorption between

proteins and these low molecular weight surfactants can influence the stability
of food emulsions (Damodaran, 1997). Because low molecular weight surfactants are

more surface active than the macromolecular protein surfactants, they effectively

compete for adsorption at interfaces. When added to protein-stabilized emulsions,
they displace proteins from the interface (Pugnaloni ef al., 2004). The displacement
of the protein from the interface decreases interparticle electrostatic and steric
repulsions and reduces the thickness of the protein layer and the viscoelastic
properties of the protein film. These adverse changes induce instability and rapid
coalescence of emulsion particles. Notably, the low molecular weight surfactants
affect the stability but not the droplet size (Van Der Meeren ef al., 2005). The
time of addition of the low molecﬁ'l;}giéht surfactant also has an effect on the
stability of the emulsion. Generally, when a low molecular weight surfactant is added
prior to emulsification, only partial displacement of the protein occurs, When it is

added after emulsification, the complete displacement occurs, depending on the

amount added (Damodaran, 1997).
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1.2.3.1.6 Conformation of adsorbed protein

Conformational changes in proteins at interfaces occur at different
degrees, since the conformation of a protein is the manifestation of its interaction
within itself and with the environment. Any change in a protein's environment must
cause conformational change. This must involve a net decrease in its free energy
compared to that in the bulk phase. Protein configuration at the interface is usually
depicted in terms of "trains," "loops," and "tails" (Figure 7) (Damodaran, 1997),
The trains are the hydrophobic segments that lie flat on the interface, making contact
with both the aqueous and oil phases (only the nonpolar side chains of amino acids
are oriented to-wards the oil phase); the loops are the polypeptide segments
between the trains that are suspended into the aqueous continuous phase; and the
tails are the N- and C-terminal segments invariably suspendedv info the aqueous
phase. The relative distribution of trains, loops, and tails in the adsorbed molecule
determines the properties of emulsions. If trains are the predominant configuration,
the protein should be highly flexible and highly hydrophobic (c.g., B-casein). The
stability of the emulsions of such proteins, however, may be no better than those
that form more loops, ¢.g., globular proteins. The presence of loops extended into the
continuous phase will exert steric repulsion against flocculation and coalescence
(Damodaran, 1997).

The relative amounts of trains and loops in an adsorbed protein
depends at least on two factors: the rate of adsorption and the rate of unfolding at
the interface. If the rate of adsorption is faster than the rate of unfolding of the
protein at the interface, as it is at high protein concentration, then because of the
limited availability of unoccupied area at the interface, the protein may only partially
unfold or only a limited number of trains may form; a majority of the polypeptide
may assume the loop configuration. Thus, in a typical emulsion formed with 3-5%
protein solution, a major fraction of the protein at the interface may be in the loop

configuration (Damodaran, 1997).
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Tail Globular protein
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Figure 7. Various protein configurations at liquid interfaces
Source: Douillard (1994)

1.2.4 Lipid oxidation
Ocxidation of lipids is a major cause of deterioration of food and food
products, especially those containing high content of unsaturated fatty acids. Lipid
oxidation is mainly associated with the rejection by consumer due to the off-odor and
off-flavor. The direct reaction of a lipid molecule with a molecule of oxygen, termed
autoxidation, is a free-radical chain reaction and mainly involves in food
deterioration. The mechanism of autoxidation can be distinguished in three distinct
steps: initiation, propagation and termination (Jadhav ef al., 1996).
1.2.4.1 Initiation
The autoxidation of fat is thought to be initiated with the formation of
free radicals. Initiation reactions take place either by the abstraction of hydrogen
radical from an allylic methylene group of an unsaturated fatty acid or by the addition

of a radical to a double bond. The rearrangement of the double bonds results in the

The formation of lipid radical (R+) is usually mediated by trace metals,
irradiation, light or heat [1]. Also: 11p1cl ﬁ&&foperoxide, which exists in trace quantities
prior to the oxidation, breaks down to yield radicals as shown by Egs. [2] and [3].
Lipid hydroperoxides are formed by various pathways including the reaction of
singlet oxygen with unsaturated fatty acids or the lipoxygenase-catalyzed oxidation of

polyunsaturated fatty acids (Jadhav et af., 1996).
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RH + initiator - R'+H [17
ROOH > RO" + HO' 2]
2RO0H — RO+ ROO" +H,0 [31

1.2.4.2 Propagation
In propagation reaction, free radicals are converted into other radicals.
Propagation of free-radical oxidation process occurs by chain reactions that consume
oxygen and yields new fiee-radical species (peroxy radicals, ROO") or by the
formation of peroxides (ROOH) as in Egs. [4] and [5] (Jadhav er al, 1996). The

product R' and ROO" can further propagate free-radical reactions.

R +0, - ROO [4]
ROO' + RH - ROOH + R’ [5]

Lipid peroxy radicals (ROQ") initiate a chain reaction with other
molecules, resulting in the formation of lipid hydropeoxides and lipid fice radicals.
This reaction, when repeated many times, produces an accumulation of
hydroperoxides. The propagation reaction becomes a continuous process as long as
unsaturated lipid or fatty acid molecules are available. Lipid hydroperoxides may also
be formed by the reaction of an unsaturated fatty acid such as linoleic acid with
oxygen in the singlet excited state or enzymatically by the action of lipoxygenase.
Lipid hydroperoxide, the primary products of autoxidation, are odorless and tasteless
(Jadhav ef al., 1996).

1.2.4.3 Termination

A free radical is any atom with unpaired electron in the outermost
shell. Free radicals are electrically neutral, and salvation effects are generally very
small. Owing to the bonding-deficiency and structural unstability, radicals therefore
tend to react whenever possible to restore normal bonding. When there is a reduction
in the amount of unsaturated fatty acids present, radicals bond to one another, forming

a stable nonradical compounds [6-8]. Thus the termination reactions lead to
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interruption of the repeating sequence of propagating steps of the chain reaction
(Jadhav et al., 1996).

R+R - R-R [6]
R'+ROO' - ROOR [7]
ROO' + ROO' - ROOR + 0, 18]

1.2.5 Antioxidants

Antioxidant in food is defined as any substance which is capable of
delaying, retarding or preventing the development of rancidity or other flavor
deterioration due to oxidation (Gordon, 2001). In general, antioxidants function by
reducing the rate of initiation reaction in the free-radical chain reactions and are
functional at very low concentrations, 0.01% or less (Rajatakshmi and Narasimhan,
1996). The use of antioxidants in food products is controlled by laws and regulations
of the country or by international standards. Even though many natural and synthetic
compounds have antioxidant properties, only a few of them have been accepted as
generally recognized as safe (GRAS) substances for use in food products by
international bodies such as the Joint FAO/WHOQ Expert Committee for Food
Additives (JECFA) and the European Community’s Scientific Committee for Food
(SCF).

1.2.5.1 Classification of food antioxidants
1.2.5.1.1 Primary antioxidants

Primary antioxidants terminate the free-radical chain reaction by
donating hydrogen or electron to free radicals and converting them to more stable
products. They may also interact with the lipid radicals, forming lipid-antioxidant
complexes, Many of the naturaily occurring phenolic compounds like flavonoids,
eugenol, vanilin and rosemary antioxidant also have chain-breaking properties
(Rajalakshmi and Narasimhan, 1996). Protein hydrolysate from many plant and
animal sources also possess the primary antioxidative activity (McCarthy ef af., 2001;
Sakanaka et al., 2004). Primary antioxidants are effective at very low concentrations
but at higher levels they may become prooxidants (Rajalakshmi and Narasimhan,

1996).
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1.2.5.1.2 Secondary antioxidants

Secondary or preventive antioxidants such as thiopropionic acid and
dilauryl thiodipropionate function by decomposing the lipid peroxides into stable end
products (Rajalakshmi and Narasin{l;zi_ﬁ: _1596) Other polyﬁélent acids such as
tartaric, malic, gluconic, oxalic, succinic and dehydroglutaric acids, as well as sodium
triphosphate and pyrophosphate also show the synergistic properties similar to those
of citric acid (Yanishlieva and Marinova, 2001). Flavonoids and related compounds
and amino acids function as both primary antioxidants and synergists. Nitrites and
nitrates, which are used mainly in meat curing, probably function as antioxidants by
converting heme proteins to inactive nitric oxide forms and by chelating the metal
ions, especially non-heme iron, copper and cobalt that are present in meat
(Rajalakshmi and Narasimhan, 1996). B-carotene and related carotenoids are effective
quenchers of singlet oxygen and also prevent the formation of hydroperoxides.

1.2.5.2 Mode of action of antioxidants in food
1.2.5.2.1 Radical scavenger

Antioxidants can retard or inhibit lipid oxidation by inactivating or
scavenging free radicals, thus inhibiting initiation and propagation reactions. Free
radical scavengers or chain-breaking antioxidants are capable of accepting a radical
from oxidizing lipids species such as peroxyl (ROO¢) and alkoxyl (RO+) radicals to
form stable end products (Decker, 1998). Antioxidants can scavenge free radical
either as hydrogen donors [9-11] or as electron donors {12-13] (Namiki, 1990; Osawa,
1994).

Hydrogen donor

ROO" + AH - ROOH + A’ 9]
RO+ AH - ROH + A’ [10]
R'+AH - RH+ A’ {11}

Electron donor
ROO + A’ - (AH-ROOY [12]
(AH-ROO) + ROO" — Stable product [13]
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The free antioxidant radicals (A") may undergo additional reactions
that remove radical from the system. Termination reactions of antioxidant with other

free antioxidant radicals or lipid radicals can form nonradical species [15-16].

ROO + A’ N ROOA [14]
RO+ A’ = ROA [15]
A+A - AA [16]

Antioxidants may act as hydrogen donors to the phenoxy radicals,
which are stabilized by resonance delocalization of the unpaired electron in the
aromatic ring and are further stabilized by bulky group at the ortho position as shown
in Figure 8 (Shahidi and Wanasundara, 1992).

[&] Q 4] O
«—» <+ <> '
/
Figure 8. Delocalization of the unpaired electron in the aromatic ring of phenoxy

radicals
Source: Shahidi and Wanasundara (1992)

1.2.5.2.2 Peroxide decomposer
Peroxide decomposers are secondary or preventative antioxidants
which react with hydroperoxides and prevent their decomposition into free radicals
for initiation of new chain reaction (Yanishlieva and Marinova, 2001). Some phenols,
amine, dithiopropionic acid and thiopropionic acid function by decomposing the lipid
peroxide into stable end products such as alcohol, ketone and aldehyde (Namiki,
1990). S
1.2.5.2.3 Singlet oxygen quenchers
Singlet oxygen is generated from the triplet state oxygen. The
mechanism of converting triplet oxygen to singlet oxygen is initiated by the transfer

of the photosensitizer to its electronically excited state due to the absorption of tight in
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the visible or near-UV region. Subsequently, the photosensitizer is able to transfer its
excess energy to an oxygen molecule, giving rise to singlet oxygen (Shahidi and
Wanasundara, 1992). Thus, the singlet oxygen can react with a lipid molecule to yield
a hydroperoxide. Singlet oxygen reacts about 1,000-10,000 times as fast as normal
oxygen with methyl linoleates (Jadhav er al., 1996). Lipid oxidation initiated by
xanthine oxidase can be inhibited by B-carotene because of its ability to quence
singlet oxygen (Namiki, 1990; Rajalakshmi and Narasimhan, 1996). The maillard
reaction derived from xylose-lysine, tryptophan-glucose and glucose-glycine model
systems had a high scavenging effect on active oxygen (Yen et al., 2002; Yoshimura
et al., 1997).
1.2.5.2.4 Lipoxygenase inhibitor

Lipoxygenase is a non-heme iron-containing enzyme that catalyzes the
oxygenation of the 1,4-pentadiene sequence of polyunsaturated fatty acid to produce
their corresponding hydroperoxide (Salas et al., 1999). Free-radical intermediates
occur during lipoxygenase catalysis, and these can lead to cooxidation of easily
oxidized compounds, e.g. carotenoids and polyphenols (Rajalakshmi and Narasimhan,
1996).

1.2.5.2.5 Synergists

1.2.5.2.5.1 Chelating agents

Chelating agents are not antioxidants, however, they play a valuable
role in stabilizing foods. Chelating agents that improve the shelf-life of lipid
containing food are EDTA, citric acid and phosphoric acid derivatives (Jadhav ef af.,
1996). Chelating agents form stable complexes with prooxidant metals such as iron
and copper. Chelating agents bind metal ions and forms sigma bonds with a metal. It
is considered as an effective secondary antioxidant because of the stabilized oxidation
form of the metal ion. An unshared pair electron in their molecule structure promotes
the chelating action (Jadhav ef al., 1996, Nakayama ef al., 1994; Rajalakshmi and
Narasimhan, 1996). The Maillard reaction prepared from glucose-glysine,
glucoselysine and fructose-lysine exhibited metal chelating property (Yoshimura ef

al., 1997).
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1.2.5.2.5.2 Reducing agents or oxygen scavengers

Reducing agents or oxygen scavengers function by various
mechanisms. They may act as hydrogen donors to the phenoxy radical, thereby
regenérating the primary antioxidant or react with free ox:ygén and remove it in a
closed system (Rajalakshmi and Narasimhan, 1996). Ascorbic acid is a strong
reducing agent, readily losing H+ to become dehydroascorbic acid, which also has
vitamin C activity. However, vitamin C activity is lost, when the lactone ring of
dehydroascorbic acid is hydrolyzed to yield diketogluconic acid (Gorden, 2001).
Moreover, ascorbic acid can act as a synergist with tocopherols by regenerating or
restoring their antioxidant properties (Niki, 1987). Ascorbic acid and its derivatives

also function as oxygen scavengers (Yanishlieva and Marinova, 2001).

1.2.6 Antioxidative activity and the application of plant phenolics

Natural antioxidants are primarily plant polyphenotic compounds that
may occur in all parts of the plant (Shahidi and Wanasundara, 1992). Common plant
phenolic antioxidants include flavonoid compounds, cinnamic acid derivatives,
coumarins, tocopherols and polyfunctional organic acid (Pratt and Hudson, 1990).
Phenol compounds are included in the category of radical scavenger (Shahidi and
Wanasundara, 1992). The antioxidant properties of phenolics are mainly because of
their redox properties, which allow them to act as reducing agents, hydrogen donators
and singlet oxygen quenchers (Rice-Evans ef al., 1997). These phenolic compounds,
during lipid oxidation, act in various ways, such as binding metal ions, scavenging
radicals or decomposition of peroxides (Moure ef al., 2006).

Their antioxidant effectiveness depends on the stability in different
systems, as well as number and location of hydroxyl groups. Shahidi and
Wanasundara (1992) and Abdille et al. (2005) reported that phenolic compounds with
ortho- and para-dihydroxylation or with a hydroxy! and a methoxy group are more
effective than simple phenolics. Furthermore, the antioxidative activity generally
increased with increasing phenolic compound content (Abdille ef al., 2005; Shahidi
and Wanasundara, 1992). In many in vitro studies, phenolic compounds demonstrated
higher antioxidant activity than antioxidant vitamins and carotenoids (Re e al., 1999;

Vinson ef al., 1995).
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Plant phenolic can be used as the safe natural antioxidants in different
food systems. Jayaprakasha et al. (2001) reported the antioxidative activity of grape
seed extracts, which prevented the peroxidation of linoleic acid in model system.
Many classes of phenolic compounds in barley showed strong antioxidant activities
(Liu and Yao, 2007). Yu er al. (2002) demonstrated that extracts from the hard winter
wheat (Triticum aestivum) variety Trego was able to suppress the oxidation of fish
oils, and its capacity was comparable to tocopherol, Phenolic compounds from extra
virgin olive oil (EVOO) at 400 ppm showed comparable antioxidant effect as
100 ppm 1:1 mixture of BHT:BHA during thermal oxidation of tuna lipids at 40 and
100°C (Medina ef al., 1999). The use of phenolic compounds from plant sources as
natural antioxidants in a number of edible oils, such as corn, cottonseed, fish, olive,
peanut, rapesced, soybean, and sunflower oils was reported (Yanishlieva and
Marinova, 2001). Goli e al. (2005) reported that pistachio hull extracts at a
concentration of 0.06% (w/w) was as effective as BHA and BHT at 0.02% in
inhibiting oxidation of soybean oil at 60°C. Methanolic extracts of wild rice hulls
were shown to inhibit lipid oxidation in ground beef as measured by the thiobarbituric
acid reactive substances (TBARS) (Asamarai ef al., 1996). Tea catechins were found
to be more efficient than a-tocopherol (both applied at 300 mg/kg level) in inhibiting
minced muscle lipid oxidation in fresh meats, poultry and fish (Tang et al., 2001).
Huang and Frankel (1997) reported the antioxidative efficiency of isolated catechins
from green tea leaves. The extracts included (-)-epicatechin (EC), (-)-epigallocatechin
(EGC), (-)-epicatechin gallate (ECg), (-)-epigallocatechin gallate (EGCg). The
activity of catechins in model systems was on the order of EC<ECg<EGC<EGCg. At
similar molar concentrations, the activity of these compounds was superior to those of
BHA and a-tocopherol in lard (Namiki, 1990).

Additionally, Lau and King (2003) reported that the addition of grape
seed extract to dark poultry meat patties at 1.0% and 2.0% effectively inhibited the
development of TBARS. Treated samples had 10-fold lower TBARS values
compared to untreated control. The addition of 2% orange fiber to bologna sausages
significantly retarded the development of TBARS over 28-days of storage at 4°C

when compared (o untreated sausages (Ferndndez-Lépez ef al., 2004). Pazos et al.
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(2005) reported that phenolics from grape pomace were as effective as propyl gallate

in fish oil-in-water emulsions.

1.2.7 Protein interactions with phenolic compound

Polyphenols are widespread in the plant kingdom and they can interact
with proteins, leading to the inhibition of the enzymes, decrease of the protein
digestibility, and the induction of protein precipitation. Such an interaction can also
affect protein functionality (Rawel et al., 2001; Sarker ef al,, 1995). Polyphenols can
interact non-covalently or covalently with proteins. Non-covalent interactions
including hydrogen bonds and hydrophobic forces stabilize tannin-protein complexes
(Chen and Hagerman, 2004). The non-covalent interaction may occur between
polyphenols and many different functional groups of proteins by hydrogen bonding
and by hydrophobic bonding; in some cases, ionic bonding may be possible. Covalent
attachment can occur depending on the polarity of the polyphenol (Kroll et af., 2003;
Prigent ef al., 2008; Rawel ef al., 2002a; Siebert, 2006). The interaction may occur via
multisite interaction (several phenolic compounds bound to one protein molecule) or
multidentate interaction (one phenolic compound bound to several protein sites or
molecules). The type of interaction depends on the type and the molar ratio of both
phenolic compound and protein (Kroll ef al., 2003; Prigent ef al., 2008). Tannins can
interact with proteins non-specifically such as bovine serum albumin (BSA) and
tannins, or specifically such as gelatin interaction with tannins (Frazier ef al., 2003).
The interaction may occur co-operatively which means that tannins already bound to
protein have an effect on the new binding interaction (Frazier ef al., 2003).

In the situation in which the number of polyphenol ends equals the
number of protein binding sites, the largest network can be produced (Siebert ef al.,
1996). The complexation between polyphenols and proteins can be reversible or
irreversible, leading to soluble and insoluble complexes (Luck er al, 1994). In
general, the increase in polyphenol concentration favors the formation of the
polyphenol-protein insoluble aggregates (Mateus et af., 2004). Interaction will ocour
if the protein has a number of binding sites for tannins and protein-tannin complex

formation can be enhanced (Sarker ef al., 1995).
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1.2.7.1 Non-covalent interaction between proteins and phenolic
compounds
1.2,7.1.1 Hydrogen bonding

During protein-polyphenol interaction, a strong hydrogen bond is
formed between the carbonyl groups of the amino acids or peptide backbone and the
isolated phenolic hydroxyl group in the polyphenol (De Freitas and Mateus, 2001;
Hagerman ef al., 1998). Hydrogen bond is important in the complex formation (Luck
et al., 1994). The hydrogen bond between phenolic hydroxyl group and the peptide
carbonyl groups of the protein are in aqueous media solvated with hydrogen-bonded
water molecules (Kroll ef al., 2003). Therefore, these solvent bonds have to be broken
before interaction can take place.

Interaction between polyphenol and protein is affected by the shape of
polyphenol, projection of phenolic hydroxyl groups, addition of galloyl groups, and
position of peripheral groups imposed by the stereochemistry of the pyranic ring of
the polyphenol molecule (Kroll e al., 2003; Rawel ef al, 2001). In addition, the
degree of the polymerization and esterification may affect the binding affinities
(Bacon and Rhodes, 1998). Phenolic hydroxyl groups on both A- and B-rings in the
polyphenol molecule play an impertant role in the protein-phenol complex formation
(Kawamoto ef al, 1996; Simon ef al., 2003). Phenolic hydroxyl groups that are
located close to other hydrogen-bonding groups (1,2-dihydroxy and 1,2,3- trihydroxy
groups) generally form hydrogen bonds with themselves, and this reduces their
capacity to form external hydrogen bonds with proteins, The binding affinity parallels
with the number of 1,2-dihydroxy rings in the polyphenol molecule (Charlton ef al.,
2002).

The stability of the polyphenol-protein complexes are governed by
many groups present in the amino acids (Prigent et al., 2003; Vergé ef al., 2002).
Frazier ef al. (2003) concluded that the structure and the flexibility of the polyphenols
do not appear to have any effect on the binding mechanism. On the contrary, the
structure of protein has an effect on binding mechanism. Proline and arginine residues
in proteins can form hydrogen bonds. Arginine has a long flexible hydrophobic side
chain with the hydrogen-bond donating guanido group. The enhanced ability of the

proline-rich proteins to interact with the phenolic compounds is related to their
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flexible secondary structure, the greater extent of hydrogen bonding due to the
increased accessibility of the peptide bond, and also to the fact that the carbonyl group
of tertiary amides is a better hydrogen bond acceptor than the carbonyl group of
primary or secondary amides (Luck e/ al., 1994; Murray ef al., 1994; O'Connell and
Fox, 2001).

In general, the polyphenol-protein associations are thought to involve
in cross-linking of protein molecules by the polyphenol through hydrogen bonding.
Phenolic compounds act as a polydentate ligand on the protein surface involving
hydrogen bonding as well as hydrophobic effects. The aromatic groups of
polyphenols are supposed to be involved in a face-to-face stacking with amino acid
residues of linear proteins, whereas the interaction with globular proteins, such as a.-
lactalbumin and BSA, probably involves only surface exposed residues (Carvalho et
al., 2004). The interaction between proteins and phenols are usually more effective in
pure aqueous solutions than in organic solutions (Hagerman ef al., 1998). In solution,
the complex is formed through electrostatic forces (for example phenylalanine
residues), hydrophobic stacking reinforced by hydrogen bonding (proline rings,
arginine) (Murray et al., 1994).

Largest patticles are formed when the number of polyphenol ends
equals the number of protein binding sites (Figure 9) (Siebert er al., 1996). In this
figure, polyphenols are depicted to have two ends that can bind protein, while proteins
have a fixed number of polyphenol binding sites. In the presence of excess of protein
relative to polyphenol, each polyphenol molecule should be able to interact through
hydrogen bonding with two protein molecules, but these proteins would not interact
with each other, resulting in protein dimmers and smaller aggregates. With excess
polyphenol relative to protein, all of the protein interaction sites would be occupied
and free polyphenol end would have a small possibility to find a free interaction site
on a protein molecule, resulting in small aggregates. The tendency for polyphenols to
cross-link protein molecules is supposed to be higher at low polypheno! concentration
(De Freitas and Mateus, 2001).

Larger polyphenol molecules bind more tightly to the proteins due to
their increased amount of phenolic hydroxyl groups, compared to the smaller

polyphenol molecules (De Freitas and Mateus, 2001; Sarni-Manchado ef af., 1999).
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However, the smaller polyphenols can bind fo proteins but they cannot cross-link
them to generate larger complexes. In larger polyphenols, there are more phenolic
groups (especially ortho groups) and aryl rings able to bind and precipitate proteins
without any major conformational restriction (Baxter ef a/., 1997; De Freitas and
Mateus, 2001). |
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Figure 9. Mechanism of the polyphenol-protein interaction

Source: Siebert ef al. (1996)

Interaction between proteins and polyphenols can be influenced by
various factors, such as the solution conditions (solvent composition, ionic strength,
and pH), temperature, and time (De Freitas and Mateus, 2001; Kawamoto and
Nakatsubo, 1997; Prigent ef af., 2003; Ricardo Da Silva ef al., 1991). Protein structure

has an infiuence on the formation of complexes with polyphenols through hydrogen
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bonding (De Freitas and Mateus, 2001; Hagerman ef al.,, 1998; Naczk ef al., 2001;
Siebert ef al., 1996). The protein-polyphenol complex formation is usually strongest
Just below the isoelectric point of proteins where the protein-protein electrostatic
repulsion is minimized (Hagerman and Butler, 1981),

1.2.7.1.2 Hydrophobic interactions

The protein-polyphenol complexes are also stabilized by hydrophobic
interactions. In hydrophobic bonding, the aliphatic (basic) and aromatic side chains
(hydrophobic regions) of amino acids can interact with the aromatic nuclei of the
polyphenol and the complexes can be formed in which proline residues play a key
role (Baxter ef al., 1997; Hagerman ef al., 1998; Lu and Bennick, 1998; Wroblewski
et al.,, 2001). The proline residues (pyrrolidine rings) are good hydrophobic binding
sites since they provide an open, flat, rigid, hydrophobic surface favorable for
association with other flat, hydrophobic functions, such as aromatic rings in the
polyphenols (Charlton ef al., 2002; Luck et al, 1994; Murray es al., 1994). The
hydrophobic interaction usually occurs between the least sterically hindered amino
acids and phenolic rings available for intermolecular interaction (Murray ef al., 1994,
Oh er al, 1980). Besides proline residues, histidine, arginine, phenylalanine,
tryptophan, lysine, cysteine, and methionine can participate in the interaction reaction
(Baxter et al., 1997; Charlton et al., 2002; Suryaprakash ef al., 2000). In histidine
residues, imidazole ring interacts with aromatic components of polyphenols.
Polyphenols interaction with tryptophan is most likely due to the partial positive
charge present at the -NH group of the indole moiety (Suryaprakash et al., 2000).
Lysine, as well as arginine, has hydrophobic section in the side chain which may take
part in the interaction. In addition, lysine has positive charge near neutral pH leading
to interaction with the carboxylate group or the aromatic ring of the polyphenol
(Suryaprakash ef al., 2000).

The binding capacity depends not only on the molecular size of the
polyphenol but also on the number and the stereospecificity of the separate sites on
the polyphenol molecule, which is able to associate with proteins. Polyphenols can
bind more than one location at the same time, which may strengthen the interaction
between the polyphenol and the protein (Charlton e al., 2002). The polyphenol

should present sufficient size and adequate composition to be able to bind
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simultaneously more than one site of the protein surface, acting as a polydentate
ligand. The regular increase in the number of aromatic and pyranic rings with the
molecular weight of polyphenol (such as procyanidin) provides a multiplicity of sites
of potentially hydrophobic nature to participate in interactions, presumably stabilized
by hydrogen bonds from the o-dihydroxyphenol gfoup (De Freitas and Mateus, 2001).
Phenolic rings A and D are important for face-to-face stacking with proline residues
(Charlton et al., 2002),

Precipitation of the protein-polyphenol complexes is likely to occur via
interactions between exposed phenolic rings on one complex, and proline or phenolic
rings on the other (Charlton et al., 2002). The interaction phenomenon takes place in
the beginning of reactions, leading to the formation of stable complexes (Ricardo Da
Sitva ef al, 1991). Figure 10 shows the mechanism of the protein-polyphenol
interaction with the different protein and polyphenol concentration through
hydrophobic interactions (Charlton ef al., 2002; De Freitas and Mateus, 2001; Siebert
el al., 1996).

Initially added polyphenols bind to the protein, and soluble complexes
arc formed. In general, several polyphenol molecules can bind to the same protein.
When more polyphenol is added, until the second stage, where there is enough
polyphenol bound to the protein to act as a linker between two protein molecules,
reaches. The protein then forms a polyphenol-coated dimer, which start to precipitate.
In the final stage, the complex aggregates into either small particles or large particles.
Larger protein molecules tend to bind polyphenol more tightly because increasing
length of protein allows it to fold and “wrap around” the polyphenol molecule, form
intramolecular interactions, and interact at several places at the same time (Charlton e/
al., 2002). Usually the number of amino acids blocked in the protein by phenolic
compounds is higher than the amount of phenolic compound bound (Rawel et al.,
2002a). Therefore, some protein groups must be involved in intra- and intermolecular
cross-finking through hydrophobic interactions (De Freitas and Mateus, 2001; Kroll e
al., 2003; Rawel ef al., 2002a). Charlton ef al. (2002) concluded that polyphenols bind
through hydrophobic interactions reversibly and relatively weakly at each individual

binding site,
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Procyanidins tend to have poor affinity for small, tightly folded

globular proteins (myoglobin, lysozyme, BSA), whereas they bind preferentially to
proteins that have either random-coil or collagen-like helical conformations (De

Freitas and Mateus, 2001; Hagerman and Butler, 1981). In addition, it may also be

due to the fact that globular proteins lack proline (at least on their surface).

Protein {prokne-nch)

Addition of polyphenot

Figure 10. Protein-polyphenol interaction leading to the complex formation and

Source:

precipitation: a) reversible hydrophobic interaction between protein and
polyphenol, giving a soluble complex; b) on addition of more
polyphenol, two peptides are cross-linked (at least two
polyphenol/protein interactions) and the complex becomes insoluble; ¢)

further aggregation (phase separation) of the insoluble complexes occurs

Charlton ef «l. (2002)
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1.2.7.2 Covalent interaction between proteins and phenolic compounds

The covalent binding of the phenolic compounds to the proteins occurs
through oxidized phenolic substances (quinones). These quinones can be formed
enzymatically or non-enzymatically.

1.2.7.2.1 Enzymatic oxidation

Quinones can be formed via the action of two types of enzymes:
polyphenol oxidases and peroxidases. Quinones are produced by peroxidases via the
formation of radicals. Peroxidases require the presence of hydrogen peroxide (Sroka
and Cisowski, 2003), which thus makes their role in foods limited, compared to the
action of polyphenol oxidases (Kroll ef al., 2003),

Polyphenol oxidases (EC 1.14,18.1) are divided into catechol oxidases
and laccases (Mayer and Staples, 2002). Both enzymes can oxidize phenolic
substrates using molecular oxygen (Mayer, 1986). Catechol oxidases can catalyze the
oxidation of o-diphenols to o-quinones using their catecholase activity (Mayer, 1986).
Furthermore, when they also possess the so-called cresolase activity, catechol
oxidases may convert monophenols to o-diphenols (Mayer, 1986, Rodriguez-Lopez ef
al., 2001) (Figure 11). Laccases are able to oxidize a broader range of substrates than
catechol oxidases, including p-diphenols (Mayer and Staples, 2002) and non phenolic
compounds e.g. phosphorothiolates (Amitai ef al, 1998). They are also able to
catalyze other reactions than oxidation, such as demethylation and

(de-)polymerization of phenolic compounds (Mayer, 1986).

OH OH 0
O
cresolase catecholase
1/2 03 1/2 02 HzO

Figure 11. Cresolase and catecholase mechanisms of polyphenol oxidase

Source:  Matheis and Whitaker (1984)
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Catechol oxidase is usually called tyrosinase in mammals and
mushrooms. Tyrosinases from mammals are relatively specific for tyrosine and
DOPA (dihydroxyphenylalanine), whereas catechol oxidases from fungi and higher
plants show activity on a wider range of mono- and o-diphenols (Mayer and Staples,
2002).

1.2.7.2.2 Non-enzymatic oxidation

The formation of quinones may also occur in the absence of an
enzyme. Increasing the pH induces the deprotonation of the phenolic hydroxyl group,
eventually leading to the formation of quinones (Yabuta ef af., 2001). This method is
used in food industry e.g. to produce black olives (Garcia ef af., 1996),

Quinones can bind covalently to the proteins at nucleophilic functional
groups, such as lysine, methionine, histidine, cysteine, tyrosine, and tryptophan
residues, limiting the digestibility of the protein molecule (Carbonaro ef af., 1996:
Hurrell ef al, 1982; Rawel er al, 2001). The formation of the quinone-protein
complexes, as well as formation of the other polyphenol-protein complexes, can lead
to polymerization (Kroll ef af., 2003). Quinones are electrophilic and can form cross-
links with either sulfhydryl or amino groups of proteins (O'Connell and Fox, 2001).
The protein-quinone interaction can change the isoelectric point of protein to the
lower pH values due to the introduction of carboxylic groups following the covalent
attachment of the phenolic acids, and by the parallel blocking of the lysine residues in
protein (Rawel ef al., 2001; Rawel ef al,, 2002b).

The reactivity of the phenolic compounds with the tryptophan residues
has been shown to increase with the higher number of hydroxyl groups, and the
reactivity depends also on the position of the hydroxyl groups (Rawel ef i, 2001;
Rawel ef al., 2002b). The reaction between tryptophan residues in the protein and the
hydroxyl substituents on the B- and C rings (positions 3, 3*, 5 of the quinones occur
through the enol-keto tautomerization across the 2-3 bond as shown in Figure 12
(Rawel et al., 2001; Rohn et al., 2005).

In addition, the quinones can react very efficiently with lysine residues
in proteins (Figure 13) (Hurrell er af., 1982; Rawel ef al., 2001). Phenol-protein
complexes formed under oxidizing conditions are more stable than those formed in

the absence of oxidants (Chen and Hagerman, 2004). In addition, quinones can
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oxidize the functional groups of the proteins (Kroll et a/., 2003) and semiquinone

radical is also able to react with proteins (Hagerman ef a/., 2003).
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Figure I2. Interaction reaction between tryptophan residues of the protein and

quinone form of polyphenol, leading to polymerization, complex
formation

Source: Rawel ef al. (2001)

The covalent interaction between oxidized phenolic compounds and
amino acid residues of the proteins allows the formed complex to act as antioxidants
as long as there are free phenolic hydroxyl groups in one of the phenolic rings
(Almajano and Gordon, 2004; Arts et al., 2002; Rohn ef al., 2004). However, the
antioxidant activity of the quinone-protein complexes is less than the antioxidant
activity of free phenolic compounds (Rohn e /., 2004). The degree of masking of
antioxidant capacity depends on both the type of polyphenol and the type of protein
(Arts et al., 2002). The cross-linking and polymerization is partly responsible for the
loss of the antioxidative ability of covalently bound phenolic compounds. With an
increasing amount of proteins present, the reactive sites of phenolic compound are
more involved in the protein-phenolic-protein reactions (Rohn ef al, 2004).

Additionally, steric hindrance could also be responsible for the decreased activity.
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Figure 13. Interaction reaction between lysine side chain of protein and quinone form
of polyphenol, leading to polymerization, complex formation

Source: Rawel ef al. (2001)

1.2.7.3 Effect of the protein-polyphenol interaction on protein functional
properties
Interactions of proteins with phenolic compounds lead to the changes
in the proteins solubility (increasing the content of denatured proteins) and
hydrophilic/hydrophobic nature. That can affect protein functional properties such as
emulsion formation and gelling properties (Kroll ef al., 2003; Rawel er af., 2001;
Rubino ef al., 1996). The phenolic compounds can either increase or decrease proteins
hydrophobicity, depending on the participating amino acids, which can furthermore
promote a greater or lower affinity of the protein for an oil phase (Neucere et al.,
1978; Prigent ef al., 2008; Rawel ef al., 2001; Rawel ef al., 2002b). The influence of
phenolic compounds on the hydrophobicity of the proteins depends on phenolic
compound used as well as on the protein (Kroll ef al., 2003; Rawel e al., 2002a;
Rawel ef al., 2002b). Due to cross-linking and complex formation, the conformation
of protein is changed and can furthermore increase the exposure of some additional
hydrophilic regions previously buried (Kroll et al., 2003; Rawel ef al., 2002a; Rawel
et al., 2002b). Moreover, the covalent blocking of the hydrophobic residues, such as
tryptophan, the introduction of hydrophilic carboxyl residues (phenolic acids), and the
increasing number of hydroxyl groups in the phenols bound can increase

hydrophilicity (Rawel e al., 2002a; Rawel ef al, 2002b). On the contrary, the
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decrease in solubility and the increase in hydrophobicity is due to blocking of -
hydrophilic amino groups of protein (such as lysine} (Kroll ef al., 2003).

The interaction between proteins and phenolic compounds can also
influence the antioxidant activity of phenolic compounds. Protein-phenolic complex
may inhibit protein oxidation by binding to the proteins or the formed complexes may
act as radical scavengers and radical sinks (Hagerman and Butler, 1981; Rohn ef af.,
2004; Siebert ef al., 1996).

1.2.8 Protein interactions with lipid

Proteins and lipids constitute as the major food components. Their
individual contributions to the functional and nuiritional properties of foods are well
established (Damodaran, 1997). Protein—lipid interactions are also known to be
responsible for the desired biological structures in living cells and tissues. Naturally
occuiring protein-lipid complexes serve a wide variety of functions in cellular
membranes and in the transport and metabolism of lipids (Shimizu et af., 1986). Some
examples of protein-lipid complexes of animal origin are found in the cell membranes
and lipoproteins of plasma, milk fat globule membrane and egg yolk (Meng ef al.,
2006). Examples of plant origin include some fruits, vegetables, wheat grains, peanuts
and oil bodies of oil seeds such as soybean, sunflower seed, and rapeseed (Meng et
al., 2006). In food technology, the interactions between proteins and lipids occur
during the processing and storage of food products such as cheeses, milk creams,
mayonnaise, doughs, bakery products and several meat products (Pokorny et al.,
1993). These interactions lead to formation of ‘induced’ protein-lipid complexes.
Interaction between protein and lipid affect the quality of food, but they also have an
impact on the charge and conformation of the protein three-dimensional structure
(exposure of hydrophobic groups, changes in secondary structure and disulfide
groups), loss of enzyme activity, and changes in the nutritive value (loss of essential
amino acids) (Howell, 1991). In addition, the modified proteins will have different
functional properties from those of their unmodified molecules; their emulsifying,
foaming, gelling, and water binding properties may be affected as well as the texture

of food will be changed (Levine et al., 1996).
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Improvements of functional and physicochemical properties of
proteins via their interaction with lipids have been reported. In the processing of ice
cream, lipids inferact with caseins to form protein-lipid complexes, whereas in butter
making, fat globules concentrate at an air-water interface and inferact with proteins to
form complexes at the interface (Evans, 1986), The presence of protein-lipid
complexes in dough and the bread gluten network, in which the polar ends of lipids
are bound to gliadin by hydrophilic interactions and the nonpolar ends are bound to
glutenin by hydrophobic interactions; cements the gluten network and contributes to
the structure of the gas-retaining complexes that are essential for good gas retention,
adequate loaf volume, and satisfactory bread structure (Chobert and Haertle, 1997).
Soy films and soymilk are examples of complexes of lipids with the major soybean
globular proteins, the 78 and 118 globulins. Microscopic examination of soy films
revealed a structure consisting of a continuous protein matrix in which lipid droplets
are dispersed (Beckwith, 1984). In addition, the interaction between lipid and protein
could improve the surface activity of ovalbumin as evidenced by the smaller oil
droplets size in oil-in-water emulsion (Mine, 2002),

1.2.8.1 Type of protein-lipid interaction

The interaction between protein and lipid was involved via non
covalent interaction (hydrogen bonding, electrostatic, hydrophobic and van der Waals
force) and covalent interaction. The interactions may vary depending on pH, ionic
strength and temperature. Moreover, more than one type of bonding may be involved
in the interactions in the same protein-lipid complex. The structural linkages between
lipids and proteins in naturally occurring protein—lipid complexes cannot be readily
dissociated by simple manipulations of pH, ionic strength, and ultracentrifugal force
fields (Alzagtat and Alli, 2002; Kamat ef a/., 1978).

1.2.8.1.1 Non-covalent interaction between proteins and lipid
1.2.8.1.1.1 Dispersion inferaction (van der Waals force)

Dispersion interactions are non-specific short-range forces resulting
from interactions between induced dipoles and adjacent atoms or molecules, and
therefore are related to the polarizability of the atoms or molecules. The interactions
are very weak individually but collectively may be very important in stabilizing

domains of protein, and are considered to be quite different from hydrophobic




50

interactions (Kinsella, 1984). These forces are particularly sensitive to intermolecular
distances, and are important in the interaction of non-polar groups; the CH; groups of
protein side-chains can attract CH, groups present in phospholipids or fatty acids to
form protein-lipid complexes (Howell, 1991). Van der Waals dispersion force also
exists between the non-polar ends of both lipids and proteins in protein-lipid
complexes such as in Danielli’s model for cell membrane structure (Pomeranz, 1973);
the polar ends of the lipids are bound to the proteins by either electrostatic or
hydrogen bonds.

1.2.8.1.1.2 Electrostatic bonding

Electrostatic bonding takes place between (a) positively charged
groups (e.g. choline) of a phospholipid and the negatively charged group (e.g.
aspartyl, glutamyl) ofa protein, and/or (b) a negatively charged phosphate group of a
lipid (e.g. phospholipid) and a positively charged group (e.g. lysyl or guanidyl, amyl)
of a protein (Ericsson, 1990). In addition, electrostatic forces or dipole interactions
(Howell, 1991) occur between uncharged but polar molecules; in these molecules
electrons are distributed in such a way that there is an excess of negative charge in
one area and an excess of positive charge in another, such as with the interaction of
phospholipid with proteins in the cell membranes (Karel, 1973). Electrostatic bonds
are also involved in dough and bread making, between polar amino acids residue of
protein and polar lipids (Lasztity, 1996). In protein-lipid complexes such as between
whey protein with phospholipids, the electrostatic bonding is affected by pH (Cornell,
1991); at acidic pH, whey protein carry significant positive charges which caa bind to
the negatively charged of phospholipids, while at neutral pl, where the phospholipids
and the protein carry a net negative charge, there is electrostatic repulsion and a
reduced tendency to interact.

1.2,8.1,1.3 Hydrogen bonding

Hydrogen bonding occurs between the hydrogen of the hydroxyl
groups of fatty acids, di and monoglyceride, or the head groups of phospholipid such
as phosphatidylamine and phosphatidylserine and the carbonyl groups of proteins
(Howell, 1991). The hydrogen bonding between these groups is much stronger than
the interaction between water and the non-polar groups. Hydrogen bonding is

particularly important in the structural organization of protein-lipid complexes, such
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as the interactions of proteins with phospholipids in milk fat globules membrane
(Aynié et al., 1992; McWilliams, 1989).

1.2.8.1.1.4 Hydrophobic inferaction

Hydrophobic interactions are endothermic and entropy-driven and their
strength increases with temperature. This effect of temperature on hydrophobic
interactions, suggests its importance in the thermostability of proteins (Damodaran,
1997). Hydrophobic interactions between protein and oil in aqueous system alter
protein structure by decreasing the protein intramolecular hydrophobic bonds and
explain partial protein unfolding at the oil-water interface of the system (Alzagtat and
Alli, 2002), When proteins unfold, they expose reactive amino acids that are capable
of forming hydrophobic and disulfide bonds with their neighbours, thus generating a
highly viscoelastic membrane (McCiements, 1999). Hydrophobic interactions
between protein and lipids are believed to be important in protein aggregation and are
considered to be critical in stabilizing induced protein—lipid complexes; for example,
in bread making, lipids interact through hydrophobic bonds with glutenin, aﬁd
through hydrophilic bonds with gliadin (Finney, 1971).

1.2.8.1.2 Covalent interaction between proteins and lipid

The covalent bond is important in the interaction between protein and
lipid, in which the protein-lipid complex with more stability in both biological system
and food products was formed (Pokorny e al, 1993). The covalent interaction
between lipid and protein can be induced by using the oxidative lipid substrate or
preparing by chemical reagent.

1.2.8.1.2.1 Covalent interaction of protein with oxidized lipid

Oxidation of polyunsaturated fatty acid leads to the formation of
radicals, lipid hydroperoxides, and sccondary. lipid  oxidation product such . as.
aldehydes and ketones, which could covalently modify side chains and polypeptide
\backbone of pfoteiﬁ molecule, resulting in cross-linking, fragmentation, aggregation,
and conformational changes of the resulting protein (Refsgaard ef af., 2000). Alkyl
and peroxyl radical decomposed from hydroperoxide can directly interact \&Eti\i;de
(El;lins of proteins (Kato ef al., 1992). The secondary lipid oxidation products, such as
aldehydes, react mainly with amino acids via condensation reaction to form Schiff’s

bases or by Michael addition reactions (Liu ef a/., 2003; Stadtman and Berlett, 1997).
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1.2.8.1.2.1.1 The primary lipid oxidation product

Free radicals produced by cleavage of the primary oxidation products,
mainly hydroperoxides, can modify proteins by inducing protein free radicals and the
protein oxidation. Oxidation reactions have an impact on the charge and conformation
of the protein three-dimensional structure, loss of enzyme activity, and changes in the
nutritive value (loss of essential amino acids) (Gerrard er @/, 2002; Howell ef al.,
2001). Oxidation of the proteins and amino acids is affected by many environmental
factors éﬁch as pH, temperature, water activity, and the presence of catalysts or
inhibitors. In addition, the three-dimensional structures of each protein affect the
interaction with lipids (Aynié et al,, 1992). Casein with disordered random-coil and
flexible structure tends to cross-link in the presence of oxidized lipids more readily
than the globular and more compact whey proteins (Sharma ef al., 2002),

The most sensitive amino acids toward oxidation are heterocyclic
amino acids. In addition, amino and phenolic groups of amino acids are susceptible to
oxidation (Viljanen ef al., 2004). Tryptophan, histidine, and proline, lysine, cysteine,
methionine, and tyrosine are prone to oxidation where the hydrogen atom is
abstracted either from OH-, S-or N-containing groups (Alaiz ef al., 1995; Doorn and
Petersen, 2002) (Figure 14). Interaction of proteins with oxidized lipid may result in a
loss of these amino acids. Oxidative cleavage of the peptide main chain and the
oxidation of the side chains of lysine, proline, arginine, and threonine yields carbonyl

derivatives (Stadtman and Berlett, 1997).
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Figure 14. Structure of amino acid residues prone to oxidation

Resource: Doorn and Petersen (2002)
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Protein oxidation occurs via free-radical reactions in which peroxyl
radicals (ROO-) formed during lipid oxidation can abstract hydrogen atoms from
protein molecules (PH) [17]. Consequently, protein radicals are formed (P+) and they

can in turn create a protein net (P-P) due to the cross-linking [18].

ROO- +PH - P+ + ROOH [17]
P- + P - P-P (protein net) [18]

It is also postulated that the protein oxidation process can occur via
non-covalent complex formation by both clectrostatic and hydrophobic attractions
between lipid hydroperoxide (ROOH) or secondary lipid oxidation products (mainty
aldehydes and ketones, breakdown products of lipid hydroperoxides), and the nitrogen
or sulfur centers of reactive amino acid residues of the protein (PH) [19] (Aubourg,

1999; Kikugawa ef al., 1991),

ROOH + PH — [ROOH---HP] - RO-+P-+ H;O [19]

Moreover, covalent bonds between lipid and protein moieties are also
produced. These may recombine via the formation of protein copolymers, with
various lipid free radicals to form protein-lipid complexes, for example, in the
oxidation of meat and fish during storage (Pokorny et al., 1993). Lipid free radical
with unpaired electron could complex with amino acid of protein via covalent
interaction to form the stable produce. The imine bonds formed between a lipid
carbonyl group and an amine group of the protein moiety (primarily lysine) are

typical examples of covalent bond formation (Figure 15).
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|
CH,-N=CH-CH;

Lys  ox

Figure 15, Example of protein-lipid covalent bonds. L = lipid phase; Lys = residue of
bound lysine; ox. = residue of a carbonyl chain of oxidized lipid; P =
protein

Resource: Pokorny and Kolakowska (2003)

1.2.8.1.2.1.2 The secondary lipid oxidation product

Secondafy lipid oxidation product, especially reactive aldehydes
including malondialdehyde (MDA), 4-hydroxynonenal (HNE), and 4-hydroxyhexenal
(HHE), react mainly with amino acids via condensation reaction to form Schiff’s
bases and by Michael addition reactions (Stadtman and Berlett, 1997) (Figure 16).
Reactive aldehydes show high reactivity with the sulthydryl group of cysteine, the
imidazol group of histidine and the e-amino group of lysine and subsequently alter

structure and functional properties of protein (Esterbauer ef al,, 1991).
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Figure 16. I[nteraction reaction between the secondary lipid oxidation product and
amino acid: a) Michael addition to cysteine, lysine, and histidine side
chains; b) Schiff' base formation followed by displacement of HNE (4-
hydroxy-2-noneal) from protein

Source: Bruenner ef al. (1995)
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Especially lysine residues (contains free amino group) in the proteins
can interact with aldehydes and lead to Schiff base formation which is typical product
for non-enzymatic browning (Gerrard et al., 2002). MDA reacts with lysine residues
of proteins to form stable carbonyl! derivatives (Burcham and Kuhan, 1996). The o, B-
unsaturated aldehydes, such as HNE can undergo Michael addition type reactions
with side chain of lysine, cysteine and histidine (Esterbauer et a/., 1991),

The Schiff bases or Michael adducts formed might subsequently be
involved in inter- and inter-molecular cross-linking with amino acid residues such as
lysine, cysteine, or histidine residues (Liu ef al., 2003; Stadtman and Berlett, 1997)
(Figure 17). The formed cross-links can further stabilize the absorbed proteins. First
the Schiff base is formed between lysine and aldehyde, and then Michael addition of

side-chain nucleophiles (cysteine and histidine) will occur.
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Figure 17, Formation of cross-links between different amino acid residues

Soruce: Nadkarni and Sayre (1995)

1.2.8.1.2.2 Covalent attachment of free fatty acid to protein by N-
hydroxysuccinimide

Covalent interaction between protein and free fatty acid can be
performed by using N-hydroxysuccinimide {(Magdassi er al, 1996). Generally, N-
hydroxysuccinimide (NHS) is used as an activating reagent for carboxylic acid. Faity
acid binding with N-hydroxysuccinimide ester (activated acid) can react with free
amino group of protein via amide bond, while N-hydroxysuccinimide was removed
(Figure 18). Incoporation of fatty acid, which is natural hydrophobic domain, can
increase surface -hydrophobicity of modified gelatin. Lin and Chen (2006) reported

that attachment of hydrophobic group to bovine gelatin caused an increase in surface
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activity of resulting gelatin. Toledano and Magdassi (1998) showed that bovine
gelatin modified with N-hydroxysuccinimide ester fatty acid had the higher foaming
and emulsifying properties in comparison with native gelatin, The increase in surface
hydrophobicity of modified gelatin was associated with the degree of modification

and the chain length of fatty acid used (Toledano and Magdassi, 1998).

Carbodiimide Urea
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R R Lo,
N N -C-
Fatty acid NHS
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i
R1-C-OH *+ N;E] > Ri-C-0-N
NHS ester of FA
Protein
0
} O RI‘NHg
Il
HO-N +  Ri-C-NH-R" /
0 Proteint Fatty acid

NHS

Figure 18. The synthesis of N-hydroxysuccinimide ester of fatty acid and its reaction
with protein
Source: Lapidot ef al. (1967) A

1.2.8.2 Effect of the protein-lipid interaction on protein functional
properties and quality of food

The functional characteristics and quality of protein are affected by the

interactions between proteins and lipids. The common functional properties of

proteins that are considered to contribute most to the characteristics of processed food

include gelation, foaming, emulsification and solubility. Moreover, quality of protein

including nutritional value and texture are also affected by protein-lipid interaction
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1.2.8.2.1 Gelation
Protein gel networks are affected by the presence of lipids (Dickinson
and Yamamoto, 1996; King ef al., 1984). Under some conditions, the interactions of
lipids with proteins can improve gelling propertics, However, lipids might affect the
water holding capacity of gel proteins (Seal, 1980). Protein gels, in the presence of
lipid-containing small fat globules with a narrow particle size distribution, have
smooth texture and higher gel strength (Sikorski, 2001). Heat set protein gel in the
presence of lipids has greater gel strength than protein gel in the absence of lipids; this
behaviour is consistent with a reinforcement of the protein gel network by ‘filler’
particles of lipids in the matrix of the gel (van Vliet, 1988). Whey protein—lecithin
gels showed increase gel strength which was attributed to the complexation between
lecithin and whey protein; the layer of aqueous protein surrounding the droplets of
lecithin act as an impermeable layer and modified the gel properties (Dickinson and
Yamamoto, 1996). Farnum et al. (1976) reported that the interaction of soybean
protein isolate and soybean oil could affect the properties of gels through the
formation of protein matrix or structure network in which fat droplets are trapped.
1.2.8.2.2 Solubility
[nteraction of protein with lipid more likely induced the decrease in
solubility of protein (Liang, 1999). Polar group of liptd, such as phosphate group of
phospholipid or hydroxyl group of mono-, diglyceride, could bind with polar amino
acid residues of protein though hydrogen bonding, leading to the loss in water binding
capacity of protein (Howell, 1991). In addition, the lipid oxidation products could
contribute to the cross-linking or aggregation of protein, resulting in lowered protein
solubility (Wu ef al., 2010).
1.2.8.2.3 Surface activity
Many proteins can act as surfactant, such as foaming agent and
emulsifiers, by lowering the interfacial tension between the phases and forming
cohesive interfacial films that swrround air bubble or oil droplets (Phillips ef al,
1994). The surface activity of proteins depend on their solubility,
hydrophilic/hydrophobic balance, molecular flexibility and the nature and proportion
of lipid and other non-protein components in the system (Tomberg et al., 1990). It has

been shown that the surface activity of proteins closely depends on their surface
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hydrophobicity (Kato er al., 1983). Modification of protein with lipid affects the
surface hydrophobicity of resulting gelatin, Wu et al. (2010} reported that soy protein
modified by lipid peroxidation product acrolein had the decrease in surface
hydrophobicity. Oxidized lipids might bind to hydrophobic amino acids of protein,
resulting in the decrease in surface hydrophobicity of modified protein or protein
aggregation (Liang, 1999), leading to the loss of surface activity. However, oxidative
modification of protein could change the protein conformation via the exposure of
hydrophobic groups. Due to protein partial unfolding, the surface hydrophobicity
increases. Moreover, the attachment of oxidized lipid to protein may lead to the
increase in its hydrophobicity, causing the changes in the surface activity, foaming
ability and emulsifying properties of protein (Kato and Nakai, 1980; Toledano and
Magdassi, 1997). Amarnath ef al. (1998) reported that reactive aldehydes can form
imines with lysine residues and cyclize to pyridinium rings, resulting in increases the
hydrophobicity and opens the pathway for cross-linking. In animal origin, lipoproteins
are capable of forming strong films around oil droplets, and some lipoproteins,
including those of eggs, are excellent emulsifiers (Karel, 1973). Low density
lipoprotein (LDL) has been shown to have high emulsifying activily and emulsifying
stability (Mizutani and Nakamura, 1987); the lipid component around the apoprotein
of LDL could provide hydrophobic environments that enhance the binding of the
apoprotein to the oil droplet surface during emulsion formation.
1.2.8.2.4 Textural property

Fats and oils are added to food raw materials during culinary
operations, among other reasons, to improve the flavor and texture of the food. The
surface properties of lipoproteins formed, and even of the lipid films and droplets,
assist in retaining gases during dough fermentation, thus improving the volume,
softness, appearance, and acceptability of many bakery products (Chobert and
Haertle, 1997). During chewing of high fat foods, fats are emulsified into a relatively
thick fluid. Consumers perceive the viscosity as highly acceptable and appreciate the
texture of such a product. On the contrary, the interaction products of oxidized lipids
with food proteins are not easily moistened and emulsified, and result in deterioration
of the texture after food ingestion. The functional properties of beef proteins are

deteriorated by oxidized lipids (Farouk and Swan, 1998), The feeling of the chewed
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morsel is rated lower because of the lower viscosity, which is due to a higher content
of insoluble fractions. The content of salt-soluble proteins decreased proportionally to
increasing lipid peroxidation in frozen fish (Sarma ef al., 1998).
1.2.8.2.5 Antioxidative acitivty

Modification of proteins by lipid oxidation products is not necessarily
a negative consequence of oxidation since some oxidized lipid-amino acid reaction
products have been shown to inhibit both lipid and protein oxidation (Alaiz ef al.,
1996; Alaiz ef al., 1997; Zamora ef al., 1997). Complexes of oxidized lipids with
proteins show moderate antioxidant activity, such as those with carnosine or histidine
(Decker et al., 2001). Products, such as pyrroles, derived from interaction between
lipid oxidation products and proteins amino acids may also have antioxidant potential
(Alaiz et al., 1996; Hidalgo ef al., 2001; Hidalgo ef al., 2003; Zamora ef al., 1997).
These modified proteins have been shown to act better inhibitors than their
unmodified counterparts. Ahmad ef al. (1996) reported that the antioxidant activity of
the modified amino acids (by lipid oxidation products) is related to the polarity of the
compounds. The antioxidant activity also depends on different substituents in the
oxidation products. The size and the type of heterocyclic rings seem to be important
factor. The antioxidant activity of heterocyclic compounds has been shown to increase
with increasing size of rings, and with increasing number of hetero atoms present
(Viljanen ef al., 2004). In addition, the polymerization increased the antioxidant
activity, compared to monomers. The modified proteins, which are produced as a final
step in the lipid oxidation process, are delaying the whole oxidative stress by
competing effectively with other nucleophiles in reacting with reactive oxygen
species produced. All proteins may exert antioxidant effect after reaction with lipid
oxidation products, which might either increase their ability to sequester metals or
generate new molecules that are antioxidants by themselves (Hidalgo ef af., 2001).

1.2.8.2.6 Nutritive value

Generally, natural protein-lipid complex are easily digestible because
they are enzymatically hydrolyzed nearly completely before absorption in the
intestines. Their nutritional value is equal to those of the respective lipids and proteins
bound in protein-lipid complex, when consumed separately. However, the nutritional

value of protein interacted with oxidized lipid is substantially lower than that of the
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original proteins-lipid complex (Alzagtat and Alli, 2002). The main reason is the
lower digestibility; most covalent bonds formed in the interactions are not attacked by
proteases under the conditions of digestion. The g-amino group of bound lysine is
particularly sensitive to interactions with carbonylic oxidation products (Refsgaard et
al., 2000), and the resulting imine bonds substantially reduce the lysine évailability.
Moreover, the other amino acids, such as tyrosine, tryptophan, and methionine, are

also partially converted into unavailable products (Refsgaard et ai., 2000).

1.3 Objectives

1, To study the extracting conditions, functional properties and
characteristics of gelatin from cuttlefish skin.

2. To investigate the impact of different phenolic compounds on
modification of cuttlefish skin gelatin and its emulsifying properties and
antioxidative activity.

3. To determine the emulsifying properties and antioxidative
activity of cuttlefish skin gelatin modified with tannic acid via non-covalent and
covalent interaction and to elucidate its prevention of lipid oxidation in oil-in-
water emulsion.

4, To investigate the surface activities and characteristics of
cuttlefish skin gelatin modified with N-hydroxylsuccinimide ester of fatty acids.

5. To study the surface activities and characteristics of cuttlefish
skin gelatin modified with oxidized linoleic acid.

6. To determine the antioxidative activity and emulsifying
property of gelatin modified with oxidized linoleic acid and oxidized tannic acid,

and to elucidate its prevention of lipid oxidation in oil-in-water emulsion.




CHAPTER 2

Functional properties of gelatin from cuttlefish skin as affected by

bleaching using hydrogen peroxide

2.1 Abstract

Functional properties of gelatin from dorsal and ventral skin of
cuttlefish with and without bleaching by H,O; at different concentrations (2 and 5%
(w/v)) for 24 and 48 h were studied. Gelatin from skin bleached with 5% H,0, for 48
h showed the highest yield (49.65 and 72.88 % for dorsal and ventral skin,
respectively). Bleaching not only improved the color of gelatin gel by increasing the
L*-value and decreasing a*-value but also enhanced gel strength, emulsifying and
foaming properties of resulting gelatin, Gelatin from bleached skin contained protein
with molecular weight of 97 kDa and had an increased carbonyl content. Fourier
transform infrared spectroscopic study showed higher intermolecular interactions and
denaturation of gelatin from bleached skin than that of the control. These results
indicated that hydrogen péroxide most likely induced the oxidation of gelatin,
resulting in the formation of gelatin cross-links with the improved functional

properties.

2.2 Introduction

Gelatin is a denatured form of collagen and can be used widely in food
and pharmaceutical industries (Cho et al., 2005). Gelatin is commercially made from
skins and skeletons of bovine and porcine by alkaline or acidic extraction (Gilsenan
and Ross-Murphy, 2000). However, the occurrence of bovine spongiform
encephalopathy (BSE) and foot/mouth diseases have led to the major concern of
human health and thus by-products of mammalians are limited for production of

collagen and gelatin as the functional food, cosmetic and pharmaceutical products

6l
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(Cho et al., 2005). Additionally, porcine gelatin can be of objection from some
religions. As a consequence, the increasing interest and attempt have been paid to
other gelatin sources, especially fish skin and bone from seafood processing waste. So
far, gelatin from skin from different fish species has been intensively studied (Gomez-
Guillén et al., 2002; Muyonga et al., 2004a). However, gelatin from marine resources
had the poorer gel strength, compared with mammalian gelatin, due to the lower
imino acid content. Therefore, gel strength of fish gelatin has been improved by
chemical modification (e.g. MgSOs4, glycerol) or enzyme modification (e.g.
transglutaminase) (Ferndndez-Diaz ef al., 2001).

Cuttlefish has become one of important fishery products of Thailand,
mainly exported to different countries all over the world. During processing, de-
skinning is a common practice to obtain desirable products, resulting in the generation
of skin as a byproduct. Skin has the low market value and used as animal feed. The
extraction of gelatin from cuttlefish skin could increase its profitability. Nevertheless,
the pigments in skin may pose the color problem and bleaching could be performed
prior to gelatin extraction. Hydrogen peroxide is a potent oxidant that is widely used
as bleaching agent in seafood processing (Kolodziejska ef af., 1999; Thanonkaew ef
al., 2008). Kotodziejska ef al. (1999) reported that soaking squid skin in 1% H,0O; in
0.01 M NaOH for 48 h could improve the color of resulting collagen. The
decomposition of H,0; in an aqueous solution occurs by dissociation and homolytic
cleavage of O-H or O-0O bonds with the formation of highly reactive products:
hydroperoxyl anion (HOQ?), hydroperoxyl (HOO') and hydroxyl (OH") radicals,
which can react with many substances including chromatophores (Perkins, 1996).
Wash water containing 11,0, also showed the gel enhancing effect in surimi via the
induced protein oxidation (Phatcharat ef al, 2006). Currently, no information
regarding the use of H;0; as the bleaching agent in cuttlefish skin prior to gelatin
extraction and its effect on the functional properties and yield of gelatin has been
reported. The objectives of this work were to study the effect of HO; pretreatment on
bleaching of cuttlefish skin and to investigate its impact on functional properties of

resulting gelatin.
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2.3 Materials and Methods

2.3.1 Chemicals

B-Mercaptoethanol (B-ME), bovine serum albumin and protein
markers were purchased from Sigma Chemical Co. (St. Louis, Mo, USA). Hydrogen
peroxide  (H;0;), p-dimethylamino-benzaldehyde and  Tris(hydroxymethyl)
aminomethane were obtained from Merck (Darmstadt, Germany). Sodium dodecyl
sulphate (SDS), Coomassie Blue R-250 and N,N,N’/N"tetramethyl ethylene diamine
(TEMED) were procured from Bio-Rad Laboratories (Hercules, CA, USA). Type I
collagen from calf skin was purchased from El-astin products Co., INC. (Owensville,
MO, USA). Food grade bovine bone gelatin (98% protein content, 80-250 Bloom)
was obtained from Halagel (Thailand) Co., Ltd. (Bangkok, Thailand).

2.3.2 Collection and preparation of cuttlefish skin
Dorsal and ventral skin of cuttlefish (Sepia pharaonis) was obtained
from a dock in Songkhla, Thailand. Cuttlefish skin was stored in ice with a skin/ice
ratio of 1:2 (w/w) and transported to the Department of Food Technology, Prince of
Songkla University within 1 h. Upon arrival, cuttlefish skin was washed with tap
water and cut into small pieces (1x 1 cnt’), placed in polyethylene bags and stored at

-20°C until use, Storage time was not greater than 2 months.

Figure 19. Dorsal (A) and ventral (B) skin of cuttlefish (Sepia pharaonis)
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2.3.3 Extraction of gelatin from cuttlefish skin without and with bleaching

Gelatin was prepared according to the method of Gémez-Guillén ef al.
(2002) with some modifications. Skin was soaked in 0.05 M NaOH with a
skin/solution ratio of 1:10 (w/v) for 6 h with a gentle stirring at room temperature (26-
28°C). The solution was changed every 1 h to remove non-collagenous proteins for up
to 6 h. Alkali treated skins were then washed with distilled water until the neutral pH
of wash water was obtained. The prepared skin was subjected to bleaching in 2 and
5% H30; using a sample/solution ratio of 1:10 (w/v) for 24 and 48 h at 4°C. Bleached
samples werec washed with 10 volume of water for 3 times. The alkali treated skin
without bleaching was used as the control. Gelatin was exftracted from skin with and
without bleaching using distilled water at 60°C for 12 h with a sample/water ratio of
1:2 (w/v). During extraction, the mixture was stirred continuously. The extracts were
centrifuged at 8,000 x g for 30 min using a refrigerated centrifuge (Sorvali Model RC-
B Plus, Newtown, CT, USA) to remove insoluble material. The supernatant was
collected and freeze-dried using a freeze dryer (Model Dura-Top™ pP/Dura Dry™
uPb, FTS® System, Inc., Stone Ridge, New York, USA). The yicld of gelatin obtained
was calculated and expressed as the percentage of dry matter of gelatin relative to dry

matter of cuttlefish skin. Gelatins were subjected to analyses.

2.3.4 Proximate analyses

Cuttlefish skin and selected cuttlefish skin gelatin were subjected to
proximate analysis, Moisture, ash, fat and protein contents were determined according
to the AOAC (2000). Hydroxyproline content was analysed according to the method
of Bergman and Loxley (1963) with a slight modification. The samples were
hydrolysed with 6 M HCI at 110°C for 24 h in an oil bath (model B-490, BUCHI,
Flawil, Switzerland), The hydrolysate was clarified with activated carbon and filtered
through Whatman No. 4 filter paper. The filtrate was neutralised with 10 Mand I M
NaOH to obtain the pH of 6.0--6.5. The neutralised sample (0.1 ml) was transferred
into a test tube and isopropanol (0.2 ml) was added and mixed well; 0.1 ml of oxidant
solution (mixture of 7% (w/v) chloramine T and acetate/citrate buffer, pH 6, at a ratio
of 1:4 (v/v)) was added and mixed thoroughly; 1.3 ml of Ehrlich's reagent solution
{mixture of solution A (2 g of p-dimethylamino-benzaldehyde in 3 ml of 60% (v/v)
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perchloric acid (w/v)) and isopropanol at a ratio of 3:13 (v/v)) were added. The
mixture was mixed and heated at 60°C for 25 min in water bath (Memmert,
Schwabach, Germany) and then cooled for 2-3 min in a running water. The solution
was diluted to 5 ml with isopropanol. Absorbance was measured against water at 558
nm. A hydroxyproline standard solution, with concentration ranging from 10 to 60
ppm, was prepared. Hydroxyproline content was calculated and expressed as mg/g

sample.

2.3.5 Determination of carbonyl content

Carbony! content of gelatin was determined according to the method of
Liu et al. (2000). Gelatin solution (0.5 mL, 4 mg protein/ml) was added with 2.0 mL
of 10 mM 2 4-dinitrophenylhydrazine (DNPH) in 2 M HCI. The mixture was allowed
to stand for 1 h at room temperature. Thereafter, 2 mL of 20% (w/v) TCA were added
to precipitate protein. The pellet was washed twice with 4 mL of ethanol:ethylacetate
(1:1, v/v) mixture to remove unreacted DNPH, blow-dried, and dissolved in 1.5 mL of
0.6 M guanidine hydrochloride in 20 mM potassium phosphate (pH 2.3). The
absorbance of solution was measured at 370 nm using a spectrophotometer (UV-160,

i

Shimadzu, Kyoto, Japan). A molar absorptivity of 22,400 M' cm? was used to

calculate carbonyl content (Levine et al., 1990).

2.3.6 Determination of functional properties
2.3.6.1 Determination of gel strength

Gel strength of gelatin was determined according to the method of
Gomez-Guillén ef al. (2002) with a slight modification. Gelatins was dissolved with
30 mL of distilled water (60°C} in 50 mL-beaker (PYREX®, Corning, NY, USA)
with the inner diameter of 3.8 cm for 30 min to obtain a final concentration of 6.67%
(w/v). Gelatin solution was kept at 5°C for 18 h prior to the measurement. Gel
strength of sample (2.7 cm height) was measured at 8—10°C using a Model TA-XT2
Texture Analyser (Stable Micro System, Surrey, UK) with a load cell of 5 kN, cross-
head speed | mm/sec, equipped with a 1.27 cm diameter flat-faced cylindrical Teflon
plunger. Maximum force (in grams), taken when the plunger had penetrated 4 mm

into the gelatin gels, was recorded.
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2.3.6.2 Determination of color
Gelatin gel (6.67%, w/v) was prepared as described previously. Color
of gel samples was determined using a colorimeter (ColorFlex, HunterL.ab Reston,
VA, USA). CIE L* (lightness), a*{(redness/greenness) and b* (yellowness/blueness)
values were measured.
2.3.6.3 Determination of emulsifying properties
Emulsion activity index (EAI) and emulsion stability index (ESI) of
gelatin were determined according to the method of Pearce and Kinsella (1978) with a
slight modification. Soybean oil (2 mL) and gelatin solution (1 % protein, 6 mL) were
homogenized using a homogenizer model T25 basic (IKA LABORTECNIK,
Selangor, Malaysia) at a speed of 20,000 rpm for 1 min. Emulsions were pipetted out
at 0 and 10 min and 50-fold diluted with 0.1% SDS. The mixture was mixed
thoroughly for 10 s using a vortex mixer. Asg of the resulting dispersion was
measured using a spectrophotometer (UV-160, Shimadzu, Kyoto, Japan). EAI and

ESl were calculated by the following formula:

EAT (m%/g) = (2x2.303 A)DF/1$C
ESI{min) = Ag x At/ AA

where A = Asgg, DF= the dilution factor (100}, 1 = path length of cuvette (cm), ¢ = oil
volume fraction (0.25) and C = protein concentration in aqueous phase (mg/mL), AA
= Ag—Ajpand At = 10 min
2.3.6.4 Determination of foaming properties

Foam expansion (FE} and foam stability (FS) of gelatin solutions were
determined as described by Shahidi er o/ (1995)with a slight modification. Gelatin
solution with 1% protein concentration was transferred into 100 mL-cylinders
(PYREX®, Corning, NY, USA). The mixtures were homogenized for 1 min using a
homogenizer model T25 basic (IKA LABORTECNIK, Selangor, Malaysia) at 13,400
rpm for { min at room temperature. The sample was allowed to stand for 0, 30 and 60

min. FE and FS were then calculated using the following equations:
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FE (%) = (V1/V,) x 100
FS (%) = (Vi/V) x 100

where Vr is total volume after whipping; V, is the original volume before whipping
and V is total volume after leaving at room temperature for different times (30 and 60

min).

2.3.7 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Protein patterns of gelatin samples extracted from both dorsal and
ventral skins with and without bleaching were analyzed using sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) according to the method of
Laemmli (1970} using 0% separating gel and 4% stacking gel. Gelatin solution was
mixed with sample buffer (0.5 M Tris-HCI, pH 6.8 containing 4% (w/v) SDS, 20%
(v/v) glycerol and 10% (v/v) B-ME) at the ratio of 1:1 (v/v). Fifieen pg of protein
determined by the Biuret method (Robinson and Hodgen, 1940) were loaded onto the
gel. Electrophoresis was conducted using the Protean If xi vertical cell and the 1000
powerpac {Bio-Rad laboratories, Hercules, CA) at a constant current of 15 mA. Gels
were stained using 0.05% Coomassie Brilliant Blue R250 dissolved in 15% (v/v)
methanol and 5% (v/v) acetic acid and de-stained with 30% (v/v) methanol and 10%
(v/v) acetic acid. Protein markers including myosin (205 kDa), B-galactosidase (116
kDa), phosphorylase b (97 kDa), bovine serum albumin (66 kDa), glutamic
dehydrogenase (55 kDa), ovalbumin (45 kDa), glyceraldehyde-3-phosphate
dehydrogenase (36 kDa), carbonic anhydrase (29 kDa), trypsinogen (24 kDa), trypsin
inhibitor (20 kDa), and a-lactalbumin (14 kDa) were used for estimation of molecular

weight.

2.3.8 Fourier transform infrared (FTIR) spectroscopy
Sample was dissolved in water and cast into film prior to analysis.
Spectra of gelatins from bleached and unbleached cuttlefish skin were obtained by
using a Bruker Model EQUINOX 55 FTIR spectrometer (Bruker, Ettlingen,
Germany) equipped with a deuterated l-alanine tri-glycine sulfate (DLATGS)
detector. The Horizontal Attenuated Total Reflectance Accessory (HATR) was
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mounted into the sample compartment. The internal reflection crystal (Pike
Technologies, Madison, W[, USA), which was made of zinc selenide, had a 45 angle
of incidence to the IR beam. Spectra were acquired at a resolution of 4 cm ™' and the
measurement range was 4000-600 cm™' (mid-IR region) at room temperature.

' and were

Automatic signals were collected in 16 scans at a resolution of 4 em™
ratioed against a background spectrum recorded from the clean, empty cell at 25 °C.
Analysis of spectral data was carried out using the OPUS 3.0 data collection software

programme (Bruker, Ettlingen, Germany).

2.3.9 Amino acid analysis
Cuttlefish skin gelatin were hydrolysed under reduced pressure in 4.0
M methanesulfonic acid containing 0.2% (v/v) 3-2(2-aminoethyl)indole at 115 °C for
24 h. The hydrolysates were neutralised with 3.5 M NaOH and diluted with 0.2
M citrate buffer (pH 2.2). An aliquot of 0.4 ml was applied to an amino acid analyser
(MLC-703; Atto Co., Tokyo, Japan).

2.3.10 Protein determination
Protein content was determined by the Biuret method (Robinson and

Hodgen, 1940) using bovine serum albumin as a standard.

ek e
2.3.11 Statistical ang[ysis . ;\:‘

All data fere subjected tcy Analysis of Variance (ANOVA) and

differences between means’ wererre-valuate’c( by Duncan’s multiple range test. For pair

comparison, T-test was used (Steel and Torrie, 1980). The SPSS statistic program

(Version 10.0) (SPSS Inc., Chicago, IL, USA) was used for data analysis.
2.4 Results and Discussion

2.4.1 Proximate analyses of dorsal and ventral skin of cuttlefish and their

gelatin

Proximate composition of cuttlefish skin and its gelatin is shown in

Table 7. Cuttlefish skin had a high content of moisture (86.63% for dorsal skin and
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83.93% for ventral skin, respectively). The ash content of dorsal skin was greater than
that of ventral skin. Conversely, a lower protein content was observed in dorsal skin
than that found in ventral skin. The hydroxylproline contents in dorsal and ventral
gelatin were 8.82 and 12.57 mg/g sample, respectively. Hydroxyproline contented in
fish skin was 19.5 mg/g sample for bigeye snapper skin (Kittiphattanabawon et al.,
2005), 14.6 mg/g sample for cod (Sadowska ef al,, 2003) and 24.2 mg/g sample for
carp skin (Zhang ef af., 2009), Different hydroxyproline contents depend upon the
species (Rigby, i968). When gelatin was extracted from the dorsal and ventral skin
bleached with 5% H,0, for 48 h, it was noted that the higher protein and
hydroxyproline contents were observed in ventral skin, compared with those of dorsal
skin. Increase in hydroxyproline content in gelatin samples was generally

accompanied with an increased protein content.

Table 7. Proximate composition and hydroxyproline content of dorsal and ventral

skin of cuttlefish and their gelatin

Samples Proximate composition (% wet wt.) Hydroxyproline**
Moisture Protein Fat Ash {mg/g sample)

Skin
Dorsal skin 86.63£2.05 10.05£0.82 0.43%0.09 3.0540.58 §.82+0.52
Ventral skin 83.93+1.54 12.07+0.68 0,5710,04 1.14+0.80 12.57+0.97
Gelatin*
Dorsal skin 12,89+0.8t  83.25+1.47 0481007 2.9310.23 28.73+1.51
Veniral skin 11,17£1.49 87.97£1.79  0.94+1.25 0.53+0.11 45.24+3.57

MeantSD (n=3).
*Gelatin was extracted from dorsal and ventral cuttlefish skin with prior bleaching
using 5 % H,O, for 48 h

** Expressed as dry weight basis

2.4.2 Yield
Yields of gelatins extracted from dorsal and ventral cuttlefish skin
without bleaching were 36.82 and 59.69 %, respectively (Table 8). Generally, dorsal
skin showed the lower yield than did ventral counterpart (p<0.05). Both dorsal and
veniral skins might have the different structural complexation, in which the gelatin
extraction from both skins was different. Nevertheless, the increases in yield of

gelatin were observed as the skin was bleached with 5% H,O, (p<0.05). Longer
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bleaching time (48 h) resulted in the higher yield in comparison with the shorter time
(24 h). The highest yield was observed in gelatin extracted from skin bleached with
5% H,0; for 48 h (49.65 and 72.88 % for dorsal and ventral skin, respectively). H,O,
was found to break the hydrogen bond of collagen (Courts, 1961). Donnelly and
McGinnis (1977} reported that tissue containing collagen was liquefied through
agitation with H,O, for 4-24 h. In the presence of sufficient amount of H,O, (5%),
hydrogen bonds of collagen molecules in cuttlefish skin might be broken, resulting in
an increased efficiency in gelatin extraction as evidenced by the increased yield.
However, no increases in yield were observed in gelatin from skin bleached with 2 %
Hy0; for both 24 and 48 h, compared with that of the control (without bleaching)
(p>0.05).

Table 8. Yield and carbonyl content of gelatins extracted from dorsal and ventral
cuttlefish skin with and without bleaching by 0, at different

concentrations for various times

Carbonyl content

Samples Treatment Yield (%) (nmolc/mg protein)
control 36.82 + 1.53a*% 3.91 +0.5%9a
Dorsal skin 2% H20,24 h 37.14 +2.01a 5.74 +0.48b
gelatin 2% ;0,48 h 36.83 + 1.44a 591 +0.47b
5% H0, 24 h 45.00 +2.67b 8.33 +0.50¢
5% H,0,48 h 49.65 4+ 0.84¢ 8.53 +0.36¢
control 59.69 + 3.74a 2.49+0.28a
Ventral skin 2% H,0,24 h 58.91 +1.47a 6.11 +0.62b
lati 2% H;0, 48 h 59.78 +1.95a 6.23 +0.14b
getatin 5% H,0, 24 h 68.44 + 2.59b 6.45 +0.15b
5% H;0, 48 h 72.88 +1,20¢ 6.57 + 0.08b

Mean£SD (n=3).
*Different letters in the same column within the same gelatin indicate significant

differences (p<0.05).

2.4.3 Carbonyl content
Carbonyl content of gelatin from cuttlefish skin is shown in Table 8.
Carbonyl content is one of the most reliable measures of protein oxidation (Levine ef
al., 1990). Gelatins from both dorsal and ventral skin bleached with 5% H;0, showed

the marked increases in the carbonyl content, compared with those from unbleached
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counterpart (p<0.05). However, bleaching with 2% H;0; showed no impact on
carbonyl content of resulting gelatin from both dorsal and ventral skins (p>0.05). For
the control gelatin, that from dorsal skin contained a higher carbonyl content than that
from ventral counterpart (p<0.05). Hawkins and Davies (1997) found that hydroxyl
radical, generated from a Fe(I)-H,0, redox couple, attacked collagen, resulting in the
generation of carbonyl compounds. The peroxide decomposition products such as the
hydroxyl radicals and superoxide anion radicals (O;7) are thought to cause the
oxidation of protein and responsible for the conversion of some amino acid residues
to carbonyl derivatives (Butterfield and Stadtman, 1997). Carbonyl content in gelatin
increased with increasing concentration of H;O, used for bleaching. However,
bleaching time showed no effect on the carbonyl content in resulting gelatin,
regardless of skin portion and H,O; concentration. The most sensitive amino acids
toward oxidation are heterocyclic amino acids. In addition, amino and phenolic
groups of amino acids are susceptible to oxidation. Not only tryptophan, histidine and
proline, but also lysine, cysteine, methionine and tyrosine are prone to oxidation,
where hydrogen atom is abstracted either from OH-, S or N-containing groups (Doorn
and Petersen, 2002). Oxidation of protein is associated with the alteration of protein
structure, peptide chain scission, formation of amino acid derivatives and polymers,
the decreases in solubility, and changes in the functional properties (Decker et al.,
1993). Susceptibility of proteins to oxidation induced by HyO; in cuttlefish skin from
dorsal portion was greater than that found in ventral portion. This suggested the

different composition of proteins in both portions.

2.4.4 Gel strength of gelatin gel

The effect of bleaching of cuttlefish skin with H,O; on gel strength of
gelatin gels is shown in Figure 20. The lowest gel strength was observed in gels of the
control gelatin from dorsal and ventral skin (35.15 and 30.04 g, respectively). This
result was in agreement with Gomez-Guillén er al. (2002) who found that gelatin gel
extracted from squid skin was extremely soft and showed little cohesive forces (~10
g). According to Holzer (1996), the gel strength of commercial gelatin expressed as
bloom value, ranges from 100 to 300 g but gelatin with bloom values of 250-260 ¢

are most desired. Gelatin from skin of both portions bleached with 2 and 5% H,0, for
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24 and 48 h resulted in the marked increases in gel strength (p<0.05). Gel strength of
gelatin gel from ventral skin increased with increasing H;O, concentration and
bleaching time (p<0.05). However, no pronounced effect of both H,O, concentration
and bleaching time on gel strength of gelatin from dorsal skin (p>0.05) was
noticeable. The highest gel strength of gelatin from dorsal and ventral skins bleached
in 5% H;0; for 48 h (125.65 and 136.90 g for dorsal and ventral skin gelatin,
respectively) was obtained. Gel strength of resulting gelatins was about 4 times higher
than that of control. This result suggested that H,0, might induce the oxidation of
protein with the concomitant formation of carbonyl groups. Those carbonyl groups
might undergo the Schiff’s base formation with the amino groups, in which the

protein cross-links were most likely formed (Stadtman and Berlett, 1997).

200 ~
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H;0; conc./bleaching time

Figure 20. Gel strength of gelatin extracted from dorsal and ventral cuttlefish skin
with and without bleaching by HyO, at the different concentrations for

various times. Bars represent the standard deviation (n=3).

Moreover, OH' can abstract H atoms from amino acid residues to form
a carbon-centered radical derivative, which can react with one another to form —C-C-
protein cross-linked products (Stadtman, 1998). The larger protein aggregates were

mostly associated with the improved gel strength. However, the gel strength from
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cuttlefish skin gelatin gel of all treatments was lower than that of bovine bone gelatin
gel, most likely due to lower hydroxyproline content of the former. Therefore, gelatin
from cuttlefish skin could be more advantageous to be used as an emulsifier or

foaming agent, rather than gelling agent, especially after appropriate modification.

2.4.5 Color of gelatin gel

L*, a* and b*-values of gelatin gels from cuttlefish skin with and
without bleaching under different conditions are presented in Table 9. Gelatin gel
from skin without bleaching was higher pink-purple in color as indicated by lower
L*-value but higher a*-value, when compared with gelatin gel from bleached skin.
Thus, soaking cuttlefish skin in 2 or 5% H,0, solution could improve the color of
gelatin gel by increasing L*-value and decreasing a*-value. For dorsal skin, increases
in H2O; concentration and bleaching time resulted in the increases in L* and lowered
a*-value of resulting gelatin (p<0.05). For ventral skin, a*-value of gelatin gel was
decreased with increasing H,O, concentration and bleaching time (p<0.05), whereas
slight changes in L*-value were found (p<0.05). In gencral, the control gel from
dorsal skins had the higher color intensity than did the gel from ventral skins, most
likely due to the higher content of chromatophore in the former. Thus, higher H,0;
concentration was necessary for improvement of colors of gelatin from dorsal skin in
comparison with ventral skin. H;O; is widely used in cephalopod industry as the
bleaching agent. The cephalopod needs to be bleached because the flesh could be
stained by ink, viscera and color pigments during handling and processing
{Thanonkaew ef al., 2008). Oxidizing agents, derived from the decomposition of
hydrogen peroxide, were able to destroy the chromophore. Hydroperoxyl anion is a
strong nucleophile which, during bleaching, is able to break the chemical bonds that
make up the chromophore. This changes the molecule into a different substance that
either does not contain a chromophore, or contains a chromophore that does not
absorb visible light (Perkins, 1996). On the other hand, hydroperoxyl and hydroxyl
radical (OH") generated by the decomposition of hydrogen peroxide may induce free
radical, causing the oxidation of protein, changes in protein structure and functional
properties of gelatin. As a result, bleached skin contained a low content of

chromophore, or still had the chromophore, which was colorless.
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Table 9, Color (L*, a* and b*-values) of gel from gelatin extracted from dorsal and
ventral of cuttlefish skin with and without bleaching by H,O; at different

concentrations for various times

F

Samples Treatment ¥ C(:*OI o
control 14.12+0.30a" 18.08+0.71d  8.86+0.38a
Dorsal 2% H;0; 24 h 41.66+0.15b 12.61 + 0.46¢ 19.81 +0.12¢
skin 2% H,0;48 h 41.43 +0.09b 6.80 + 0.09b 19.17 +0.02d
gelatin 5% H;0, 24 h 48.68 + 0.07c 6.34 1 0.16b 13.68 + 0.04¢
5% H0,48 h 48.89 -+ 0.04c 5.87+0.13a 12.77 £+ 0.01b
control 4778 +0.12a 11.20+0.11d 15.56 +0.09¢
Veniral 2% H;0,24h 63.65+0.13¢ -0.11 +0.36¢ 10.08 + 0.06d
skin 2% H,0,48 h 63.66 + 0.05¢ -1.02 + 0.06a 577+ 0.02a
gelatin 5% H,0,24 h 63.16 + 0.05b -0.54 + 0.03b 8.69 +0.03¢
5% H,0,48 h 63.86 1+ 0.04d -1.06 + 0.09a 6.35 + 0.04b
Bovine bone gelatin 80.21 +0.19 -2.56 +0.18 14.39 + 0.08

Mean+SD (n=3).
46.67 % (wiv) gelatin
“Different letters in the same column within the same gelatin indicate significant

differences (p<0.05).

2.4.6 Emulsifying properties of gelatin

Emulsion activity index (EAI) and emulsion stability index (ESI) of
gelatin from cuttlefish skin with and without bleaching are presented in Table 10. No
differences in EAI of gelatin from dorsal skin were observed (p>0.05), irrespective of
bleaching. For gelatin from ventral skin, bleaching using 2 and 5% H;0, for 48 h
resulted in the lower EAI (p<0.05), compared with 24 h bleaching and no bleaching.
It was presumed that bleaching of ventral skin for a long time caused the aggregation
of protein to a large extent. Aggregated proteins might be rigid and could not unfold
rapidly at the interface and form the film around the oil droplet effectively.

For stability of emulsion, emulsion containing gelatin from bleached
dorsal and ventral skin was more stable than that of the control (p<0.05). Larger and
longer peptides could stabilize the protein film at the interface more effectively.
However, proteins oxidized to a higher degree might possess the lower ability of
stabilizing emulsion. It was noted that the longer bleaching time and higher H,0,

concentration led to the lower ESI of gelatin from all samples, except for gelatin from
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dorsal skin, in which the highest ESI was obtained when the skin was bleached with
5% H20, for 48 h (p<0.05). Surh ef a/. (2006) found that the otl-in-water emulsion
prepared with high molecular weight fish gelatin (~120 kDa) was more stable than
that prepared with low molecular weight fish gelatin (~50 kDa). Thickness of an
adsorbed gelatin membrane increased with increasing molecular weight. This was
associated with the increased stability of emulsions to coalescence during
homogenization (Lobo and Svereika, 2003). EAI and ESI of bovine bone gelatin were
higher than those of all cuttlefish skin gelatin samples. This possibly resulted from the
differences in the intrinsic properties of proteins, composition and conformation of

protein between gelatins from both sources (Damodaran, 1997).

2.4.7 Foaming properties of gelatin

Foam expansion (FE) and foam stability (FS) of gelatin extracted from
cuttlefish skin with and without bleaching are shown in Table 10. Gelatin from
unbleached skin, both dorsal and ventral, had the slightly lower FE than gelatin
extracted from bleached skin (p<0.05). However, bleaching condition had no marked
impact on FE of resulting gelatin (p>0.05). The foaming ability of proteins is related
to their film-forming ability at the air-water interface. In general, proteins that rapidly
adsorb at the newly created air-liquid interface during bubbling and undergo
unfolding and molecular rearrangement at the interface, exhibit better foam ability
than proteins that adsorb slowly and resist unfolding at the interface (Damodaran,
1997). At both 30 and 60 min, bleaching had no effect on FS of gelatin from ventral
skin {p>0.05). Gelatin from dorsal skin bleached with 5% H,0; for 48 h exhibited the
highest FS at both 30 and 60 min (p<0.05). No differences in FS were noticeable
when 2% H,0, was used, regardless of bleaching time (p>0.05). Gravitational
drainage of liquid from the lamella and disproportionation of gas bubbles via
interbubble gas diffusion contribute to instability of foams (Yu and Damodaran,
1991). Coalescence of bubbles occur because of liquid drainage from the lamella film
as two gas bubbles approach each other, leading to film thinning and rupture
(Damodaran, 2005). Thus, the foam stability could be improved by bleaching the skin

of cuttlefish with HyO, under the appropriate condition.
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2.4.8 Protein patterns of gelatin with and without bleaching

Protein patterns of gelatins extracted from dorsal and ventral cuttlefish
skin with and without bleaching using 5% H,0, for 48 h are shown in Figure 21.
Gelatins extracted from both bleached and unbleached skin had smear protein bands
with molecular weight equivalent to y-chain, a-chain and less than a-chain. Proteins
with smear bands were generated during extraction. Muyonga ef al. (2004a) reported
that during conversion of collagen to gelatin, the inter- and intra-molecular bonds
linking collagen chains as well as some peptide bonds are broken. The more severe
the extraction process, the greater the extent of hydrolysis of peptide bonds was
obtained. Without bleaching, skin matrix was denser and the conversion of collagen to

gelatin was less effective.

kDa
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Figure 21. SDS-PAGE pattern of gelatin extracted from dorsal (DSG) and ventral
(VSQ) cuttlefish skin with and without bleaching using 5% H,0, for 48 h.
HM and CSC denote high MW protein markers and bovine collagen type [,

respectively.
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Gelatin from dorsal and ventral skin with prior bleaching contained
proteins with moelecular weight of about 97 kDa as the dominant component. This
suggested that the peroxide decomposition products such as the hydroxyl radicals and
superoxide anion radicals (O;) were presumed to destroy H-bond stabilizing «-
chains, resulting in the increased extractability. However, the MW of 97 kDa protein
was slightly lower than that of ol and 2. H,O, might induce some fragmentation of
o-chain, leading to slightly lower MW (97 kDa). Collagen extracted from both
cuttlefish and squid skin was composed mainly of c-chains and low content of
dimmer (-components) and higher molecular weight aggregates (y-components and

other) (Gémez-Guillén et al., 2002; Kolodziejska et al., 1999; Nagai ef al., 2001).

2.4.9 FTIR spectra of gelatin

FTIR spectra of gelatin extracted from dorsal and ventral skin with and
without bleaching in 5% H,0; for 48 h are shown in Figure 22. FTIR spectroscopy
has been used to study changes in the secondary structure of gelatin. A spectra of both
dorsal and ventral skin gelatin displayed major bands at 3264 cm’' (Amide A,
representative of NH-stretching, coupled with hydrogen bonding), 1628 cm™ (amide
I, representative of C=0 stretching/hydrogen bonding coupled with COQ"), 1550.49
cm-' (amide 11, representative of NH bending coupled with CN stretching) and
1240.01 ¢m-' (amide 111, representative of NH bending). FTIR spectra of cuttlefish
skin gelatin were similar to those found in other gelatins (Muyonga et al., 2004b).
Similar spectra were observed between gelatin from skin with and without bleaching
for both dorsal and ventral skin (Figure 22A, 22B). Bleaching skin with HO; resulted
in the decreases in the intensity of amide A, I, II and Il bands of gelatin from both
dorsal and ventral skin. These changes are indicative of greater disorder (Friess and
Lee, 1996) in gelatin and are associated with loss of triple helix state (Muyonga er al.,
2004b). The shift o lower wavenumber was observed in gelatin from ventral skin
bleached with 5% H>O,. However, no shift was noticeable in gelatin from dorsal skin.
The amine A, [ and [ peaks of gelatin extracted from bleached ventral skin (3264,
1628 and 1535 cm™, respectively) had lower wavenumbers than those of gelatin from

unbleached counterpart (3289, 1629 and 1538 cm’’, respectively).
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22. Fourier transform infrared (FTIR) spectroscopic spectra of gelatin
extracted from dorsal (A) and ventral (B) cuttlefish skin with and
without bleaching using 5% H,0, for 48 h.
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Muyonga ef al. (2004b) reported that the amide T and II peak of
collagen extracted from adult Nile perch was at a higher frequency than the young
fish skin collagen, due to more intermolecular cross-links in the adult fish collagen. A
shift of peaks to lower wavenumbers is associated with a lower molecular order
(Payne and Veis, 1988). The amide I is the most useful peak for infrared analysis of
the secondary structure of protein including gelatin (Surewicz and Mantsch, 1988).
Yakimets ef al. (2005) reported that the absorption peak at 1633 cm™' was the
characteristic for the coil structure of gelatin. The change in amide I band of gelatin
suggested that the use of HyO, might affect the helix coil structure of gelatin, This
result suggested that hydrogen peroxide might induce the changes in secondary
structure and functional groups of resulting gelatin, associated with the increased

intermolecular interactions and denaturation of gelatin.

2.4.10 Amino acid composition of gelatin

The amino acid composition of gelatin extracted from ventral cuttiefish
skin with prior bleaching using 5% H30,, expressed as residues per 1000 total
residues is shown in Table 11. Generally, glycine was a major amino acid in ventral
cuttlefish skin gelatin (approximately 1/3 of the total amino acids). Relatively high
contents of proline, glutamic acid, hydroxyproline, alanine and aspartic acid were
found in the gelatin. However, ventral cuitlefish skin gelatin showed low content of
threonine, methionine and histidine. There were negligible cysteine and no tyrosine in
the gelatin. The imino acid content (proline and hydroxyproline) of gelatin from
ventral cuttlefish skin was 194 residues per 1000 residues. The imino acid content was
higher that that of gelatin from squid and giant squid (175 and 163 residues per 1000
restdues, respectively) (Giménez et al., 2009, Goémez-Guillén ef al., 2002) but lower
than that of bigeye snapper, brownbanded bamboo shark and porcine skin gelatin
(195, 208 and 223 residues per 1000 residues, respectively) (Eastoe and Leach, 1977;
Jongjareonrak ef al., 2005; Kittiphattanabawon ef al., 2010). It is generally recognized
that imino acids are key factors affecting functional properties of gelatin. Since supet-
helix structure of the gelatin is stabilized by hydrogen bonds, gelatin with high levels
of imino acids tends to have higher gel strength and melting point (Ledward, 1986).

Pyrrolidine rings of imino acids are involved in the hydrogen bond formation between
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amino acid residues (Te Nijenhuis, 1997). Apart from Pro and Hyp, gelatin also
contained a high content of Ala, Asp, Asn, Glu and Gln, Ala is found in non-polar
regions, where the sequences of Gly-Pro—Y predominate and the third positions are
normally occupied by Hyp or Ala (Ledward, 1986). Gelatin with a higher content of
Pro, Hyp and Ala are considered to have higher viscoelastic properties and also had
ability to develop triple-helix structures, which are important for stabilizing the

structure of gelatin gel (Gémez-Guillén ef al., 2002).

Table 11. Amino acid composition of gelatin extracted from ventral cuttlefish skin.

Amino acid Content (residues/ 1000 residues)
Alanine 83
Arginine 60
Aspartic acid/asparagine 72
Cysteine 1
Glutamine/glutamic acid 92
Glycine 314
Histidine 5
Isoleucine 20
Leucine 26
Lysine 12
Hydroxylysine 12
Methionine 7
Phenylalanine 12
Hydroxyproline 91
Proline 103
Serine 40
Threonine 7
Tyrosine 0
Valine 19
Total 1000
Imino acid* 194

* Imino acids include proline and hydroxyproline

2.5 Conclusion

Bleaching of cuttlefish skin with 5% H,0, not only improved the color
of resulting gelatin but also enhanced the gel strength effectively. Furthermore,
bleaching could increase the yield of gelatin. Bleaching also improved emulsifying
and foaming properties of resulting gelatin, mostly via the oxidation of gelatin
molecule. Due to the higher proportion and functional properties of ventral skin as

well as the much lower pigment content, this portion was used for further study.




CHAPTER 3

Antioxidative activity and emulsifying properties of cuttlefish skin gelatin

modified by oxidized phenolic compounds

3.1 Abstract

Antioxidative activity and emulsifying properties of cuttlefish skin
gelatin modified by different oxidized phenolic compounds including caffeic acid
(OCA), ferulic acid (OFA) and tannic acid (OTA) at different concentrations were
investigated. Oxidized phenolic compounds were covalently attached to gelatin as
indicated by the decrease in amino groups. Fourier transform infrared spectroscopic
study indicated the presence of aromatic ring and hydroxyl group of gelatin after
modification. Modified gelatin had the increased antioxidative activity but the
decreased surface hydrophobicity. Gelatin modified with 5% OTA had no change in
emulsifying property. Emulsion stability and oxidative stability of menhaden oil-in-
water emulsion stabilized by 0.5 and 1.0% gelatin without and with modification by
5% OTA were studied. Both gelatins at a higher concentration (1.0%) yielded
emulsion with the smaller particle size. Modified gelatin inhibited the formation of
TBARS in the emulsion more effectively than the control gelatin throughout the

storage of 12 days.

3.2 Introduction

Proteins are widely used as emulsifiers in food products because of
their ability to improve the stability of oil-in-water emulsions (McClements, 2004).
Although low molecular mass surfactants, such as lecitin, mono- and diglycerides
etc,, are more effective than protein in reducing the interfacial tension, foams and
emulsions formed by such surfactants are mostly unstable (Damodaran, 2005). In

addition to lowering interfacial tension, protein can form a continuous viscoelastic

82




83

membrane-like film around oil droplets, whereas the low molecular mass surfactants
cannot form such a viscoelastic film (Damodaran, 1997). A major potential advantage
of proteins as emulsifiers in foods is their ability to protect lipids from iron catalysed
oxidation (Hu et ai., 2003). At pH values below their isoelectric point (pl), proteins
form positively charged interfacial membranes around oil droplets, which
electronstatically repel any Fe** and Fe®* jons present in the aqueous phase, thereby
preventing oxidation of polyunsaturated lipids within the droplets (Surh ef al., 2005).
Moreover, amino acids in protein can scavenge free radical and chelate prooxidative
metals (Djordjevic ef al., 2008).

Gelatin is commercially made from skins and skeletons of bovine and
porcine. It has been used extensively in the medical, food, photographic and other
industries (Derkatch ef al., 1999). Gelatin is surface active and is capable of acting as
an emulsifier in oil-in-water emulsions (Lobo, 2002; Miiller and Hermel, 1994; Olijve
ef al., 2001). However, the occurrence of bovine spongiform encephalopathy (BSE)
and foot/mouth diseases has led to the incn'easing interest of other gelatin sources,
especially fish skin and bone from seafood processing. Nevertheless, gelatin from
marine resources had the poorer emulsifying properties, compared with mammalian
gelatin (Aewsiri ef al., 2008).

Plant phenolics are defined as compounds possessing one or more
aromatic rings bearing hydroxyl substituent(s), and can be found in many foods and
drinks from plant origin, e.g. fruits, vegetables, coffee (Parr and Bolwell, 2000).
Phenolic compounds can interact with proteins through non-covalent and covalent
interaction. However, covalent bonding seems to play an important role in protein-
phenol interaction, which is used to improve functional properties of proteins, Foam
formation and stability of Tween 20/B-lactoglobulin mixed system was improved by
(+)-catechin due to (+)-catechin-induced cross-linking of proteins in the adsorbed
layer (Sarker er al., 1995). Additionally, antioxidative activity of protein can be
modified by phenolic compounds (Rohn et al, 2004). Nevertheless, a little
information regarding the modification of gelatin with phenolic compound and its
impact on stability and lipid oxidation of emulsion system has been reported.
Therefore, the objectives of this study were to investigate the effect of cuttlefish skin

gelatin modified by oxidized phenolic compounds, including caffeic acid (OCA),




84

ferulic acid (OFA) and tannic acid (OTA), possessing different size and number of

hydroxyl groups, on stability and lipid oxidation of fish oil emulsion.
3.3 Materials and Methods

3.3.1 Chemicals
Caffeic, ferulic acid, tannic acid, 2,2'-azinobis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS), 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2, 4, 6-tripyridyl-
triazine (TPTZ), 2, 4, 6-trinitrobenzenesulfonic acid (TNBS), Trolox and menhaden
oil were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Hydrogen
peroxide (Ha03), trichloroacetic acid (TCA), 2-thiobarbituric acid (TBA), Folin-
Ciocalteu’s phenol reagent, sodium sulfite and ferric chloride were obtained from

Merck (Darmstadt, Germany). All chemicals were of analytical grade.

3.3.2 Preparation of cuttlefish skin
Ventral skin of cuttlefish (Sepia pharaonis} was obtained from a dock
in Songkhla, Thailand. Cuttlefish skin was stored in ice with a skin/ice ratio of 1:2
(w/w) and transported to the Department of Food Technology, Prince of Songkla
University within [ h, Upon arrival, cuttlefish skin was washed with tap water and cut
into small pieces (1 x 1 em®), placed in polyethylene bags and stored at -20°C until

use. Storage time was not longer than 2 months.

3.3.3 Extraction of gelatin from cuttlefish skin

Cuttlefish skin was treated with 10 volumes of 0.05 M NaOII for 6 h
with a gentle stirring at room temperature (26-28 °C). The solution was changed every
1 h for up to 6 h. Alkali treated skin was then washed with distilled water until the
neutral pH of wash water was obtained. The prepared skin was subjected to bleaching
with 10 volumes of 5% H;0, at 4°C for 48 h at room temperature and then washed
with 10 volumes of water for 3 times. Gelatin was extracted from bleached skin using
distilled water (60°C) for 12 h with a sample/water ratio of 1:2 (w/v). During
extraction, the mixture was stirred continuously. The extract was centrifuged at 8,000

x g for 30 min using a refrigerated centrifuge (Sorvall Model RC-B Plus, Newtown,
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CT, USA) to remove insoluble material. The supernatant was collected and freeze-
dried using a freeze dryer (Model Dura-Top™ pP/Dura Dry™ uP, FTS® System, Inc.,
Stone Ridge, NY, USA). Gelatin extracted from cuftlefish skin consisted of 87.97%
protein, 11.17% moisture, 0.94% fat and 0.53% ash contents as determined by AOAC
(2000). The molecular weight of major proteins in cuttlefish skin gelatin was
estimated to be 97 kDa as analyzed by SDS-PAGE using 4% stacking gel and 10%
separating gel (Laemmli, 1970). pl of gelatin was estimated to be 4.5 using a zeta

potential analysis (Kittiphattanabawon et a/., 2010).

3.3.4 Modification of cuttlefish skin gelatin by phenolic compounds

Cuttlefish skin gelatin was dissolved in distilled water containing 0.02
% sodium azide (NaN3) to obtain a final concentration of 1.2 % protein. The pH of the
gelatin solution was adjusted to 9 using | M NaOH. To prepare the solutions of
phenolic compounds, caffeic acid, ferulic acid and tannic acid at the concentration of
3% (w/v) were dissolved in distilled water, followed by pH adjustment to 9 with | M
NaOH. Solutions were then bubbled with oxygen at 40°C for 1 h to convert phenolic
compounds into oxidized form. To 75 mL of gelatin solution, oxidized phenolic
solutions at different concentrations (5, 10, 25 and 50 %, based on protein content)
were added. Final volume was raised to 90 mL using distilled water (pH 9) to obtain a
final concentration of 1% protein. The mixture was stirred continuously using a
magnetic stirrer (RO 10 power IKAMAG®, IKA LABORTECHNIK, Selangor,
Malaysia) at a speed of 200 rpm at room temperature for 12 h. Thereafter, the samples
were dialyzed (MW cut-off = 14000 Da) for 24 h at room temperature (26-28°C)
against 20 volumes of water to remove free phenolic compounds (unbound to
proteins), The control was prepared in the same manner except that phenolic

compound was excluded. Gelatin-phenolic complexes were subjected to analyses.

3.3.5 Determination of free amine group content
Free amino group content of samples was determined according to the
method of Benjakul and Morrissey (1997). To diluted samples (125 pl), 2.0 mL of
0.2125 M phosphate buffer, pH 8.2 and 1.0 ml of 0.01% TNBS solution were added.

The solution was mixed thoroughly and placed in a temperature-controlled water bath
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(Model W350, Memmert, Schwabach, Germany) at 50°C for 30 min in dark. The
reaction was terminated by adding 2.0 mL of 0.1 M sodium sulphite. The mixtures
were cooled at room temperature for 15 min, The absorbance was read at 420 nm and

free amino group content was expressed in terms of L-leucine.

3.3.6 Determination of total phenolic content

Total phenolic content of samples was measured according to the
method of Slinkard and Singleton (1977) with some modifications. Sample solution (1
mL) was 50-fold diluted with deionized water prior to mixing with 200 ul of the
freshly prepared Folin—-Ciocalteu reagent using a vortex mixer. After 3 min, 3 mL of
sodium carbonate (15%, w/v) were added and the mixture was allowed to stand for 30
min at room temperature. The absorbance at 760 nm was measured using a UV—vis
spectrophotometer (UV-160, Shimadzu, Kyoto, Japan). The blank was prepared by
using deionized water instead of Folin-Ciocalteu reagent. Total phenolic content was

expressed as Aqgp after blank substraction,

3.3.7 Determination of surface hydrophobicity

Surface hydrophobicity (S¢ANS) was determined as described by
Benjakul ef al. (1997) using I-anilinonaphthalene-8-sulphonic acid (ANS) as a probe.
Gelatin solution (4 mg/mL) was diluted in 10 mM phosphate buffer (pH 6.0) to obtain
the protein concentrations of 0.1, 0.2, 0.3 and 0.5%. The diluted protein solution (2
mL) was mixed with 20 pL of 8 mM ANS in 0.1 M phosphate buffer (pH 7.0). The
fluorescence intensity of ANS-conjugates was immediately measured at an excitation
wavelength of 374 nm and an emission wavelength of 485 nm using a RF-1501
spectrofluorometer (Shimadzu, Kyoto, Japan). The initial siope of the plot of

fluorescence intensity versus protein concentration was referred to as SeANS.

3.3.8 Fourier transform infrared (FTIR) spectroscopy

Spectra of gelatin modified without and with oxidized phenolic
compounds were obtained using a Bruker Model EQUINOX 55 FTIR spectrometer
(Bruker, Ettlingen, Germany) equipped with a deuterated l-alanine tri-glycine sulfate

(DLATGS) detector (Bruker, Ettlingen, Germany). The Horizontal Aftenuated Total
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Reflectance Accessory (HATR) was mounted into the sample compartment. The
internal reflection crystal (Pike Technologies, Madison, WI, USA), which was made
of zinc selenide, had a 45 angle of incidence to the IR beam. Spectra were acquired at
a resolution of 4 cm™' and the measurement range was 4000-600 cm™' (mid-IR
region) at room temperature. Automatic signals were collected in 16 scans at a
resolution of 4 cm™ and were ratioed against a background spectrum recorded from
the clean, empty cell at 25°C. Analysis of spectral data was carried out using the

OPUS 3.0 data collection software programme (Bruker, Ettlingen, Germany).

3.3.9 Determination of emulsifying properties

Emulsion activity index (EAI) was determined according to the
method of Pearce and Kinsella (1978) with a slight modification, Soybean oil (2 mL)
and gelatin solution (1 % protein, 6 ml) were homogenized using a homogenizer
{model T25 basic, IKA LABORTECIHNIK, Selangor, Malaysia) at a speed of 20,000
rpm for 1 min. Emulsions were pipetted out at 0 and 10 min and 50-fold diluted with
0.1% SDS. The mixture was mixed thoroughly for 10 s using a vortex mixer, Asgp of
the resulting dispersion was measured using a spectrophotometer (UV-160,
Shimadzu, Kyoto, Japan). EAI at 0 and 10 min were calculated by the following

formula:
EAI (m%/g) = (2x2.303 A)DF/$C

where A = Asgg, [ = path length of cuvette (m), DF= the dilution faction (100), ¢ = oil

volume fraction (0.25) and C = protein concentration in aqueous phase (g/m’).

3.3.10 Determination of antioxidative activities
3.3.10.1 DPPH radical scavenging activity
DPPH radical scavenging activity was determined as described by
Binsan ef al. (2008) with a slight modification. To the diluted sample (1.5 mL), 1.5
mL of 0.10 mM 1,1-diphenyl-2-picrylhydrazyt (DPPH) in 95% ethanol was added.
The mixture was then mixed vigorously and allowed to stand at room temperature in

the dark for 30 min. The absorbance of the resulting solution was measured at 517 nm
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using a UV-vis spectrophotometer‘(UV-I60, Shimadzu, Kyoto, Japan). The standard
curve of Trolox (60-600 uM) was prepared in the same manner. The activity was
expressed as pmol Trolox equivalent (TE)/ mg protein.
3.3.10.2 ABTS radical scavenging activity
ABTS fiee radical scavenging assay was determined according to the
method of Re er al (1999) with a slight modification. 2, 2'-azinobis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) free radical was generated by reacting
7.4 mM ABTS and potassium persulfate (2.6 mM) at a ratio of 1:1 (v/v) and leaving
at room temperature in the dark for 12 h. ABTS free radical solution was diluted by
mixing 1 mL of ABTS solution with 50 mL of methanol to obtain an absorbance of
1.1 4 0.02 units at 734 nm using an UV-vis spectrophotometer (UV-160, Shimadzu,
Kyoto, Japan). To 150 uL of sample, 2850 pL of ABTSe+ solution was added and
mixed thoroughly using a vortex mixer (Vortex genie® 2, Scientific Industries,
Bohema, NY, USA). The extent of quenching of the ABTSe+ was measured at 734
nm after 2 h incubation at room temperature in dark. The standard curve of Trolox (60
— 600 pM) was prepared in the same manner. The activity was expressed as pmol TE/
mg protein.
3.3.10.3 Ferric reducing antioxidant power (FRAP)
FRAP was determined as described by Benzie and Strain (1996) with a
slight modification. A 2.85 mL of freshly prepared FRAP solution (2.5 mL of a 10
mM TPTZ solution in 40 mM HCI plus 2.5 mL of 20 mM FeCls.6H,0O solution and
25 mL of 300 mM acetate buffer, pH 3.6) was incubated at 37 °C for 30 min before
mixing with 150 uL of sample. The mixture was allowed to react in dark at room
temperature, Absorbance at 593 nm was measured after 30 min of reaction. The
standard curve of Trolox (60 — 600 M) was prepared in the same manner. FRAP was
expressed as umol TE/ mg protein,
3.3.10.4 Determination of Fe?* chelating activity
Chelating activity toward Fe?" was measured by the method of Boyer
and McCleary (1987) with a slight modification. Difuted sample (4.7 mL) was mixed
with 0.1 mL of 2 mM FeCl; and 0.2 mL of § mM ferrozine. The reaction mixture was

allowed fo stand for 20 min at room temperature. The absorbance was then read at
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562 nm. The blank was prepared in the same manner except that distilled water was

used instead of the sample. The chelating activity was calculated as follows:

Chelating activity = [(B-A) / B] x 100

where A is Asg, of sample and B is Asg; of the blank.

3.3.11 Effect of gelatin modified without and with OTA on emulsion

stability and lipid oxidation of menhaden oil emulsion

Menhaden oil-in-water emulsions were prepared by homogenizing the
mixture of menhaden oil and gelatin solution (1:9, v/v) at a speed of 10,000 rpm for 2
min (IKA LABORTECNIK, model T25 basic, Selangor, Malaysia). Gelatin modified
without and with OTA (5% of protein) at concentrations of 0.5 and 1 % protein were
used. These coarse emulsions were then passed through a two-stage high-pressure
valve homogeniser (M-110P, Microfluidizer, Newton, MA, USA) at 10,000 psi for 2
times. NaN; (0.02 %) was added to the emulsions as an antimicrobial agent. The
menhaden oil emulsions were then stored at room temperature (28-30°C) for 12 days.
The samples were taken every two days for analyses.

3.3.11.1 Measurement of zeta potential and particle size

Zeta potential and particle size of emulsions were determined with
ZetaPlus zeta potential analyzer (Brookhaven Instruments Corporation, Holtsville,
NY, USA) at room temperature. Prior to analysis, the samples were properly diluted
with deionized water.

3.3.11.2 Measurement of thiobarbituric acid reactive substances

Thiobarbituric acid reactive substances (TBARS) were determined as
described by Buege and Aust (1978). Two mL of fish oil emulsion sample were
dispersed in 10 mL of thiobarbituric acid solution (0.375% thiobarbituric acid, 15%
trichloroacetic acid and 0.25 M HCI). The mixture was heated in boiling water for 10
min, followed by cooling in running tap water. The mixture was centrifuged at 3600 x
g for 20 min at room temperature. The absorbance of the supernatant was measured at
532 nm. The standard curve was prepared using malonaldehyde (2-10 ppm) and

TBARS were expressed as mg malonaldehyde/! emulsion.
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3.3.12 Protein determination
Protein content was determined by the Biuret method (Robinson and

Hodgen, 1940) using bovine serum albumin as a standard.

3.3.13 Statistical analysis
The experiments were run in triplicate. All data were subjected to
Analysis of Variance (ANOVA) and differences between means were evaluated by
Duncan’s multiple range test. For pair comparison, T-test was used (Steel and Torrie,
1980). The SPSS statistic program (Version 10.0) (SPSS Inc., Chicago, IL, USA) was

used for data analysis.
3.4 Results and Discussion

3.4.1 Changes in free amino group content of gelatin

Free amino group contents of cuttlefish skin gelatin modified by
different oxidized phenolic compounds at various levels are shown in Table 12.
Gelatin modified by oxidized phenolic compounds had the lower free amino group
content than the control gelatin (without oxidized phenolic compound) (p<0.05). Tt
indicated that nucleophilic amino groups might interact with electrophilic quinone, an
oxidized form of phenolic compounds. A reaction of protein with oxidized phenolic
compounds led to a decrease in free amino group content (Rawel er al., 2001).
Furthermore, the oxidized phenolic compound can react with other nucleophilic
groups, such as tryptophan, cysteine, methionine, histidine, tyrosine and N-terminal
proline of the protein molecule (Kroll er af., 2003). The rate of loss in free amino
group of gelatin depended on type and concentration of oxidized phenolic compéunds
used. At the same level of oxidized phenolic compounds, the higher loss in free amino
groups was observed in gelatin modified by OCA (p<0.05), followed by that found in
gelatin modified with OTA and OFA, respectively. In general, the loss in free amino
groups was increased when the concentration of oxidized phenolic compounds used
increased (p<0.05). OCA (MW ~ 180) exhibited the higher interaction with amino
groups of gelatin, compared with OTA (MW ~ 1,701). The smaller molecules might

disperse uniformly and could interact with amino groups of gelatin more effectively.
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Although OFA (MW ~ 194) had the similar molecular mass to OCA, the loss in free
amino groups of gelatin modified with OFA was lower, Ferulic acid, with one
hydroxyl of caffeic acid replaced by —~OCH;, is considerably less reactive. Rawel ef
al. (2001) reported that ferulic acid cannot be oxidized to their corresponding quinone
derivative. The formation of a semiquinone radical with lower reactivity was
presumed, compared with OCA and OTA. Quinone is known as the electrophilic
compound, which can interact with nucleophilic amino group of proteins (Kroll ef al.,

2003).

Table 12. Free amino group content and emulsifying properties of cuttlefish skin

gelatin modified with different oxidized phenolic compound at various levels

Oxidized Concentration  Free amino group Emulsion activity index (m%/g)
phenolic (% wiw of content
compound protein) (mM) 0 min 10 min
Control (unmodified) 3.84 4+ 0.12i* 20.86 £ 1.24f 10.58 + 0.08h
5 3.61 £0.19gh 19.93 £ 0.48def 10.67 1 0.50h
Ferulic acid 10 3.61 £0.02gh 18.63 + 0.63bcd 10.15 £ 0.47h
25 3.55£0.14g 18.63 £ 0.24bcd 8.95 + 0.81fg
50 3.34 £ 0.03f 18.75 + 0.95bed 7.92 + 0.99def
5 3.03 £ 0.05¢ 18.72 + 0.57bed 8.82 £ 0.61efg
Caffeic acid 10 2.73 £ 0.02d 18.48 £ 0.87bcd 7.77 £ 0.59de
25 1.98 + 0.05b 18.04 + 0.68bc 7.23 £ 0.80cd
50 1.46 £ 0.13a 17.99 + 0.60bc 6.57 + 0.38bc
5 3.79 £0.17hi 20.25 + 0.87ef 9.89 + 0.28gh
Tannic acid 10 3.08 £0.05¢ 19.38 + 0.97¢cde 7.19 + 0.62cd
25 2.68 £ 0.02d 17.44 + 0.60b 5.63 £ 0.97b
50 243 £ 0.02¢ 13.04 £ 0.68a 4.37 + 0.68a

MeantSD (n=4).

* Different letters in the same column indicate significant differences (p<0.05).

3.4.2 Changes in total phenol content

Total phenol contents of cuttlefish skin gelatin modified by different
oxidized phenolic compounds at various levels determined by Folin—Ciocalteu
method are expressed as Azg (Figure 23A). The increases in Aggp were observed in
gelatin modified with all oxidized phenolic compounds when the levels of introduced
compounds increased (p<0.05). This result indicated that oxidized phenolic

compounds were incorporated with gelatin molecules to a higher extent when the
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higher level of oxidized phenols were introduced. At the same level, no differences in
Ageo were noticeable between gelatin modified with OCA and OTA (p>0.05). Az of
gelatin modified by OFA was lowest (p<0.05). This result was associated with the
lowest loss in free amino group of gelatin modified by OFA. The result suggested that

OFA could incorporate with amino group of protein to some extent.
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Figure 23. Azg (A) and surface hydrophobicity (B) of cuttlefish skin gelatin modified
with different oxidized phenolic compounds at various levels. Bars represent

the standard deviation (n=3).

Although the loss in free amino groups of gelatin modified with OTA
was less than that of gelatin modified by OCA (Table 12), no differences in Az were
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observed between gelafin modified with both oxidized compounds. Tannic acid
possessed a greater number of hydroxyl groups attached to the aromatic benzene ring
as compared fo caffeic acid. Those hydroxy! groups were converted to quinone, which
were able to interact with amino group of gelatin molecules. During dialysis to
remove unbound oxidized phenols, the reduction of free quinone groups to hydroxyl
groups of phenolic compound attached to gelatin could probably take place to some
degree. The similar number of reduced free hydroxyl groups between gelatin modified
by OCA and OTA more likely contributed to similar reducing ability of Folin-
Ciocalteu reagent, as indicated by the similar A7p between vboth modified gelatin,
Asep Observed in the control gelatin solution was more likely due to the presence of
amino acid residues including tyrosine, tryptophan, cysteine, histidine and asparagines
(Lowry et al., 1951). Those amino acids were able to reduce Folin-Ciocalteu reagent

as evidenced by the increase in Azgg.

3.4.3 Changes in surface hydrophobicity

Changes in surface hydrophobicity of cuttlefish skin gelatin modified
with different oxidized phenolic compounds at various levels are shown in Figure
23B. Generally, gelatin modified with oxidized phenolic compounds had a decrease in
surface hydrophobicity, compared with the control gelatin (p<0.05). The surface
hydrophobicity of gelatin modified with all oxidized phenolic compounds decreased
with increasing concentrations of compounds used (p<0.05). ANS, a fluorescence
probe, has been found to bind to hydrophobic amino acids containing an aromatic
ring, such as phenylalanine and tryptophan, and can be used to indicate the surface
hydrophobicity of protein (Benjakul et al, 1997). The decrease in surface
hydrophobicity of resulting gelatin indicated that phenolic compounds bound with
gelatin most likely contributed fo the increased hydrophilicity at the surface of gelatin
molecules. This result was in agreement with Rawel es af, (2002a) who reported that
the surface hydrophobicity of soy protein decreased when reacted with phenolic
compounds. The decrease in surface hydrophobicity of gelatin derivatives was
possibly caused by hydroxyl and carboxyl groups of phenolic compounds attached to
gelatin, Kroll e al. (2003) reported that the covalent attachment of the phenolic

compound to proteins causes the blocking of the hydrophilic groups like amino and
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thiol groups. On the other hand, there is also an increase in the amount of apolar
groups (benzene ring) and polar groups (hydroxyl and carboxyl groups as in the case
of the phenolic acids) being introduced. Among all phenolic compounds introduced,
gelatin modified with OCA or OTA had the lower surface hydrophobicity than that
modified by OFA (p<0.05). At the same amount of oxidized phenolic compounds
introduced, gelatin modified with OTA and OCA exhibited the similar surface
hydrophobicity (p>0.05). Thus, the introduction of oxidized phenolic compounds
resulted in the ‘aitered hydrophobicity of resulting gelatin.

3.4.4 Changes in emulsifying propertics

Emulsion activity index (EAI) of cuttlefish skin gelatin modified with
oxidized phenolic compounds at various levels expressed as the turbidity of emulsion
at wavelength of 500 nm is shown in Table 12. At the low level of oxidized phenolic
compounds introduced (5 wt% of protein), gelatins modified with OCA showed the
decrease in EAT both at 0 and 10 min when compared with the control (p<0.05).
Nevertheless, no change in EAI of gelatin medified with 5% of OTA and OFA was
observed (p>0.05). However, at the concentration of oxidized phenolic compounds
introduced above 5% (w/w of protein), EAI of gelatin modified with all oxidized
phenolic compounds decreased for both at 0 and 10 min. The decrease was more
pronounced as the concentration of oxidized phenolic compounds increased. This was
possibly associated with the decreases in surface hydrophobicity of gelatin modified
with oxidized phenolic. Kato and Nakai (1980) reported that surface hydrophobicity
of protein is generally associated with a better surface activity, in which the reduction
in interfacial tension and the increase in emulsifying activity are achieved. The
decrease in surface hydrophobicity of gelatin modified with oxidized phenolic
compound might lower the ability of gelatin to localize at the oil-water interface,
Moreover, interactions of oxidized phenolic compounds with gelatin probably led to
the aggregation of gelatin molecules. As result, gelatin might not unfold at the oil-
water interface and form the film around the oil droplet effectively (McClements,
2004; Rawel et al., 2002b). However, the improvement of foam and emulsion stability
of proteins by phenolic compound has been reported (Viljanen ef al, 2005). The

addition of blackberry and raspberry juices in oil-in-water emulsion using whey
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proteins as emulsifier resulted in the enhanced stabilization of the interface formed
during emulsification. Sarker et al. (1995) reported that (+)-catechin at 0.1 molar ratio
could improve foam formation and stability of Tween 20/B-lactoglobulin mixed
system, because of (+)-catechin-induced cross-linking of proteins in the adsorbed
layer. Therefore, the incorporation of oxidized phenolic compounds into gelatin to a

high level showed the detrimental effect on emulsifying property of modified gelatin.

3.4.5 Changes in antioxidative activities
3.4.5.1 DPPH radical scavenging activity

DPPH radical scavenging activities of gelatin modified with different
oxidized phenolic compounds at various levels are depicted in Figure 24A. DPPH
radical scavenging activity of the control gelatin was 12.49 umol TE/ mg protein.
When gelatin was incorporated with 5% OFA, OCA and OTA, the activity was
increased to 48.76, 70.11 and 81.94 pmol TE/mg protein, respectively. These results
indicated that phenolic compounds introduced to gelatin contributed to the increased
antioxidative activity of gelatin. The effect of antioxidants on DPPH radical
scavenging was thought to be due to their hydrogen-donating ability (Binsan et af.,
2008). The increase in DPPH radical scavenging activity was observed in all gelatins
modified with all oxidized phenolic compounds when the higher concentrations of
oxidized phenolic compound were used (p<0.05). The maximum activity was
observed when gelatin was modified with 50% oxidized phenolic compound
(p<0.05). This was in agreement with Rohn ef al (2004) who found that the
antioxidative activity of bovine serum albumin (BSA) derivatized by covalent
attachment of quercetin increased with increasing concentration of quercetin,

At the same concentration of oxidized phenolic compounds used, gelatin
modified with OTA had the highest DPPH radical scavenging activity, followed by
those modified with OCA and OFA, respectively. The result revealed that DPPH
radical scavenging activity of gelatin modified by oxidized phenolic compounds was
governed by the type of phenolic compound used and the degree of incorporation of
phenolic compounds into gelatin. The result indicated that free quinones of oxidized
phenolic compounds were mostly reduced to hydroxy! groups. Those hydroxyl groups

could donate hydrogen to DPPH radicals.
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3.4.5.2 ABTS radical scavenging activity
Gelatin modified with different oxidized phenolic compounds showed
different ABTS radical scavenging activities (Figure 24B). Similar result was found
when comparing with DPPH radical scavenging activity (Figure 24A). The gelatin
modified with OTA and OCA had the increase in ABTS radical scavenging activities
with increasing concentration used. This result suggested that tannic acid and caffeic
acid attached with gelatin could scavenge the radicals, forming more stable product,
thereby terminating the radical chain reaction. Nevertheless, gelatin modified with
OFA had no changes in ABTS radical scavenging activity even when higher level of
OFA was used. The result suggested that ferulic acid attached to gelatin might not be
able to quench ABTS radicals. ABTS radical assay is an excellent tool for
detérmining the antioxidative activity, in which the radical is quenched to form
ABTS-radical complex (Binsan et al., 2008). It reconfirmed that radical scavenging
activity of gelatin was determined by the type of phenolic compounds attached.
3.4.5.3 Ferric reducing antioxidant power
Ferric reducing antioxidant power (FRAP), generally measures the
reducing capacity of ferric ion and has been correlated to the radical scavenging
capacity (Moure et al., 2006). FRAP of gelatin modified with different oxidized
phenolic compounds at various levels is shown in Figure 24C. FRAP of gelatin
modified with OFA, OCA and OTA at a level of 5% was 2.80, 20.67 and 22.27 pmol
TE/mg protein, respectively, which was higher than that of the control gelatin (1.32
umol TE/mg protein). As the concentration of oxidized phenolic compounds
increased, FRAP activities increased (p<0.05). Marked increase in FRAP of gelatin
was observed in gelatin modified with OCA and OTA, in comparison with the control
gelatin, especially at high concentration used. It was noted that FRAP of gelatin
modified with OFA slightly increased. The antioxidative activity of phenolic acids
depends on the number and position of hydroxyl groups bound to the aromatic ring
(Sroka and Cisowski, 2003). The result generally was in agreement with those of
DPPH and ABTS radical scavenging activities (Figures 24 A and 24B).
3.4.5.4 Chelating activity
The ability of gelatin modified with different oxidized phenolic

compounds at different levels in metal chelating is depicted in Figure 24D. Generally,




98

the metal chelating activity of gelatin increased as the concentration of oxidized
phenolic compounds increased (p<0.05). At the same level of oxidized compounds
introduced, gelatin modified with OTA exhibited the highest metal chelating activity,
followed by those modified by OCA and OFA, respectively. Ferrous ion (Fe®') is the
most powerful prooxidant among various species of metal ions, which can catalyze
the generation of reactive oxygen species, hydroxy! radical (OH"), by which the lipid
peroxidation chain reaction is accelerated (Stohs and Bagchi, 1995). Thus gelatin
attached with phenolic compounds had the enhanced ability in metal chelation, in

which prooxidation metals can be sequestered, leading to the lowered oxidation.

3.4.6 Changes in FTIR spectra

Due to the high antioxidative activity of gelatin modified with 5%
OTA without any change in EAL gelatin modified with 5% OTA was characterized
by FTIR. FTIR spectroscopy at 4,000 to 1,000 cm™ was used to monitor the changes
in the secondary structure of gelatin with and without the modification with 5% OTA
(Figure 25A). A spectra of cuttlefish skin gelatin displayed the major bands at 3278
em”! (Amide A, representative of NH-stretching, coupled with hydrogen bonding),
1635 cm™ (amide [, representative of C=0 stretching/hydrogen bonding coupled with
COO), 1535 cm-' (amide II, representative of NH bending coupled with CN
stretching) and 1236 cm-' (amide III, representative of NH bending). Similar spectra
were observed between gelatin with and without modification with 5% OTA.
However, the decrease in the amplitude of amide A, I, If and IIl bands was observed
in gelatin modified with 5% OTA. These changes are indicative of greater disorder
(Friess and Lee, 1996) in gelatin and are associated with loss of triple helix state
(Muyonga ef al., 2004b). The shift to lower wavenumber of amide I, Il and {II peaks
was observed from 1637, 1541 and 1238 cm’ of the control gelatin to 1635, 1535 and
1236 cm™ of gelatin modified with 5% OTA, respectively. A shift of peaks to lower
wavenumbers is associated with a lower molecular order (Payne and Veis, 1988).
Muyonga ef al. (2004b) reported that the amide I and II peak of collagen extracted
from adult Nile perch was at a higher frequency than the young fish skin collagen, due
to more intermolecular cross-links in the adult fish collagen (Muyonga ef al., 2004b).

On the other hand, the shift to higher wavenumber of amide A peaks from 3278 cm’
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to 3296 cm™ was observed when gelatin was modified with 5% OTA. The peaks at

wavenumber of 3400-3300 cm™ were atiributable to the OH stretch of alcohols and

phenols (Smith, 1999).
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The result indicated the incorporation of tannic acid with OH group
into gelatin molecule. Moreover, the obvious increases in amplitude of peak at
wavenumber 1080 cm™ was found in gelatin modified with 5% OTA, suggesting the
stretching of the C-O bonds in secondary and tertiary alcohols (Smith, 1999) in
modified gelatin. These results suggested that OTA might induce the changes in
secondary structure and functional groups of resulting gelatin.

The bands situated at 720 to 680 cm™ and 655 cm™ were observed in
gelatin modified with 5% OTA, while the band with wavenumber of 720 to 690 cm’
was found in the control gelatin. (Figure 25B). The wavenumber at ~690+10 and
~655 cm-' were attributable to the bending of the C-C bonds in the aromatic and the
out of plane bending of OH group in phenol, respectively (Smith, 1999). This result
indicated that OTA could bind with the gelatin molecules ‘a-nd the unbound quinone
groups were more likely reduced during dialysis as indicated by the additional band of
OH group in phenol found in gelatin modified by 5% OTA. Thus the modification

could introduce the aromatic ring and hydroxyl group in gelatin.

3.4.7 Effect of gelatin modified with 5% OTA on emulsion stability and
lipid exidation of menhaden oil-in-water emulsion
3.4.7.1 Zeta potential and particle size of emulsion
When tested at pH 7, zeta potential of menhaden oil emulsion droplets
stabilized by control gelatin (without modification) and gelatin modified with 5%
OTA was -38.98+0.77 and -32.16%£1.2 mV, respectively (Table 13). The negative
charge of the emulsion droplets might be due to the negatively charged amino acid in
gelatin surrounding the oil droplet. At pH higher than pl, the carboxyl groups are
negatively charged (-COQ"), whereas most of the amino groups are neutral (-NH3)
(Onsaard ef al., 2006). The emulsion droplets were covered by a biopolymer with an
appreciable electrical charge. Electrostatic repulsion may play an important role in
stabilizing them against droplet aggregation (McClements, 2005). The lower negative
charge was observed in emulsion stabilized by gelatin modified with 5% OTA, when
compared with that of emulsion stability by control gelatin. These differences might
be due to the differences in the number of ionizable amino acids in the gelatin. It was

suggested that the occupation of amino groups by OTA might introduce the positive
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charge of phenolic compound to gelatin. As a consequence, the lower negatively
charged complex was obtained. Moreover, hydroxyl group of tannic acid might
interact with carboxyl groups of protein via hydrogen bond, leading to a loss of

negative charge of the resulting complex.

Table 13. Particle size and zeta potential of menhaden oil-in-water emulsion

stabilized by 0.5 and 1.0 % gelatin with and without the modification with 5% OTA at

pH 7
Gelatin Concentration  Particle size (um)  Zeta potential (imV)
(% protein)
Control (unmodified) 0.5 2,24 +0.19¢* -
1.0 0.33 +0.02a -38.98 £ 0.77a
Gelatin modified with 0.5 2.65 £ 0.09d - '
3% OTA 1.0 0.37 +0.02b -32,16 + 1.2b

Mean+SD (n=3)

* Different letters in the same column indicate significant differences (p<0.05).

Particle diameter of oil droplets of 10% menhaden oil-in-water
emulsion stabilized by 0.5 and 1.0% gelatin modified without and with 5% OTA is
shown in Table 13. Particle size of emulsion stabilized by 0.5 and 1.0% control
gelatin was 2.2440.19 and 0.33%0.02 um, respectively, whereas that of emulsion
stabilized by gelatin modified with 5% OTA was 2.6540.09 and 0.37+0.02 pm,
respectively. Droplet size of emulsion decreased markedly when the higher
concentration of gelatin either with or without modification was used. The sufficient
amount of proteins at oil-water interface is required to cover oil droplet completely.
This result was in agreement with Suth ef o/, (2005) who found that increase in fish
gelatin concentration from 0.5 to 4.0% protein could increase the fraction of small
droplets and decrease the fraction of large particles. When protein amount is limited,
there is no longer sufficient protein to fully stabilize the droplet interface, and
therefore larger particles may be formed as a result of coalescence or bridging
flocculation. The increase in protein concentration enhanced protein adsorption and
surface coverage of oil droplets, which effectively inhibited droplet aggregation or

coalescence (Sun and Gunasekaran, 2009). The larger particle size was observed in
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emulsion stabilized by gelatin modified with 5% OTA when compared with that
found in emulsion stabilized by the conirol gelatin. The decreased surface
hydrophobicity might not favor the migration of gelatin modified by 5% OTA to the
oil droplets, which were lipophilic. Thus, the amount of modified gelatin occupied at
oil droplet might be slightly lower. This led to the lower emulsifying property of
modified gelatin,
3.4.7.2 Changes in particle size of emulsion during storage

Changes in particle size of emulsions stabilized by 1.0% gelatin and
gelatin modified with 5% OTA during storage at room temperature for 12 days are
shown in Figure 26A. Particle size of both emulsions gradually increased with
increasing storage time. For emulsion stabilized by control gelatin, the particle size
increased from 0.3310.02 to 0.44£0.02 pm within 12 days of storage, whereas that of
emulsion stabilized by gelatin modified with 5% OTA increased from 0.37+0.02 to
0.46£0.03 pm. This result might be due to individual droplet growth (Ostwald
ripening) or droplet aggregation (flocculation or coalescence) during storage
(Djordjevic ef al., 2008). At day 12 of storage, no difference in size of oil droplet was
noticeable between both emulsions though the smaller size of droplet was found in
emulsion stabilized by control gelatin at day 0. This indicated that gelatin modified by
5% OTA yielded the similar emulsion stability to gelatin without modification at the
extended storage.

3.4.7.3 Changes in lipid oxidation of emulsion during storage

Lipid oxidation of menhaden oil-in-water emulsion stabilized with
gelatin modified with and without 5% OTA was monitored and expressed as TBARS
values during the storage of 12 days (Figure 26B). Generally, no TBARS were found
in the oil-in-water emulsion within the first 2 days of storage. Thereafter, the marked
increase in TBARS was observed, especially in emulsion stabilized by control gelatin
(p<0.05). Emulsion stabilized by gelatin modified with 5% OTA had the lower
TBARS (p<0.05). This result was in accordance with the antioxidative activity of
gelatin modified with OTA (Figure 24).
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Antioxidative activity of gelatin modified with or without 5% OTA
increased with increasing concentration used. Additionally, preventive effect of
gelatin at the higher level used on lipid oxidation might be associated with the thicker
film around the oil droplet. This could prevent the penetration of oxygen into oil
droplet more effectively. Therefore, gelatin modified with 5% OTA had ability to
retard TBARS formation in oil-in-water emulsion system. This result was in
agreement with Almajano and Gordon (2004) who reported that interaction of BSA
and epigallocatechin gallate (EGCG) could induce the formation of a BSA-
antioxidant adduct and cause a synergistic increase in the oxidative stability of
sunflower oil-in-water emulsion effectively, when compared with BSA or EGCG

alone.

3.5 Conclusion

Attachment of 5% oxidized tannic acid (OTA) to cuitlefish skin gelatin
enhanced antioxidative activity with no detrimental effect on emulsifying properties
of resulting gelatin. Use of gelatin modified with 5% OTA could inhibit lipid
oxidation of menhaden oil-in-water emulsion effectively. The efficacy was dose
dependent. Therefore, cuttlefish skin gelatin modified with 5% OTA could be used as

emulsifier possessing antioxidative activity in emulsion systems.




CHAPTER 4

Antioxidative activity and emulsifying properties of cuttlefish skin gelatin-

tannic acid complex as influenced by types of interaction

4.1 Abstract

The non-covalent interaction between cuttlefish skin gelatin and tannic
acid was observed in gelatin modified with unoxidized tannic acid (TA) at pH 7,
whereas covalent interaction was found in gelatin modified with oxidized tannic acid
(OTA) at pH 9. Degree of tannic acid incorporation into gelatin via non-covalent
inferaction was more pronounced than that found via covalent interaction as
evidenced by lowered free amino group content and increased total phenolic content
and hydroxyl group and aromatic ring determined by FTIR. Gelatin modified with
OTA had the slight decrease in surface hydrophobicity, with no changes in particle
size distribution of the emulsions. Modification of gelatin with tannic acid, especially
via non-covalent interaction, increased /n vifro antioxidative activity, compared with
the controf gelatin. Gelatin modified with tannic acid via covalent interaction rendered
the emulsion with high stability and could inhibit lipid oxidation of menhaden oil-in-

water emulsion effectively throughout the storage of 12 days.

4.2 Introduction

Many food products containing lipids are commonly found in emulsion
forms either as water-in-oil, for example, butter and margarine, or oil-in-water, for
example, mayonnaise, milk and cream. Lipid oxidation negatively affects the quality
of foods, especially emulsion type products by altering appearance, odor, flavor,
shelf-life and nutritional value. This results in unacceptability by consumers (2006).
To retard or prevent such changes, antioxidants are increasingly used to control lipid

oxidation in emulsions. Due to the anxiety of possible toxicity of synthetic
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antioxidants, the natural antioxidants have been paid increasing attention among the
consumers. Polyphenol compounds have received attention as antioxidant agents in
food products. The antioxidant properties of phenolics are mainly because of their
redox properties, which allow them 1o act as reducing agents, hydrogen donators and
singlet oxygen quenchers (Rice-Evans ef al., 1997). Additionally, these phenolic
compounds can bind metal ions and scavenge the radicals (Moure ef al, 20006).
Nevertheless, phenolic compounds with higher antioxidative activity generally consist
of the higher number of hydroxyl group in structure (Prasad et al., 2005). These polar
antioxidants are sparingly soluble in oil. In oil-in-water emulsions system, polar
antioxidants readily partition into the aqueous phase, decreasing their concentration in
the lipid phase and thus lowering their capability to prevent oxidation (Yuji ef al.,
2007). However, the effectiveness of polar antioxidant in oil-in-water emulsions can
be improved by increasing their surface activity and ability to accumulate at the oil-
water interface where oxidative reactions take place (Yuji ef al., 2007).

Proteins are surface/interfacial active and are widely used as
emulsifiers in foods to produce oil-in-water emulsions with desirable physicochemical
properties and improved stability (McClements, 2004). They can adsorb on oil-water
interfaces and various hydrophobic segments penetrate into the oil phase. To improve
the amphiphilic property of protein, the appropriate modification by incorporating the
phenolic compound could be a potential means to obtain the modified protein with the
higher emulsifying property as well as antioxidant activity. A protein-phenolic
complex is concentrated at the oil-water interface, yielding the surface active nature
of the protein and antioxidative activity of phenolic compounds (Almajano and
Gordon, 2004). The interaction between proteins and phenolic compound may occur
through non-covalent interaction (such as hydrogen bonding and hydrophobic
interaction) or covalent interaction (Kroll ef ai., 2003).

Cuttlefish is one of major seafood products of Thailand. During
processing, the skin was removed and become the by-product with the low market
value, In general, it has been used as the animal feed. Recently, Aewsiri ef al. (2009a)
extracted the gelatin from cuttlefish. However, it showed the low bloom strength. To
exploit the gelatin from cuttlefish shin, it has been used as the emulsifying agent after

modification with some selected phenolic compounds (Aewsiri e/ al., 2009b). The
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incorporation of oxidized phenolic compounds especially tannic acid in gelatin from
cuttlefish skin can increase antioxidative activity and emulsifying properties of
resulting gelatin. Tannic acid is affirmed as Generally Recognized as Safe (GRAS) by
the Food and Drug Administration (FDA) for the use as a direct additive in some food
products such as baked goods and baking mixes, alcoholic and non-alcoholic
beverages, frozen dairy desserts and mixes, hard candy and cough drop as well as
meat products (21 CFR184. 1097, US Code of Federal Regulation, 2006). Tannin
contains sufficient hydroxyls and other groups such as carboxyls to form strong
complexes with the proteins and other macromolecules (Kroll e al, 2003).
Nevertheless, a little information regarding the type of interaction between gelatin and
tannic acid and its impact on stability and lipid oxidation of emulsion system has been
reported. Therefore, the objective of this study was to investigate the influence of the
modification of cuttlefish skin gelatin with tannic acid via covaleint and non-covalent

interaction on antioxidative activity and emulsifying properties of resultant gelatin.
4.3 Materials and methods

4.3.1 Chemicals

Tannic acid, 2,4,6-trinitrobenzenesulfonic acid (TNBS), 1,1-diphenyl-
2-picrylhydrazyl (DPPH), 2,2'-azinobis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS), 24.6-tripyridyl-triazine (TPTZ), Trolox and menhaden (Brevoortia
tyrannus) oil were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Hydrogen peroxide (H,0,), trichloroacetic acid (TCA), 2-thiobarbituric acid (TBA),
Folin-Ciocalteu’s phenol reagent, sodium sulfite and ferric chloride (FeCly) were
obtained from Merck (Darmstadt, Germany). Sodium dodecyl sulfate (SDS) was
procured from Bio-Rad Laboratories (Hercules, CA, USA). All chemicals were of

analytical grade.

4.3.2 Preparation of cuttlefish skin
Ventral skin of cuttlefish (Sepia pharaonis) was obtained from the
dock in Songkhla, Thailand. Cuttlefish skin was stored in ice with a skin/ice ratio of

1:2 (w/w) and transported to the Department of Food Technology, Prince of Songkla
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University within 1 h, Upon arrival, cuttlefish skin was washed with tap water and cut
into small pieces (1 x 1 em®), placed in polyethylene bags and stored at -20°C until

use. Storage time was not longer than 2 months.

4.3.3 Extraction of gelatin from cuttlefish skin

Cuttlefish skin gelatin was prepared according to the method of
Aewsiri et al. (2009b). Skin was treated with 10 volumes of 0.05 M NaOH for 6 h
with a gentle stirring at room temperature (26-28°C). The alkaline solution was
changed every | h for up to 6 h. Alkali treated skin was then washed with distilled
water until the neutral pH of wash water was obtained. The prepared skin was
subjected to bleaching with 10 volumes of 5% H,O, at 4°C for 48 h at room
temperat‘ure and then washed with 10 volumes of water for 3 times. Gelatin was
extracted from bleached skin using distilled water (60°C) for 12 h with a sample/water
ratio of 1:2 (w/v). During extraction, the mixture was stirred continuousty. The extract
was centrifuged at 8,000 x g for 30 min using a refrigerated centrifuge (Beckman
Coulter, Avanti J-E Centrifuge, Fullerton, CA, USA) to remove insoluble material.
The supernatant was collected and freeze-dried using a freeze dryer (ScanVac Model

CoolSafe 55-4, Lynge, Denmark),

4.3.4 Modification of cuttlefish skin gelatin by tannic acid

Cuttlefish skin gelatin was modified with tannic acid using different
conditions to obtain gelatin-tannic acid complexes via covalent or non-covalent
interactions. For covalent interaction, the gelatin was modified by OTA at pH 9. The
gelatin was dissolved in distilled water containing 0.02 % sodium azide (NaN3) to
obtain a final concentration of 1.2 % protein (w/v). The pH of gelatin solution was
adjusted to 9 using 1 M NaOH. To prepare OTA, tannic acid was dissolved in
distilled water to obtain the concentration of 2% (w/v), followed by pH adjustment to
9 with 1 M NaOH. Solution was then bubbled with oxygen at 40°C for | h to convert
tannic acid into OTA, an oxidized form. To 75 ml of gelatin solution, the solution of
OTA (2.25 mL) was added to obtain the final concentration of 5% (based on protein
content). Final volume was raised to 90 mL using distilled water (pH 9), in which a

final protein concentration of 1% (w/v) was obtained. The mixtures were stirred
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continuously using a magnetic stirrer (IKAMAG® model RO 10 power, IKA
LABORTECHNIK, Selangor, Malaysia) at a speed of 200 rpm at room temperature
for 12 h. Thereafter, the samples were dialyzed (MW cut-off = 14000 Da) for 24 h at
room temperature (26-28°C) against 20 volumes of water to remove free phenolic
compounds (unbound to proteins).

For non-covalent interaction, the gelatin was modified by TA at
different pHs (pH 7 and 9). The reaction solutions were prepared as previously
described but tannic acid solution was not converted into OTA. Both gelatin and TA
solutions were adjusted to pHs 7 or 9 prior to mixing together thoroughly as
previously described. The control gelatin was prepared in the same manner except
that either TA or OTA was excluded. Modified gelatin and the control gelatin were

subjected to analyses.

4.3.5 Determination of incorporation of tannic acid into gelatin

Modified samples (1% of protein, 18 mL} either via covalent or non-
covalent interaction were added with 2 ml of 10% sodium dodecyl sulfate (SDS)
solution to obtain the final SDS concentration of 1%. The mixture was stirred gently
for 1 h at room temperature to disrupt the non-covalent interaction of gelatin-tannic
acid complexes. The untreated sample was prepared in the same manner except the
distilled water was added instead of 10% SDS solution. Thereafter, the samples were
dialyzed for 24 h against 20 volumes of water to remove unbound TA or OTA and
SDS. Subsequently, gelatin attached with tannic acid via covalent bond was retained
in the dialysate after treatment with SDS and dialysis. All samples treated without and

with SDS were subjected to analyses.

4.3.5.1 Determination of free amino group content
Free amino group content of samples treated without and with SDS
was determined according to the method of Benjakul and Morrissey (1997). To
diluted samples (125 pL), 2.0 mi 0f 0.2125 M phosphate buffer, pH 8.2 and 1.0 mL of
0.01% TNBS solution were added. The solution was mixed thoroughly and placed in
a temperature-controlled water bath (Model W350, Memmert, Schwabach, Germany}
at 50°C for 30 min in the dark. The reaction was terminated by adding 2.0 mL of 0.1
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M sodium sulfite. The mixtures were cooled at room temperature for 15 min, The
absorbance was read at 420 nm using a UV—vis spectrophotometer (UV-160,
Shimadzu, Kyoto, Japan) and free amino group content was expressed in terms of L-

leucine.

| 4,3.5.2. Determination of total phenolic content

TA or OTA incorporated into gelatin was measured in terms of total
phenolic content. Total phenolic content of samples treated without and with SDS was
measured according to the method of Slinkard and Singleton (Slinkard and Singleton,
1977) with some modifications. Sample solution (1 mL) with an appropriate dilution
was mixed with 200 pL of the freshly prepared Folin—Ciocalteu reagent using a
vortex mixer (Vortex genie® 2, Scientific Industries, Bohema, NY, USA). After 3
min, 3 mL of sodium carbonate (15%, w/v) were added and the mixture was allowed
to stand for 30 min at room temperature. The absorbance at 760 nm was measured
using a spectrophotometer. Sample blank was prepared in the same manner except the
deionized water was used instead of Folin-Ciocalteu reagent. Total phenolic content

was expressed as Aygp after blank substraction,

4.3.6 Study on some properties and antioxidative activity of modified
gelatin
4.3.6.1 Determination of surface hydrophobicity
Surface hydrophobicity (SgANS) of gelatin modified with TA or OTA
was determined as described by Benjakul ef al. (1997) using 1-anilinonaphthalene-8-
sulphonic acid (ANS) as a probe. Gelatin solution (4 mg/ml) was diluted in 10 mM
phosphate buffer (pH 6.0) to obtain the protein concentrations of 0.1, 0.2, 0.3 and
0.5%. The diluted protein solution (2 ml) was mixed with 20 ul of 8 mM ANS in 0.1
M phosphate buffer (pH 7.0). The fluorescence intensity of ANS-conjugates was
immediately measured at an excifation wavelength of 374 nm and an emission
wavelength of 485 nm using a RF-1501 spectrofluorometer (Shimadzu, Kyoto,
Japan). The initial slope of the plot of fluorescence intensity versus protein

concentration was referred to as SgANS.
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4.3.6.2 Fourter transform infrared (FTIR) spectroscopy

FTIR spectra of gelatin modified with TA or OTA were obtained using
a Bruker Model EQUINOX 55 FTIR spectrometer (Bruker, Ettlingen, Germany)
equipped with a deuterated [-alanine fri-glycine sulfate (DLATGS) detector (Bruker,
Ettlingen, Germany). The Horizontal Attenuated Total Reflectance Accessory
(HATR) was mounted into the sample compartment. The internal reflection crystal
(Pike Technologies, Madison, WI, USA), which was made of zinc selenide, had a 45°
angle of incidence to the IR beam. Spectra were acquired at a resolution of 4 cm™ and
the measurement range was 4000-600 cm™' (mid-IR region) at room temperature.
Automatic signals were collected in 16 scans at a resolution of 4 cm™' and were
ratioed against a background spectrum recorded from the clean, empty cell at 25°C.
Analysis of spectral data was carried out using the OPUS 3.0 data collection software
programme (Bruker, Ettlingen, Germany).

4.3.6.3 Determination of antioxidative activities

The antioxidative activities of the solutions of modified gelatins and
the control gelatin (1% protein) were determined in comparison with tannic acid
solution at a concentration of 0.05% (w/v} using different assays.

4.3,6.3.1 DPPH radical scavenging activity

DPPH radical scavenging activity was determined as described by
Binsan ef al. (2008) with a slight modification. To the diluted sample (1.5 mL), 1.5
mL of 0.10 mM 1,1-diphenyl-2-picrylhydrazyl (DPPH) in 95% ethanol was added.
The mixture was then mixed vigorously using a vortex mixer and allowed to stand at
room temperature in the dark for 30 min. The absorbance of the resulting solution was
measured at 517 nm using a spectrophotometer. Sample blank was prepared in the
same manner except that ethanol was used instead of DPPH solution. The standard
curve of Trolox (60-600 pM) was prepared in the same manner. The activity was
expressed as pmol Trolox equivalent (TE)/ g protein.

4.3.0.3.2 ABTS radical scavenging activity

ABTS free radical scavenging assay was determined according to the
method of Binsan ef al. (2008) with a slight modification. 2, 2'-azinobis(3-
ethyibenzothiazoline-6-sulphonic acid) (ABTS) free radical was generated by reacting

7.4 mM ABTS and potassium persulfate (2.6 mM) at a ratio of 1:1 (v/v) and leaving
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at room temperature in the dark for 12 h. ABTS free radical solution was diluted by
mixing 1 mL of ABTS solution with 50 mL of methanol to obtain an absorbance of
1.1+ 0.02 units at 734 nm using a spectrophotometer, To 150 uL of sample, 2850 ul
of ABTSe+ solution was added and mixed thoroughly using a vortex mixer. The
extent of quenching of the ABTSe+ was measured at 734 nm after 2 h incubation at
room temperature in the dark. Sample blank was prepared in the same manner except
that methanol was used instead of ABTS solution. The standard curve of Trolox (60 —
600 uM) was prepared in the same manner. The activity was expressed as umol TE/ g
protein.
4.3.6.3.3 Ferric reducing antioxidant power (FRAP)

FRAP was determined as described by Binsan et al. (2008) with a
slight modification. A 2.85 mL of freshly prepared FRAP solution (2.5 ml of a 10
mM TPTZ solution in 40 mM HCI plus 2.5 mL of 20 mM FeCl3.6H,0O solution and
25 ml of 300 mM acetate buffer, pH 3.6} was incubated at 37°C for 30 min before
mixing with 150 pL of sample. The mixture was allowed to react in the dark at room
temperature. Absorbance at 593 nm was measured after 30 min of reaction. Sample
blank was prepared by omitting FeCl; from the FRAP solution and distilled water was
used instead. The standard curve of Trolox (60 — 600 uM) was prepared in the same
manner. FRAP was expressed as pmol TE/ g protein.

4.3.6.3.4 Determination of Fe’* chelating activity

Chelating activity toward Fe’* was measured by the method of
Magsood and Benjakul (2009) with a slight modification. Diluted sample (4.7 mL)
was mixed with 0.1 mL of 2 mM FeCl; and 0.2 mL of 5§ mM ferrozine. The reaction
mixture was allowed to stand for 20 min at room temperature. The absorbance was
then read at 562 nm, The blank was prepared in the same manner except that distilled
water was used instead of the sample. The chelating activity was calculated as

follows:

Chelating activity = [(B-A) / B} x 100

where A is Asg of sample and B is Asg; of the blank.
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4.3.7 Effect of modified gelatin with different types of interaction on
emulsion stability and lipid oxidation of fish oil-in-water emulsion with and
without ferric chloride

Fish oil-in-water emulsions were prepared by homogenizing the
mixture of menhaden oil and 1% (w/v) modified gelatin solution (1:9, v/v) at a speed
of 10,000 rpm for 2 min. These coarse emulsions were then passed through a two-
stage high-pressure valve homogenizer (M-110P, Microfluidizer, Newton, MA, USA)
at 10,000 psi for 2 times. NaNj3 (0.02 %) was added to the emulsions as an
antimicrobial agent. The control oil-in-water emulsion was prepared in the same
manner and the control gelatin (without modification) was used. Emulsion containing
0.05% tannic acid (w/v) and 1% tween 40 was also prepared. All samples were then
stored in the absence and presence of 50 pM ferric chloride (FeCl;) at room
temperature (28-30°C) for 12 days. The samples were taken every two days for
analyses.

4.3.7.1, Measurement of zeta potential and particle size

Zeta potential and particle size of emulsions were determined with
ZetaPlus zeta potential analyzer (Brookhaven [nstruments Corporation, Holtsville,
NY, USA) at room temperature. The instrument used electrophoretic light scattering
and the laser doppler velocimetry method to measure the zeta potential and number
average distribution of particle sizes. Prior to analysis, the samples were adjusted to
pH 7 and 1,000-fold diluted with 10 mM KCI solution to avoid multiple scattering
effects, The particle size was reported as surface-volume mean particle diameter,
dys{= 3 14 /2. md ;3), where ; is the diameter and p; is the number of particles in
the i size class.

4.3.7.2 Measurement of thiobarbituric acid reactive substances

Thiobarbituric acid reactive substances {TBARS) were determined as
described by Buege and Aust (1978). Two ml of emulsion sample were dispersed in
10 ml of thiobarbituric acid solution (0.375% thiobarbituric acid, 15% trichloroacetic
acid and 0.25 M HCI). The mixture was heated in boiling water for 10 min, followed
by cooling in running tap water. The mixture was centrifuged at 3600 x g for 20 min

at room temperature. The absorbance of the supernatant was measured at 532 nm. The
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standard curve was prepared using malonaldehyde (2-10 ppm) and TBARS were

expressed as mg malonaldehyde/ L of emulsion.

4.3.8 Protein determination
Protein content was determined by the Biuret method (Robinson and

Hodgen, 1940) using bovine serum albumin as a standard.

4.3.9 Statistical analysis
The experiments were run in triplicate. All data were subjected to
Analysis of Variance (ANOVA) and differences between means were evaluated by
Duncan’s multiple range test. For pair comparison, T-test was used (Steel and Torrie,
1980). The SPSS statistic program (Version 10.0) (SPSS Inc., Chicago, IL, USA) was

used for data analysis.

4.4 Results and discussion

4.4.1 Incorporation of tannic acid via covalent and non-covalent interaction
4.4.1.1 Changes in free amino group content of gelatin

Free amino group contents of cuttlefish skin gelatin modified with TA

and OTA afier the treatments without and with SDS are shown in Table [4. In
general, modified gelatin had a lower free amino group content than the control
gelatin (p<0.05). The result indicated that both TA and OTA could interact with
gelatin, mainly via amino groups. A reaction of protein with phenolic compounds led
to a decrease in free amino group content (Kroll ef al., 2003). Without SDS treatment,
a lower free amino group content was observed in gelatin modified with TA at pH 7
when compared with gelatin modified with OTA or TA at pH 9 (p<0.05). However,
after treatment with SDS, free amino group content of gelatin modified with TA at
both pH 7 and 9 markedly increased. SDS is a denaturant, which destroys non-
covalent protein interaction such as hydrogen bond and some hydrophobic interaction
(Hamada, 1992). The result suggested that non-covalent interaction seemed to play an
important role in modification of gelatin with TA at both pH 7 and 9. The non-

covalent interaction might occur between TA and different functional groups of
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gelatin by hydrogen bond and by hydrophobic interaction. The hydroxyl groups of
tannic acid are hydrogen donors, which form hydrogen bond with the carbonyl groups
in the protein as hydrogen acceptors (Simon ef al., 2003). Moreover, hydrophobic
interactions could take place between the hydrophobic domains of aromatic rings of
tannic acid and the hydrophobic side chains of amino acids in the protein (Charlton es
al., 2002).

A larger difference in free amino group content was observed in
gelatin modified with TA at pH 7 before and after treatment with SDS in comparison
with that modified with TA at pH 9. This suggested that the non-covalent interaction
might be the major contributor in gelatin modified with TA at pH 7, whereas both
covalent and non-covalent interaction were more likely involved in gelatin modified
with TA at pH 9. Phenolic compound was casily oxidized to its corresponding
quinone in an alkaline solution (Kroll er al., 2003). Although TA was not subjected to
oxidation by oxygen bubbling, it might undergo oxidation under alkaline condition
(pH 9) used for gelatin modification. Nevertheless, no change in free amino acid
content was observed in gelatin modified with OTA at pH 9 before and after SDS
treatment. This result suggested that OTA or quinone, an electrophilic agent, might
cross-link with nucleophilic amino groups of lysine through covalent interaction.
Covalent bonds were reported to involve in the formation of SDS stable protein-
phenolic complexes {(Chen and Hagerman, 2004). The degree of loss in free amino
group of gelatin depended on type of interaction between gelatin and tannic acid.
Gelatin modified via non covalent interactions generally' showed a higher loss in fice
amino groups than that modified through covalent interactions (p<0.05). This
suggested that hydroxyl group or aromatic ring of TA might be more reactive toward
~ gelatin molecules than electrophilic quinone of OTA as evidenced by the higher loss

in amino group of the former.
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4.4.1.2 Changes in total phenolic content

Total phenolic contents of cuttlefish skin gelatin modified with TA and
OTA before and after SDS treatment determined by Folin-Ciocalteu method are
expressed as Asgo (Table 14). Modified gelatin exhibited higher Azgo than the control
gelatin (p<0.05). This result indicated that both TA and OTA could incorporate into
gelatin to some extent. Without SDS treatment, the gelatin modified with TA had the
higher total phenolic content than that modified with OTA (p<0.05). The highest total
phenolic content was observed in gelatin modified with TA at pH 7. This result
reconfirmed that hydroxyl group or aromatic ring of TA might be able to interact with
gelatin molecule more effectively than quinone which reacted mainly with
nucleophilic groups of gelatin. For gelatin modified with TA at pH 9, the phenolic
content was slightly lower than that modified by TA at pH 7 (p<0.05).

After SDS treatment, the decrease in total phenolic content was
noticeable in gelatin modified with TA at both pH 7 and 9. SDS might disrupt non-
covalent interaction of gelatin modified with TA, resulting in the loss in tannic acid
previously incorporated. However, no change in total phenolic content was observed
in gelatin modified with OTA. This result reconfirmed that gelatin modified with
OTA was governed by covalent interaction. A7gp observed in the control gelatin was
more likely due to the presence of amino acid residues including tyrosine, tryptophan,
cysteine, histidine and asparagines (Lowry ef al., 1951). Those amino acids were able
to reduce Folin-Ciocalteu reagent, Thus Az could represent tannic acid, either

oxidized (OTA) or unoxidized (TA) form, incorporated into gelatin.

4.4.2 Changes in some proeperties and antioxidative activity of modified

gelatin
4.4.2.1 Changes in surface hydrophobicity

Surface hydrophobicity of cuttlefish skin gelatin modified with TA and

OTA is shown in Figure 27. A marked decrease in surface hydrophobicity was

observed in both gelatins modified with TA and OTA, compared with the control

gelatin (p<0.05). Tannic acid incorporated more likely induced the conformational

changes of cuttlefish skin gelatin to some extent. ANS, a fluorescence probe, has been

found to bind to hydrophobic amino acids containing an aromatic ring, such as
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phenylalanine and tryptophan, and can be used to indicate the surface hydrophobicity
of proteins (Benjakul ef al., 1997). The decrease in surface hydrophobicity of the
resulting gelatin indicated that tannic acid bound with gelatin most likely contributed
to the increased hydrophilicity at the surface of gelatin molecules, possibly caused by
hydroxyl and carboxyl groups of phenolic compounds attached to gelatin, This result
was in agreement with Rawel et al (2002) who reported that the surface
hydrophobicity of soy protein decreased when reacted with phenolic compounds. The
surface hydrophobicity was noticeably lower in gelatin modified by TA at both pH 7
and 9, in comparison with gelatin modified by OTA (pH 9). It indicated that non-
covalent interaction played an important role in the reduction of surface
hydrophobicity of gelatin. Hydrophobic region or aromatic nuclei of tannic acid in
unoxidized form might react with hydrophobic amino acids of gelatin such as alanine,
valine, isoleucine, leucine, methionine, phenylalanine, tyrosine; tryptophan, cysteine
and glycine residues through hydrophobic interaction, This led to the higher loss in

hydrophobic group on surface of protein.
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Figure 27. Surface hydrophobicity of cuttlefish skin gelatin modified with 5% (w/w
based on protein content) of OTA at pH 9 and TA at pH 7 and 9. Bars
represent the standard deviation (n=3). Different letters on the bars denote

the significant differences (p<0.05).
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4.4,2.2 Changes in antioxidative activities
4.4.2.2.1 DPPH radical scavenging activity
DPPH radical scavenging activities of gelatin modified with TA and
OTA are depicted in Figure 28A. Generally, DPPH radical scavenging activity of
modified gelatin was higher than that of the control gelatin (p<0.05). The
antioxidative activity of the control gelatin was 10.52 umol TE/ g protein. When
gelatin was modified with OTA (pH 9) or TA at pH 7 and 9, the activity was
increased to 84, 94 and 88 pumol TE/g protein, respectively. It indicated that the
incorporation of tannic acid, especially TA, into gelatin contribute to the increased
antioxidative activity of the resulting gelatin. This result was in agreement with
Almajano ef al. (2007} who reported that radical scavenging activity of BSA, -
lactalbumin and -lactoglobulin was increased when epigallocatechin gallate (EGCG)
was incorporated. The effect of antioxidants on DPPH radical scavenging was thought
to be due to their hydrogen-donating ability (Maqsood and Benjakul, 2009). The
DPPH radical scavenging activity of modified gelatin was governed by the form of
tannic acid used. Gelatin modified with TA exhibited higher DPPH radical
scavenging activity than those modified by OTA. This result was associated with the
highest degree of incorporation of tannic acid in gelatin modified with TA.
Furthermore, hydroxyl groups of tannic acid incorporated could donate hydrogen to
DPPH radicals. At the same concentration of tannic acid used, tannic acid in free form
exhibited a higher antioxidative activity, compared with gelatin-tannic acid
complexes. This was in accordance with Arts et al. (2002) who found that the addition
of catechin to P-casein increased the antioxidant capacity of the f-casein solution, but
the increase was smaller than the antioxidant capacity of catechin itself. The
formation of gelatin-tannic acid complexes through covalent and non covalent
interaction might lead to the loss of phenolic hydroxyl groups of tannic acid, thereby
losing hydrogen donor ability, compared with free tannic acid.
4.4.2.2.2 ABTS radical scavenging activity
ABTS radical scavenging activities of gelatin modified with TA and OTA
are shown in Figure 28B. ABTS radical assay is an excellent tool for determining the
antioxidative activity, in which the radical is quenched to form ABTS-radical

complex (Binsan ef al., 2008).
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Figure 28, DPPH radical scavenging activity (A), ABTS radical scavenging activity
(B), ferric reducing antioxidant power (FRAP) (C) and chelating activity (D)
of cuttlefish skin gelatin modified with 5% (w/w based on protein content)
of OTA at pH 9 and TA at pH 7 and 9. Bars represent the standard deviation
(n=3). Different letters on the bars within the same assay denote the

significant differences (p<0.05).
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ABTS radical scavenging activity of samples was generally in
accordance with DPPH radical scavenging activity (Figure 28A). Generally, the
modified gelatin had a higher ABTS radical scavenging activity than did the control
gelatin but the activity was lower than that of free tannic acid. Tannic acid attached
with gelatin could scavenge the radicals, forming more stable products, thereby
terminating the radical chain reaction. However, hydroxyl group of tannic acid most
likely decreased as it was incorporated with gelatin. This resulted in the loss in
antioxidative activity, in comparison with free tannic acid. The lowered ABTS radical
scavenging activity of gelatin modified with OTA was observed, compared with other
gelatin samples. OTA, oxidized form, incorporated with gelatin might lose its
capacity of quenching the radicals.

4.4.2.2.3 Ferric reducing antioxidant pm-ver

Ferric reducing antioxidant power (FRAP), generally measures the
reducing capacity of ferric ion and has been correlated to the radical scavenging
capacity (Magsood and Benjakul, 2009; Moure et al.,, 2006). FRAP of gelatin
modified with TA and OTA is illustrated in Figure 28C. Modified gelatin exhibited
higher FRAP, compared to the control gelatin. FRAP of the control gelatin was 3.02
pumol TE/g protein. After modification with TA at pH 7 and 9, FRAP increased to
35.63 and 26.54 umol TE/g protein, respectively. Nevertheless, gelatin modified with
OTA had FRAP of 22.06 pumol TE/g protein. This result reconfirmed that the
modification of gelatin with either OTA or TA could improve antioxidative activity of
gelatin. However, it was noted that non-covalent attachment of tannic acid to gelatin
resulted in the higher antioxidative activity, when compared with covalent interaction.
However, the FRAP values observed for all the modified gelatins were lower than
those of free tannic acid at the same concentration used. The result generally was in
agreement with those of DPPH and ABTS radical scavenging activities (Figures 28A
and 24B).

4.4.2.2.4 Chelating activity

The ability of gelatin modified with TA and OTA in metal chelating is
depicted in Figure 28D. The highest metal chelating activity was found in gelatin
modified with TA at pH 7, followed by those modified with TA at pH 9 and those

with OTA, respectively. Ferrous ion (Fe*) is one of the most important prooxidants
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among various species of metal ions, which can catalyze the generation of reactive
oxygen species, hydroxyl radical (OH"), by which the lipid peroxidation chain
reaction is accelerated (Stohs and Bagchi, 1995). Thus gelatin-tannic acid coimplex
had the enhanced ability in metal chelation, in which prooxidation metals can be
sequestered, leading to the lowered oxidation. Additionally, gelatin-tannic acid
complex also exhibited a higher chelating activity than free tannic acid. The
complexcs might form the complexation with Fe** to a higher extent than the free
tannic acid. Negative carboxyl group of gelatin also contributed to the chelation of
Fe** via electrostatic interaction, resulting in the higher capacity of chelation for
gelatin-tannic acid complex.
4,4.2.3 Changes in FTIR spectra

The FTIR spectra of gelatin modified with 5% of TA and OTA are
depicied in Figure 29. Generally, the spectra of cultlefish skin gelatin without
modification exhibited the major bands at 3278 em™ (Amide A, representative of NH-
stretching, coupled with hydrogen bonding), 1635 cm™ (amide I, representative of
C=0 stretching/hydrogen bonding coupled with COO") and 1535 c¢m™ (amide II,
representative of NH bending coupled with CN stretching). Modification of gelatin
with tannic acid resulted in the decreases in the amplitude of amide A, I, II bands of
resulting gelatins. These changes were indicative of greater disorder (Friess and Lee,
1996) in gelatin and were probably associated with the loss of triple helix state
(Muyonga et al., 2004b).

The infrared spectra of the modified gelatin revealed the notable
changes occurring in the 1500-1000 cm™ regions, as compared to the control gelatin.
The obvious increases in amplitude of peak at wavenumber ~1350 and ~1080 cm’’
was found in gelatin modified with tannic acid. The wavenumber at 1350+50 and
~1080 cm™ were attributable to the bending of the O-H bonds and the stretching of
the C-O bonds in secondary and tertiary alcohols (Smith, 1999). It reconfirmed that
both TA and OTA could bind with the gelatin molecules as indicated by the additional
band of OH group in phenol found in modified gelatin.

A similar spectra was observed in gelatin modified with TA and OTA.
However, a higher amplitude of the peaks at ~I1250 cm™ (representative of the C-N

stretching on secondary amide) was observed in gelatin modified with OTA,
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compared with gelatin modified with TA. This result indicated that electrophilic
region of quinone was less reactive in incorporating with NH;z-group, as indicated by
higher amplitude of that peak. This was in agreement with the higher free amino

group content of gelatin retained after the modification with OTA.

Control gelatin

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Figure 29. Fourier transform infrared (FTIR) spectra of cuttlefish skin gelatin
modified with 5% (w/w based on protein content) of OTA at pH 9 and TA at
pH 7 and 9.

4.4.3 Effect of gelatin modified with OTA and TA on emulsion stability and

lipid oxidation of menhaden oil-in-water emulsion

4.4.3.1 Zeta potential

The zeta potential of menhaden oil-in-water emulsion stabilized by the
control gelatin and gelatin modified with TA and OTA is shown in Table 15. At pH 7,
the net charge of the emulsion stabilized by the control gelatin was -38.7+0.6 mV,
whereas that of emulsion stabilized by gelatin modified by OTA was -35.3+0.8 mV.
Lower negative charge was obtained in gelatin modified by TA at pH 7 and 9
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(-30.240.6 and -31.4+1.1 mV, respectively). The negative charge of the emulsion
might be due to the negatively charged amino acid in gelatin surrounding the oil
droplet. At pH 7, which higher than isoelectric point (pl) of cuttlefish skin gelatin
(~4.5), carboxyl groups are negatively charged (-COQ"), whereas most of the amino
groups were neutral (-NHz). The lower negative charge was observed in emulsion
stabilized by modified gelatin when compared with that of emulsion stabilized by the
control gelatin. This result indicated that the incorporation of tannic acid into gelatin
might lead to the loss in negative charge of gelatin. The lowest negative charge was
observed in gelatin modified with TA. This result suggested that the introduction of
hydroxyl group of tannic acid lowered the negative charge of the resulting complex.
Gelatin, a steric stabilizer, more likely stabilized the emulsion by the formation of gel-
like hydrophilic layers. Additionally, the electrostatic repulsion mediated by the
charged groups of modified gelatin might also contribute to the higher stability of
emuision (McClements, 2005).

Table 15, Zeta potential and particle size (dy3) of menhaden oil-in-water emulsion

stabilized by 1.0 % gelatin modified with 5% (w/w based on protein content) of OTA

at pl1 9 and TA at pH 7 and 9
Gelatin Zeta potential  Particle size (um)

(mV) Day 0 Day 12
Control (unmodified) -38.7+0.6¢% 0.34510.004aA**  1.150+0.065aB

Modified with TA at pH 7 -30.210.6a 0.33010.005cA 1.925+£0.186¢B
Modified with TA at pH 9 -31.4+1.1a 0.363+0.005bA 1.689+0.142bB
Modified with OTA atpH9  -35.340.8b 0.34610.004aA 1.23040.108aB

Mean+SD (n=3).
* Different letters in the same column indicate significant differences (p<0.05).

**Different capital letters in the same row indicated significant differences (p<0.05).

4.4.3.2 Changes in particle size of emulsion during storage
Changes in particle size of emulsions stabilized by 1% control gelatin
or 1% gelatin modified with TA and OTA during storage at room temperature for 12

days are shown in Table 15. At day 0, the larger particle size was observed in
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emulsion stabilized by modified gelatin, compared with that stabilized by the control
gelatin (0.345 pm) (p<0.05). The loss in surface hydrophobicity of modified gelatin
might cause the decrease in migration of gelatin to the oil droplets, which were
lipophilic. Therefore, the amount of modified gelatin occupicd at oil droplet might be
slightly lower, leading to the lowered emulsifying property of modified gelatin. The
larger particle size (da3) of oil droplet was observed in emulsion stabilized by gelatin
modified by TA, compared with that modified with OTA (p<0.05). This was possibly
associated with the lowest surface hydrophobicity of gelatin modified with TA
(Figure 27). Thus, the resulting gelatin could not migrate and adsorb at oil-water
interface effectively. The particle size of emulsion stabilized by gelatin modified with
OTA was not different from that stabilized by the control gelatin. Gelatin without and
with OTA modification might cover the oil droplets and form sufficiently dense
adsorption layer during emulsification. As a result, the smaller patticles might be
formed to a high degree as evidenced by the lower dys.

After storage for 12 days, the increases in particle size of oil droplet
were observed in all samples (p<0.05). This result might be due to individual droplet
growth (Ostwald ripening) or droplet aggregation (flocculation or coalescence) during
storage (Djabourov ef al., 1993). Marked increase in particle size was observed in
erulsion stabilized by gelatin modified by TA, compared with gelatin modified by
OTA and the control gelatin. The highest rate of increase in particle size was observed
in emulsion stabilized by gelatin modified with TA at pH 7 (p<0.05). However, no
differences in size of oil droplet were found in emulsions stabilized by gelatin
modified by OTA, compared with emulsion stabilized by the controt gelatin after
storage for 12 days (p<0.05). This indicated that gelatin modified by OTA could
stabilize oil-in-water emulsion similarly to the control gelatin (without modification)
at the extended time.

4.4.3.3 Changes in lipid oxidation of emulsion during storage

Lipid oxidation of menhaden oil-in-water emulsion stabilized by
gelatin modified with TA and OTA in the absence and presence of FeCl; was
monitored and expressed as TBARS values during the storage of 12 days (Figure 30).
In the absence of FeCls, TBARS value in the emulsion increased as the storage time

increased (p<0.05). The highest increase was found in emulsion stabilized by the
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control gelatin (Figure 30A). Modification of gelatin with tannic acid could improve
the ability to inhibit the TBARS formation in fish oil-in-water emulsion system. Both
gelatins modified with tannic acid via covalent and non-covalent interaction could

retard lipid oxidation of emulsion more effectively than free tannic acid (p<0.05).
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Figure 30. TBARS value of menhaden oil-in-water emulsion stabilized by 1.0%
gelatin modified with 5% (w/w based on protein content) of OTA at pH
9 and TA at pH 7 and 9 without (A} and with (B) 50 uM ferric chloride
during storage at room temperature for 12 days. Bars represent the

standard deviation (n=3).
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This result was in accordance with Almajano and Gordon (2004) who
reported that interaction of BSA and epigallocatechin gallate (EGCG) could induce
the formation of a BSA-antioxidant adduct and cause a synergistic increase in the
oxidative stability of sunflower oil-in-water emulsion, compared with BSA or EGCG
alone. Protein-antioxidant adduct might be concentrated at the oil-water interface due
to the surface-active nature of the protein (Almajano and Gordon, 2004). Lipid
hydroperoxides are surface-active compounds and are thus able to accumulate at the
lipid-water interface of emulsion, Lipid oxidation in oil-in-water emulsions primarily
occurs at the emulsion droplet interface (Kellerby ef al., 2006). This result suggested
that gelatin modified with tannic acid could transport to the oil-water interface and
functioned at the interface, whereas free tannic acid which was polar substance, was
mainly localized in the aqueous phase.

The antioxidative activity of modified gelatin in emulsion depended on
the type of interaction between gelatin and tannic acid. The highest activity was found
in gelatin modified with OTA, when compared with gelatin modified with TA as
shown by the lower TBARS formation throughout the storage of 12 days. This result
suggested that the higher emulsifying properties of gelatin modified with OTA might
cause the gelatin-tannic acid complex to localize and adsorb at oil-water interface. On
the other hand, gelatin modified with TA with the lower emulsifying properties could
not align at the interface effectively. [t was noted that TBARS value was similar when
gelatin modified with OTA and TA conducted at pH 9 were used. At pH 9, tannic acid
might undergo oxidation to some degree, which might lower the hydrophilicity of
gelatin and favored emulsification.

In the presence of FeCls, higher TBARS values were observed in all
emulsion samples (Figure 30B) in comparison with those found in emulsion
containing no FeCly (Figuwre 30A). Generally, similar results were noticeable,
compared to the systems without FeCls addition. Afier 12 days of storage, the lowest
TBARS value was observed in emulsion stabilized by gelatin modified with OTA
(p<0.05). Fe*™ could accelerate the lipid oxidation in fish oil-in-water emulsion
system. Due to metal reducing properties of phenolic compound, Fe’' might be
reduced into Fe?* which increased the oxidative reaction (Paiva-Martins and Gordon,

2005). This was indicated by the marked increase in TBARS value in emulsion
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containing free tannic acid. Nevertheless, only slight difference in TBARS value was
observed in emulsion stabilized by gelatin modified with tannic acid between those
without and with FeCly during incubation for 12 days. This result showed that the
modification of gelatin with tannic acid, especially through covalent interaction,

increased the stability of fish oil-in-water emulsion, regardless of FeCls incorporated.

4.5 Conclusion

Modification of cuttlefish skin gelatin with 5% tannic acid via non-
covalent and covalent interaction enhanced antioxidative activity but had different
impact on the emulsifying properties of the resulting gelatin, depending on the types
of interaction, Gelatin modified with tannic acid via non-covalent interactions showed
a higher in vitro antioxidative activity than that modified through covalent
interactions. However, gelatin modified with tannic acid via covalent rendered the
emulsion with high stability and could inhibit lipid oxidation of fish oil-in-water

emulsion effectively during the extended storage.




CHAPTER S

Improvement of foaming properties of cuttlefish skin gelatin by

modification with N-hydroxysuccinimide esters of fatty acid

5.1 Abstract

Conformation and foaming properties of cuttlefish skin gelatin
modified by N-hydroxysuccinimide esters of different saturated fatty acids including
capric acid (C10:0), lauric acid (C12:0) and myristic acid (C14:0) at different molar
ratios (0.25, 0.50, 1.00 and 2.00) were investigated. Covalent attachment of fatty acids
into gelatin was observed as evidenced by the decrease in amino groups. Fourier
transform infrared spectroscopic study indicated the presence of alkyl group of
modified gelatin. The higher increase in surface activity with coincidental increase in
surface hydrophobicity was observed in gelatin modified with fatty acid ester having a
longer chain, especially at the higher molar ratio. The increase in foam expansion was
related with the improved surface activity mediated by the modification by N-

hydroxysuccinimide esters of fatfy acid.

5.2 Introduction

Foams are known as thermodynamically instable colloidal systems
comprising a consistently dispersed gas phase in a liquid matrix (Dickinson, 1992).
Generally, foams are formed by incorporating a high volume fraction of gas in a
surfactant solution, which stabilizes the bubbles (Wang and Narsimhan, 2004).
Proteins are natural high molecular weight surfactants, widely used as foaming agent
in food, pharmaceutical, medical, and technical applications. During foam formation,
proteins diffuse from the aqueous phase and adsorb at the air—water interface with
polar groups exposed towards water phase and the non-polar groups towards the air

phase (Zayas, 1997). The main driving force is the entropy increase, resulting from
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dehydration of the hydrophobic interface and of hydrophobic regions of the protein
surface (Dickinson and McClements, 1995). Adsorption of protein at air-water
interface results in the decrease in interfacial tension, which facilitates the formation
of a larger interface area in foams (Pezennec et al., 2000). In addition proteins can
form extensive intermolecular interactions at the interface, forming cohesive films
which are resistant to further deformation.

Gelatin, the denatured form of collagen, is one of protein used as
surfactants in industry. Generally, gelatin is commercially made from skins and
skeletons of bovine and porcine (Derkatch ef al., 1999), However, the current trends
necessitate the studies on new gelatin sources for replacement of mammalian gelatins,
mainly due to the bovine spongiform encephalopathy (BSE) crisis or religious and
social reasons. There is the growing interest on new gelatin sources to replace
mammalian gelatin. Gelatin from skin of cuttlefish could be such an alternative, and
its extraction was recently described by Aewsiri ef a/. (2009a). However, gelatin from
cuttlefish skin had the poorer surface active properties, compared with commercial
gelatin (bovine gelatin), due to the lower hydrophobic amino acids content (proline
and leucine) and a large portion of hydrophilic amino acids (lysine, serine, arginine,
hydroxyproline, aspartic and glutamic acids). Gelatin with a higher hydrophilic region
has limited ability to function as a surface active agent (Toledano and Magdassi,
1997).

The chemical modification of protein may lead to changes in its
hydrophobicity, causing the changes in the surface activity and functional properties
of protein (Kato and Nakai, 1980; Toledano and Magdassi, 1997). Covalent
attachment of fatty acids into protein by reaction between N-hydroxysuccinimide
esters of fatty acids with free amino groups of proteins is an effective tool for
improving surface activity of protein (Magdassi ef af., 1996). Wierenga ef al. (2003)
reported that attachment of C10 alkyl chain to ovalbumin caused an increase in
surface activity as determined by the kinetics of protein adsorption to the air-water
interface. Toledano and Magdassi (1998) showed that bovine gelatin modified with
fatty acid ester had the higher foaming and emulsifying properties in comparison with
native gelatin. Nevertheless, a little information regarding the effect of modification

of gelatin with fatty acid ester on conformation of resulting gelatin has been reported.
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Therefore, the objectives of this study were to improve surface activity and foaming
properties of cuttlefish skin gelatin by interaction with N-hydroxysuccinimide esters
of various saturated fatty acids with different chain lengths at various molar ratios to
obtain the foam properties as well as that of commercial gelatin (bovine gelatin) and

to investigate the conformation of resulting gelatin,
5.3 Materials and methods

5.3.1 Chemicals

Capric acid, lauric acid, myristic acid, N-hydroxysuccinimide,
anhydrous tetrahydroxyfuran, 1,3-dicyclohexylcarbodiimide, o-phthalic dialdehyde
(OPA), 2-(dimethylamino)ethanethioi hydrochloride (DMA), 1-anilinonaphthalene-8-
sulphonic acid {ANS) and bovine skin gelatin were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Hydrogen peroxide (Hy0,), sodium hydroxide, ethanol,
sodium dodecyl suifate (SDS), dimethyl sulfoxide (DMSQ), sodium chloride, sodium
hydroxide, sodium sulfite and boric acid were procured from Merck (Darmstadt,

Germany). All chemicals were of analytical grade.

3.3.2 Collection and preparation of cuttlefish skin
Ventral skin of cuttlefish (Sepia pharaonis) was obtained from the
dock in Songkhla, Thailand. Cuttlefish skin was stored in ice with a skin/ice ratio of
1:2 (w/w) and transported to the Department of Food Technology, Prince of Songkia
University within 1 h. Upon arrival, cuttlefish skin was washed with tap water and cut
into small pieces (1 x 1 cm?), placed in polyethylene bag and stored at -20°C untii use.

Storage time was not longer than 2 months.

5.3.3 Extraction of gelatin from cuttlefish skin
Cuttlefish skin gelatin was prepared according to the method of
Aewsiri et al. (2009b). Skin was treated with 10 volumes of 0.05 M NaOH for 6 h
with a gentle stirring at room temperature (26-28 °C). The solution was changed every
I h for up to 6 h. Alkali treated skin was then washed with distilled water until the

neutral pH of wash water was obtained. The prepared skin was subjected to bleaching
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with 10 volumes of 5 % H,0, af 4°C for 48 h at room temperature and then washed
with 10 volumes of water for 3 times. Gelatin was extracted from bleached skin using
the distilled water (60°C) for 12 h with a sample/water ratio of 1:2 (w/v). During
extraction, the mixture was stirred continuously, The extract was centrifuged at 8,000
x g for 30 min at 25°C using a refrigerated cenirifuge (Sorvall Model RC-B Plus,
Newtown, CT, USA) to remove insoluble material. The supernatant was collected and
freeze-dried using a freeze dryer (Model Dura-Top™ pP/Dura Dry™ pP, FTS®
System, Inc., Stone Ridge, NY, USA),

5.3.4 Preparation of N-hydroxysuccinimide ester of fatty acids

N-hydroxysuccinimide esters of three saturated fatty acids (capric acid,
C10:0; lauric acid, C12:0; myristic acid, C14:0) were prepared according to the
method of Wierenga ef al. (2003). Esterification was performed using an equimolar
amount (1 M) of fatty acid and N-hydroxysuccinimide in 100 mL of anhydrous
tetrahydroxyfuran in the presence of 1,3-dicyclohexylcarbodiimide for 36 h with a
gentle stirring at room temperature. The precipitated product (dicyclohexylurea) was
removed by filtration through a filter paper No. 595% (Schleicher & Schuell
MicroScience GmbH, Dassel, Germany), and the filtrate was dried in a rotary
evaporator (Heidolph Rotary Evaporator, Laborota 4001, Viertrieb, Germany). The
succinimidic ester (1 g) was redissolved in 5 mL of 60 % ethanol at 60°C and
recrystallized by cooling to room temperature to remove other impurities. The crystals
were recovered by filtration using a filter paper, air dried and used as

hydroxysuccinimidic ester,

5.3.5 Maodification of cuttlefish skin gelatin
The covalent attachments of fatty acids were carried out by the
reaction of N-hydroxysuccinimide ester of fatty acid with amino groups of cuttlefish
skin gelatin according to the method of Wierenga ef al. (2003) with a slight
modification. Cuttlefish skin gelatin was dissolved in 100 mM sodium carbonate
buffer (pH 8.5) to obtain a final concentration of 1% protein determined by the Biuret
method (Robinson and Hodgen, 1940). N-hydroxysuccinimidic ester of fatty acids

was dissolved in DMSO to obtain the different concentrations. To 20 mL of gelatin
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solution, N-hydroxysuccinimidic ester of fatty acid solution (80 mL) was added to
obtain the different final molar ratios of N-hydroxysuccinimide esters of fatty acid to
gelatin (0.25, 0.50, 1.00 and 2.00). The mixtures were stirred continuously for 18 h at
room temperature. Thereafter, the samples were dialyzed (MW cut-off = 14000 Da)
for 24 h at room temperature against 20 volumes of water to remove free fatty acids
and N-hydroxysuccinimide (unbound to proteins). The dialysate was freeze-dried. The
resulting gelatin powder was stored at -20°C until use. The control was prepared in the
same manner except that N-hydroxysuccinimide ester of each fatty acid was excluded
and the distilled water was used instead. Gelatin-fatty acid complexes were subjected

to analyses.

5.3.6 Determination of free amino group content

Free amino group content in native and modified cuttlefish skin gelatin
were determined using o-phthalicdialdehyde (OPA) as described by Church ef al.
(1983). The OPA reagent was freshly prepared by dissolving 40 mg of OPA in 1 mL
of methanol, followed by the addition of 25 mL of 0.1 M sodium borate, 200 mg of 2-
(dimethylamino)ethanethiol hydrochloride (DMA), and 5 mL of 10 % SDS. The total
volume was adjusted to 50 mLL with H,O. To determine free amino group content, 65
uL of sample (1 % protein) was mixed with 3 mL of reagent solution. After 2 min, the
absorbance was read at 340 nm to measure alkylisoindole derivatives formed after
reaction of OPA with free amino groups. Free amino group content was calculated

from a standard curve of L-leucine (0 — 10 mM).

5.3.7 Determination of the secondary structure

Samples (0.05 mg protein/ml) were dissolved in 10 mM sodium
phosphate buffer (pH 7.0) according to the method of Wierenga ef al. (2003). Far-UV
CD specira were measured at 20°C, with a scan speed of 100 nm/min from 190 to 260
nm, a data interval of 0.2 nm, a band width of 1.0 nm, and a response time of 0.125 s
using a Jasco J-715 spectropolarimeter (Jasco Corp., Tokyo, Japan). All spectra were
corrected for the corresponding protein-free sample. The secondary structure was
estimated using a nonlinear least-square fitting procedure with reference spectra as

described by De Jongh ef al. (1994).
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5.3.8 Fourier transform infrared (FTIR) spectroscopy

Spectra of native and modified gelatin were obtained using a BioRad FTS-
60A FTIR spectrometer (Biorad, Cambridge, MA, USA) equipped with a Attenuated
Total Reflectance Accessory (ATR) using a ZnSe ATR crystal. MID-IR spectra were
recorded between 1200 and 4000 cm™' at a resolution of 2 em™ in the ATR mode on
thin films at room temperature which were purged with dry nitrogen to remove
spectral interference resulting from water vapor and carbon dioxide. Sixty-four
interferograms were coadded for a high signal-to-noise ratio. Al} experiments were
performed in duplicate. Prior to data analysis, the spectra were baseline corrected and

normalized (mean normalization option).

5.3.9 Determination of surface hydrophobicity

Surface hydrophobicity (SyANS) was determined as described by
Benjakul ef al. (1997) using 1-anilinonaphthalene-8-sulphonic acid (ANS) as a probe,
Gelatin solution (4 mg/mL) was diluted in 10 mM sodium phosphate buffer (pH 6.0)
to obtain the protein concentrations of 0.1, 0.2, 0.3 and 0.5 % (w/v). The diluted
protein solution (2 mL) was mixed with 20 pL. of 8 mM ANS in 0.1 M sodium
phosphate buffer (pH 7.0). The fluorescence intensity of ANS-conjugates was
immediately measured at an excitation wavelength of 374 nm and an emission
wavelength of 485 nm. The initial slope of the plot of fluorescence intensity versus

protein concentration was referred to as SoANS.

5.3.10 Measurement of mean particle size
The particle size of gelatin samples dispersed in 10 mM sodium
phosphate buffer (pH 7.0) with the final concentration of 1 mg protein/mL was
measured by dynamic light scattering at room temperature. The measurements were
performed by a Zetasizer nano ZS (Malvern Instruments, Worcestershire, UK). A

refractive index of 1.42 was used for dispersed phase of all protein solutions.

5.3.11 Surface activity
Gelatin solutions (I mg protein/mL) were prepared freshly before

measurement. The surface pressure and elastic modulus of gelatin samples were
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measured as a function of time (0—5000 s) on an automated drop tensiometer (ADT; 1.
T. Concept, Longessaigne, France), using the condition suggested by Wierenga et al.
(2005). An air bubble was formed at the tip of a syringe needie placed in a cuvette
containing the protein solution. Both the cuvette and the syringe were temperature
controlled (20 + 0.1 °C). Bubble volume was kept constant at 4 pl, using the
computer-controlled syringe plunger to compensate for gas diffusion from the bubble.
The surface elastic modulus was measured by inducing sinuscidal changes in the
interfacial area with a period of 10 s and amplitude of 10 %. The modulus was
calculated from the measured changes in surface pressure and surface area averaged
over a sequence of five sinuses; every 500 s such a sequence was performed. These
measurements of the modulus did not affect the development of surface pressure in

time.

5.3.12 Determination of foaming properties
Foam expansion (FE)} and foam stability (FS) of gelatin solutions were
determined as described by Shahidi er al. (1995) with a slight modification, Ten mL
of gelatin solution (0.5 % protein, w/v) were transferred into 100 mL-cylinders
(PYREX®, Corning, NY, USA). The mixtures were homogenized for 1 min using a
homogenizer model T2S basic (IKA LABORTECNIK, Staufen, Germany) at a speed
of at 13,400 rpm for 1 min at room temperature. The foam volume was recorded at t=

0, [5 and 30 min. FE and FS were then calculated using the following equations:

FE (%) = (Vo/V)) x 100
FS (%) = (V/V)) x 100

where Vj is total volume after whipping (0 min); V) is the original liquid volume
before whipping and V) is total volume after leaving at room temperature for different

times (15 and 30 min).

5.3.13 Protein determination

Protein content was determined by the Biuret method (Robinson and

Hodgen, 1940) using bovine serum albumin as a standard
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5.3.14 Statistical analysis
The experiments were run in triplicate. All data were subjected to
Analysis of Variance (ANOVA) and differences between means were evaluated by
Duncan’s multiple range test. For pair comparison, T-test was used (Steel and Torrie,
1980). The SPSS statistic program {Version 10.0) (SPSS Inc., Chicago, I, USA) was

used for data analysis.
5.4 Results and Discussion

The complexes between cuttlefish skin gelatin and fatty acid were
synthesized by incubating cuttlefish skin gelatin with N-hydroxysuccinimide esters of
different fatty acids at various molar ratios. Conformational and functional changes of
modified gelatin were quantified by determination of the free amino group content,
sccondary structure, FTIR spectra, surface hydrophobicity, particle size, adsorption

kinetics and foaming properties.

5.4.1 Free amino group content

Free amino group content and the degree of modification of gelatin by
N-hydroxysuccinimide esters of various fatty acids using different mole ratios are
shown in Table 16. The cuttlefish skin gelatin contained 0.38 mmol NH, groups/g
gelatin, Gelatin modified by fatty acid esters had the lower free amino group content
than the control gelatin (without modification) (p<0.05). With the same fatty acid
ester used, free amino acid content decreased with increasing molar ratio (p<0.05). At
the same molar ratio used, the lower free amino content was obtained with gelatin
modified with fatty acid ester having the shorter chain length. The result indicated that
N-hydroxysuccinimide esters of fatty acid could interact with gelatin via amino
groups of N-termini or g-amino group of lysine. The incorporation of fatty acid into
gelatin led to a decrease in free amino group content and might alter the reactivity and

functional properties of modified gelatin.




137

Table 16. Free amino group content, degree of modification and surface
hydrophobicity of cuttlefish skin gelatin modified with N-hydroxysuccinimide esters

of different fatty acids at various molar ratios

Treatment Molar fatty acid Free amino Degree of Surface
ester/ gelatin content modification  hydrophobicity
ratio (mM)

Control (unmodified) 3.75 £ 0.05j* 0.00 16.68 4: 0.25a

Gelatin-C10:0  0.25 27140.01g  263440.19c 19.31+0.78b
0.50 2.08+0.08d 4338+211f 19.91+0.63b
1.00 1.20£0.11b  6740+2.8%h 19.97+0.52b
2.00 0.56+0.07a 84.88+189 22.10+0.40cd

Gelatin-C12:0 (.25 3.05 £ 0.0%h 17.05+£2.54b 20.02+047b
0.50 278+0.06g 2424+ 1.66c 2225+0.78¢d
1.00 242+0.04e 3420+ 1.15¢ 23.26+0.37cd
2.00 1.78 £ 0.01¢ 51.57+0.38g 24.38+0.77d

Gelatin-C14:0  0.25 33840081 7974230a  2691+0.72¢
0.50 3.10 £ 0.05h 1572+ 1.34b 3621 +1.10f
1.00 276+0.07g 2490+ 1.85c 66.08+4.85g
2.00 256+ 0.07f 3044+ 1.83d 95.38+3.03h

Mean+SD (n=3)

Different letters in the same column indicate significant differences (p<0.05).

The covalent attachment of fatty acids to gelatin was quantified by
determining the degree of modification as expressed in the number of modified NH,
groups divided by the total number of free amino groups in the control gelatin.
Increase in degree of modification was more pronounced as the mole ratio of active
ester increased (p<0.05). The degree of modification of gelatin with fatty acid ester of
C10:0 was in the range of 26-84 %, whereas that of gelatin modified with C12:0 and
C14:0 possessed the degree of modification in the range of 17-51 % and 8-30 %,
respectively. At the same molar ratio, a higher degree of modification was observed
for gelatin modified with fatty acid ester of C10:0 (p<0.05), followed by those
modified with fatty acid esters of C12:0 and C14:0, respectively. This result indicated
that the increase in chain length more likely lowered reactivity of the fatty acid ester.
This might be due to the lower ability in incorporation of fatty acid ester with longer
chain length into the gelatin molecules. On the other hand, the shorter chain fatty acid
ester (C10:0) might disperse and interact with amino group of gelatin in aqueous

phase more effectively. However, Magdassi et al (1996) reported that antibodies
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(IgG) modified by N-hydroxysuccinimide esters of fatty acid in aqueous system with
the lower chain length (Cg) yielded the lower degrees of attachment in comparison
with those possessing longer chain length (Ci¢ and Cg). Toledano and Magdassi
(1997) found no difference in the degree of modification in gelatin modified with
fatty acid ester having different chain lengths in DMSO. For cuttlefish skin gelatin
modified with N-hydroxysuccinimide ester of fatty acids in a mixture of DMSO:
sodium carbonate buffer (80:20), degree of modification depended on both chain

length of fatty acid in the ester as well as molar ratio.

5.4.2 Far-UV CD

Far UV circular dichroic (CD) spectra of protein solutions provide
information about the secondary structure of proteins (Li er al., 2008). Secondary
structure of cuttlefish skin gelatin consisted of 21.18 % of u-helix, 71.17 % of random
coil and 8.65 % of B-sheet as estimated by spectral analysis. Modification of various
fatty acids esters at the molar ratio of 0.50 and 2.00 affected the secondary structure
of resulting gelatin differently as shown by the differences in CD spectra (Figure 31).
Generally, CD spectra of collagen reveal the peak at around 220-230 nm and a
negative peak at around 200 nm. Gelatin is a protein obtained by breaking the triple-
helix structure of collagen (Kuijpers ef al., 1999). When the triple-helix in collagen
disappears completely, only the negative peak at 200 nm of gelatin remains (Wu et
al., 2007). The negative peak at 200 nm corresponds to the random conformation (Wu
et al., 2007).

After modification, the higher amplitude of the negative peak at 200
nm was observed, Gelatin modified with fatty acid esters having a longer chain length
showed the higher amplitude. The amplitude of negative peak at 200 nm increased
with increasing molar ratios used. Gelatin modified with fatty acid esters having a
tonger chain length showed the higher amplitude. Wu er al. (2007) reported that the
addition of germini surfactant (C12C,C)3) to gelatin solution led to a more random
structure, as evidenced by the decrease in CD spectra at 200 nm. A fter modification of
gelatin with fatty acid ester of C14:0 at the molar ratio of 2.00, random coil content

increased to 75.60 %, whereas o-helix and B-sheet contents decreased to 18.78 % and
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5.62 %, respectively. This result indicated that the attachment of fatty acid to gelatin

caused the changes in the secondary structure of resulting gelatin.
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Figure 28. Far UV circular dichroism (CD) spectra of cuitlefish skin gelatin modified
with N-hydroxysuccinimide esters of different fatty acids at various molar
ratios. 1: unmodified gelatin 2 and 3: gelatin modified with C10:0 at molar
ratios of 0,50 and 2.00; 4 and 5: gelatin modified with C12:0 at molar ratios
of 0.50 and 2.00; 6 and 7: gelatin modified with C14:0 at molar ratios of
0.50 and 2.00.

543 FTIR

FTIR spectra of gelatin modified gelatin modified by various fatty acid
esters at the molar ratios of 0.50 and 2.00 are depicted in Figure 29. Generally, the
spectra of cuttlefish skin gelatin without modification exhibited the major bands at
~3280 cm™ (Amide A, representative of NH-stretching, coupled with hydrogen
bonding), ~1635 cm™ (amide I, representative of C=0 stretching/hydrogen bonding
coupled with COO’) and ~1535 cm™ (amide II, representative of NH bending coupled
with CN stretching). Similar spectra were observed in gelatin modified by all fatty
acid esters. However, the modified gelatin had the lower amplitude of amide A bands
than the control gelatin. The result indicated the loss in H-bond of resulting gelatin.

Moreover, the increase in amplitude of amide I and II band was observed in gelatin
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after modification in comparison with the control gelatin. This result suggested that
the formation of amide bond between fatty acid ester and gelatin lead to increasing

C=0 stretching of Amide I band and CN stretching of Amide II band.
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Figure 32. Fourier transform infrared (FTIR) spectra of cuttlefish skin gelatin
modified with AN-hydroxysuccinimide esters of different fatty acids at
various molar ratios. 1: unmodified gelatin; 2 and 3: gelatin modified with
C10:0 at molar ratios of 0.50 and 2.00; 4 and S: gelatin modified with C12:0
at molar ratios of 0.50 and 2.00; 6 and 7: gelatin modified with C14:0 at
molar ratios of 0.50 and 2.00.

Modification of gelatin with fatty acid ester resulted in the slight
increase in the amplitude at wavenumber 2936 and 2867 cm” of resulting gelatin,
compared with gelatin without modification, The wavenumber at ~2936 and ~2867
em” were attributable to the asymmetric and symmetric stretching of CH,,

respectively (Smith, 1999). This result was in agreement with Lin and Chen (2006)
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who reported that attachment of Cj; alkyl chains to the gelatin hydrolysate caused an
increase of the peaks, indicating the symmetric and asymmetric of CH,. When the
fatty acid ester with the same chain length was incorporated, the resulting gelatin had
the higher peak amplitude as the higher molar ratio was used. It indicated that fatty
acid could bind with the gelatin molecules as indicated by the additional band of alkyl

group in modified gelatin.

5.4.4 Surface hydrophobicity

Surface hydrophobicity (SpANS) of gelatin modified by various fatty
acid esters at different molar ratios is shown in Table 16, Generally, gelatin modified
with fatty acid esters had the increases in surface hydrophobicity, compared with the
control gelatin. The rate of increase in surface hydrophobicity of modified gelatin
increased with increasing molar ratio used. Fatty acid ester could attach to gelatin,
resulting in the increase in hydrophobicity of resulting gelatin. This result was in
agreement with Wierenga ef al. (2003) who reported that surface hydrophobicity of
ovalabumin increased when attached with fatty acid, When the same molar ratio was
used, the higher surface hydrophobicity was observed in gelatin modified with fatty
acid ester of C14:0, compared with gelatin modified with fatty acid esters of C10:0
and C12:0 (p<0.05), except for those modified with fatty acid esters of C10:0 and
Cl12:0 with a molar ratio of 0.25, where the same hydrophobicity was obtained
(p>0.05). In general, all hydrophobic groups are not buried in the interior domain of
the molecules due to the balance between hydrophobic and hydrophilic residues in
protein (Djagny ef al., 2001). Toledano and Magdassi (1997) found that the increasing
chain length of fatty acid caused a significant increase in hydrophobicity of modified
gelatin. Additionally, gelatin modified with fatty acid ester of C14:0 showed the
higher surface hydrophobicity than others, when the same molar ratio was used
(p<0.05). It was noted that even though those gelatin has the lower degree of

modification, it exhibited the higher surface hydrophobicity.
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Table 17. Mean particle size of cuttlefish skin gelatin modified with N-
hydroxysuccinimide esters of different fatty acids at various molar ratios

Treatment Molar fatty acid ester/ Mean particle size
gelatin ratio (nm)

Control (unmodified) 163.4 & 7.6a

Gelatin-C10:0 0.25 203.6+ 10.7¢c
0.50 217.0 + 14.5¢d
1.00 228.0+6.9d
2.00 255.7 + 8.8¢

Gelatin-C12:0 0.25 180.3 + 7.1b
0.50 184.8 £ 0.9b
1.00 201.4 + 18.4bc
2.00 232.6 +8,3d

Gelatin-Cl4:0 0.25 220.7+6.9¢c
0.50 226.2 +14,5d
1.00 : 321.9+6.1f
2.00 443 4 + 24.8g

MeanSD (n=3)

* Different letters in the same column indicate significant differences (p<0.05).

5.4.5 Particle size

The mean particle size of gelatin modified with various fatty acid
esters at different molar ratios was determined using dynamic light scattering (Table
17). The mean patticle size of the control gelatin was 163.4 nm. After modification,
the larger mean particle size ranging from 180.3 to 443.4 nm was observed in
resulting gelatin. Marked increase in mean particle size was observed in gelatin
modified with fatty acid ester of C14:0, followed by gelatin modified with fatty acid
ester of C10:0 and C12:0, respectively. This result was in agreement with Toledano
and Magdassi (1997) who found that the mean particle size of bovine gelatin modified
with fatty acid ester increased, depending on the degree of modification and chain
length. This result suggested that the increases in surface hydrophobicity gelatin
modified with fatty acid ester probably contributed to the cross-linking of gelatin
molecules with higher hydrophobicity by hydrophobic interaction. Since gelatin
modified with fatty acid ester of C14:0 had the highest surface hydrophobicity, those
gelatin molecules more likely underwent interaction via hydrophobic interaction. This

probably resulted in the formation of large aggregate.




143

5.4.6 Surface activity

Surface pressure and elastic modulus of bubble in gelatin solution
without and with modification during adsorption from a bulk solution to air-water
interface are shown in Figure 33. The change in surface pressure at air-water interface
is used fto indicate the amount of adsorbed protein at interface or the interactions
between the adsorbed molecules. From Figure 33A, surface pressure of all samples
increased as the storage time increased, After the first 3000 sec, surface pressure in ali
samples had a slight increase. When compared between cuttlefish skin gelatin (the
control gelatin) and bovine gelatin (commercial gelatin), surface pressure of cuttlefish
skin gelatin was lower than that of bovine gelatin. This result suggested that cuttlefish
skin gelatin has a lower hydrophobic region than bovine gelatin, resulted in the
surface activity of cuttlefish gelatin was lower than bovine gelatin. Modification of
cuttlefish skin gelatin with fatty acid ester could improve the surface activity of
resulting gelatin. Surface pressure of gelatin modified with fatty acid ester increased
with increasing molar ratio used. The highest surface pressure was observed in gelatin
modified with fatty acid ester of C14:0, follow by fatty acid esters of C12:0 and
C10:0, respectively. Cuttlefish skin gelatin modified with fatty acid ester of C14:0 and
C12:0 at molar ratio of 0.50 and 2.00 have a higher surface pressure than bovine
gelatin. The incorporation of fatty acid into gelatin more likely led to the increased
surface hydrophobicity of resulting gelatin (Figure 34). As a result, gelatin could
diffusionally transport and absorb to air-water interface effectively by aligning
hydrophobic domain toward air bubble. Moreover, absorbed gelatin might undergo
aggregation by hydrophobic interaction. This might result in the increased surface
pressure.

The elastic modulus at air-water interface of different gelatins without
and with modification is shown in Figure 33B. The result generally was in agreement
with change in surface pressure. The higher clastic modulus was observed in gelatin
modified with faty acid ester with higher chain length. For the same fatty acid ester
used, elastic modulus was higher for gelatin modified with the higher molar ratios.
Elastic modulus is often an important parameter indicating the stability of foams. Low
values for this modulus imply that the interfaces are very mobile and exhibit viscous

behavior, whereas high values mean that the interfaces behave more like an elastic
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solid (Sagis ef al., 2008). From this result, it indicated that incorporation of fatty acid
into gelatin could enhance the foam stability by forming elastic film of gelatin at

interface,

30 1
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Figure 33. Surface pressure (A) and elastic modulus (B) of cuttlefish skin gelatin
modified with N-hydroxysuccinimide esters of different fatty acids at
various molar ratios. 1: unmodified gelatin; 2 and 3: gelatin modified
with C10:0 at molar ratios of 0.50 and 2.00; 4 and 5: gelatin modified
with C12:0 at molar ratios of 0.50 and 2.00; 6 and 7: gelatin modified
with C14:0 at molar ratios of 0.50 and 2.00; 8: bovine gelatin.
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Figure 34. Schematic representation of the adsorption to the air/water interface, and

inter- and intra-molecular hydrophobic interaction of cuttlefish skin
gelatin modified with N-hydroxysuccinimide esters in solution during

foam formation.

5.4.7 Foaming properties
Foam expansion (FE) and foam stability (FS) of cuttlefish skin gelatin

modified with various fatty acid esters at different molar ratios are shown in Figure

35. Generally, cuttlefish skin gelatin (control gelatin) have foaming ability inferior

that of bovine gelatin (p<0.05). Incorporation of fatty acid into gelatin can improved

foam ability of cuttlefish skin gelatin as indicated by increasing in FE of resulting

gelatin (p<0.05). When the same fatty acid ester was used, the increase in FE was

obtained as the molar ratio increased (p<0.05). At the same molar ratio used for

modification, gelatin modified with fatty acid ester of C14:0 had the higher FL,
compared with gelatin modified by fatty acid esters of C12:0 and C10:0, respectively.
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Cuttlefish skin gelatin modified with fatty acid ester of C14:0 or fatty acid esters of
C12:0 and C10:0 at molar ratio of 2.00 have a higher FE than bovine gelatin (p<0.05).
The foaming ability of proteins is correlated with their film-forming ability at the air-
water interface. Proteins that rapidly adsorb at the newly created air-liquid interface
during bubbling and undergo unfolding and molecular rearrangement at the interface,
exhibit better foam ability than proteins that adsorb slowly and resist unfolding at the
interface (Damodaran, 1997). When fatty acids were incorporated into gelatin, the
increases in surface hydrophobicity of resulting gelatin were obtained. The increase in
hydrophobic region at surface of modified gelatin facilitated gelatin molecules to
localize at the air-water interface and reduce surface tension more effectively. This
resuited in the improved FE of gelatin after modification with fatty acid ester.

Foam stability depends principally on the nature of the film and
reflects the extent of protein—protein interaction within the matrix (Mutilangi et al.,
1996). Foam height of all samples decreased throughout the storage, suggésting the
instability of all foam samples. This result might be due to gravitational drainage of
liquid from the lamella and disproportionation of gas bubbles via interbubble gas
diffusion (Yu and Damodaran, 1991). Morecover, the coalescence of bubbles occurs
because of liquid drainage from the lamella film as two gas bubbles approach each
other, leading to film thinning and rupture (Damodaran, 2005). When the relative
decrease in foam height versus time of all samples was plotted (data not shown), it
was observed that the foam stability of cuttlefish skin gelatin was lower than that of
bovine gelatin. Modification of gelatin with fatty acid ester esters of C10:0 or C12:0
at molar ratio of 2 or C14:0 at molar ratio higher than 0.5 could improve the foam
stability of resulting gelatin having the foam stability as well as bovine gelatin but
higher foam ability. From this result, it showed that increasing hydrophobic exposure
of cuttlefish gelatin can indeed improve its foam ability, without negative effect on

foam stability.




& 0 min
B 15 min
M 30 min

Foam expansion (%)
- - ™
< [ f=] o)

-
o
I

LRRPT]

e

Bovine gelatin Swemss

1.00 e o T

Control gelatin B

Gehtin-C100

Geltm-C120

I AP AT T e

Gelatin-C14.0

147

Figure 35. Foam properties of cuttlefish skin gelatin modified with N-

hydroxysuccinimide esters of different fatty acids at various molar ratios.

Bars represent the standard deviation from triplicate determinations.

5.5 Conclusion

Attachment of fatty acid into cuttlefish skin gelatin could improve

surface activity of resulting gelatin as evidenced by increase in foaming properties

and surface pressure at air-water interface. The increases in hydrophobic region at

surface of gelatin play a key role in enhancing foaming ability of modified gelatin.

Gelatin modified with fatty acid ester, especially C14:0 showed the higher surface

activity and foam properties than that of bovine gelatin. Therefore, modified cuttlefish

skin gelatin might be used as surface active agent or foaming agent to replace bovine

gelatin in food industry.




CHAPTER 6

Enhancement of emulsifying properties of cuttlefish skin gelatin by

modification with N-hydroxysuccinimide esters of fatty acid

6.1 Abstract

Cuttlefish (Sepia pharacnis) skin gelatin  modified with N-
hydroxysuccinimide esters of various fatty acids including capric acid (C10:0), lauric
acid (C12:0) and myristic acid (C14:0) at different molar ratios was characterized and
determined for emulsifying property. Fatty acid esters were incorporated to gelatin as
indicated by the decrease in amino groups. Gelatin modified with fatty acid ester had
the increased surface hydrophobicity and emulsifying property with coincidental
decrease in surface tension. Gelatin modified with fatty acid ester (C14:0) showed the
highest surface activity, especially with the high degree of modification. Emulsion
stabilized by gelatin modified with fatty acid ester of C14:0 had the smaller mean
particle diameter with higher stability, compared with that stabilized by the control
gelatin (without modification). Emulsion stabilized by modified gelatin remained
stable at various pH (3-8) and salt concentrations (NaCl 0-500 mM). Emulsion was
also stable after being heated at 50-90°C for 30 min.

6.2 Introduction

Gelatin, the denatured form of collagen, is used widely in food,
medical and pharmaceutical applications due to its multiple functional properties.
Bovine and porcine gelatin are currently also used as an emulsifier in oil-in-water
emulsions (Karim and Bhat, 2009). They can adsorb on oil-water interfaces and
various hydrophobic segments of oil phase. Generally, gelatin is obtained from skin
and skeleton of cows and pigs (Derkatch et al., 1999). However, the current trends

necessitate the studies on new gelatin sources for replacement of mammalian gelatins,
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mainly due to the bovine spongiform encephalopathy (BSE) crisis and religious or
social reasons. There is a growing interest on new sources of gelatin to replace
mammalian gelatin (Kittiphattanabawon et a/., 2010). As a consequence, gelatin from
skin and bone from different fish species such as Nile perch, bigeye snapper and
blacktip shark has been intensively studied (Kittiphattanabawon er af,, 2010;
Muyonga ef al., 2004a; Nalinanon ef al., 2008).

Cuttlefish is one of major seafood products of Thailand. During
processing, the skin is removed and becomes the by-product with the low market
value. In general, it is used as animal feed. Recently, Aewsiri et al. (2009a)
successfully extracted gelatin from cuttlefish. However, gelatin from cuttlefish skin
had poorer surface activity due to the lower hydrophobic amino acids content (proline
and leucine) and a large portion of hydrophilic amino acids (lysine, serine, arginine,
hydroxyproline, aspartic acid and glutamic acid) (Aewsiri ef al:; 2009b; Hoque et al.,
2010). Gelatin with a higher hydrophilic region generally has limited ability to
function as a surface active agent (Toledano and Magdassi, 1997).

Covalent coupling of hydrophobic groups to the protein will lead to an
increase of the hydrophobicity, resulting in increased surface activity and improved
functional properties of protein (Toledano and Magdassi, 1997; Wierenga ef df.,
2003). Covalent attachment of fatty acids into protein by reaction between N-
hydroxysuccinimide esters of fatty acids with free amino groups of proteins is an
effective tool for improving surface activity of protein (Magdassi ef al., 1996;
Wierenga ef al., 2003). Lin and Chen (2006) reported that attachment of hydrophobic
group to bovine gelatin caused an increase in surface activity of resulting gelatin.
Additionally, Toledano and Magdassi (1998) found that bovine gelatin modified with
fatty acid ester had higher foaming and emulsifying properties in comparison with
native gelatin, Nevertheless, a little information regarding the characteristics and
emulsifying property of gelatin from cuttlefish skin modified using fatty acid ester has
been reported. Therefore, the objectives of this work were to study the improvement
of surface activity and emulsifying properties of cuttlefish skin gelatin via the
modification with N-hydroxysuccinimide esters of various saturated fatty acids with
different chain lengths at various molar ratios and to investigate the effect of modified

cuttlefish skin gelatin on the stability of emulsion under different harsh conditions.
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6.3 Materials and methods
6.3.1 Chemicals

Capric acid (C10:0), lauric acid (C12:0), myristic acid (C14:0), N-
hydroxysuccinimide, anhydrous tetrahydroxyfuran, 1,3-dicyclohexylcarbodiimide, o-
phthalic dialdehyde (OPA), 2-(dimethylamino)ethanethiol hydrochloride (DMA) and
1-anilinonaphthalene-8-sulphonic acid (ANS) wete purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Hydrogen peroxide (H,0,), sodium hydroxide, ethanol,
sodium dodecyl sulfate (SDS), dimethyl sulfoxide (DMSO), sodium chloride, sodium
hydroxide, sodium sulfite and boric acid were procured from Merck (Darmstadt,

Germany). All chemicals were of analytical grade.

0.3.2 Extraction of gelatin from cuttlefish skin

Cuttlefish skin gelatin was prepared according to the method of
Aewsiri ef al. (2009b). Ventral skin of cuttlefish was washed with tap water and cut
into small pieces (1 x 1 cm?). Skin was treated with 10 volumes of 0.05 M NaOH for
6 h with a gentle stirring at room temperature (26-28°C). The solution was changed
every | h for up to 6 h. Alkali treated skin was then washed with distilled water until
the neutral pH of wash water was obtained. The prepared skin was subjected to
bleaching with 10 volumes of 5 % H,O, at 4°C for 48 h at room temperature and then
washed with 10 volumes of water for 3 times. Gelatin was extracted from bleached
skin using the distilled water (60°C) for 12 h with a sample/water ratio of 1:2 (w/v).
During extraction, the mixture was stirred continuously. The extract was centrifuged
at 8,000 x g for 30 min at 25°C using a refrigerated centrifuge (Sorvall Model RC-B
Plus, Newtown, CT, USA) to remove insoluble material. The supernatant was
collected and freeze-dried using a freeze dryer (Model Dura-Top™ puP/Dura Dry™
up, FTS® System, Inc., Stone Ridge, NY, USA).
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6.3.3 Preparation and characterization of gelatin modified with N-
hydroxysuccinimide ester of fatty acid
6.3.3.1 Preparation of N-hydroxysuccinimide ester of fatty acid
N-hydroxysuccinimide esters of three saturated fatty acids (capric
acid, C 10:0; lauric acid, C 12:0; myristic acid, C 14:0) were prepared according to
the method of Wierenga et al (2003). Esterification was performed using an
equimolar amount of fatty acid (1 M) and N-hydroxysuccinimide (1 M) in 100 mL of
anhydrous tetrahydroxyfuran, in the presence of 1,3-dicyclohexylcarbodiimide for 36
h with a gentle stiring at room temperature. The precipitated product
(dicyclohexylurea) was removed by filtration through a filter paper No. 595%
(Schieicher & Schuell, Dassel, Germany) and the filtrate was dried in a rotary
evaporator (Heidoiph Rotary Evaporator, Laborota 4001, Viertrieb, Germany). After
drying, the succinimidic ester (1 g) was redissolved in 5 mL of 60% ethanol at 60°C
and recrystallized by cooling to room temperature to remove other impurities. The
crystals were recovered by filtration using a filter paper, air dried and used as N-
hydroxysuccinimide ester of fatty acids.
60.3.3.2 Modification of cuttlefish skin gelatin
The covalent attachment of fatty acids was carried out by reaction of
N-hydroxysuccinimide ester of fatty acid with amino groups of cuttlefish skin gelatin.
Cuttlefish skin gelatin was dissolved in 100 mM sodium carbonate buffer (piI 8.5) to
obtain a final protein concentration of 1% determined by the Biuret method (Robinson
and Hodgen, 1940), N-hydroxysuccinimide ester of fatty acid was dissolved in DMSO
to obtain a concentration of 1 M. To 20 mL of gelatin solution, N-hydroxysuccinimide
ester of fatty acid solution (80 mL) was added to obtain with different final molar
ratios of N-hydroxysuccinimide esters of fatty acid-to-gelatin (0.25, 0.5, | and 2). The
mixture was stirred continuously for 18 h at room temperature. Thereafter, the
samples were dialyzed (MW cut-off = 14000 Da) for 24 h at room temperature against
20 volumes of water to remove N-hydroxysuccinimide ester of fatty acid (unbound to
proteins) and free N-hydroxysuccinimide. The dialysate was freeze-dried and the
resulting modified gelatin powder was stored at -20°C until use. The control was

prepared in the same manner except that N-hydroxysuccinimide ester of fatty acid was
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excluded and the distilled water was used instead. Gelatin-fatty acid complexes were

subjected to analyses.

6.3.4 Determination of frec amino group content and degree of modification

Free amino group content cuttlefish skin gelatin without and with

modification was determined using o-phthalic dialdehyde (OPA) as described by
Church ef afl. (1983). The OPA reagent was freshly prepared by dissolving 40 mg of
OPA in 1 mL of methanol, followed by the addition of 25 mL of 0.1 M sodium
borate, 200 mg of 2-(dimethylamino)ethanethiol hydrochloride (DMA), and 5 mL of
10% SDS. The total volume was adjusted to 50 mL with distilled water. To determine
fiee amino group content, 65 uL of sample (1% protein) was mixed with 3 mL of
reagent solution. After 2 min, the absorbance was read at 340 nm using a UV—vis
spectrophotometer (UVmini-1204, Shimadzu, Duisburg, Germany). to measure
alkylisoindole derivatives formed after the reaction of OPA with free amino group.
Free amino group content was calculated from a standard curve of L-leucine (0 — 10
mM) and expressed as mmol/g protein. Degree of modification was expressed as the

percentage of amino group attached with fatty acid esters relative to total amino

group.

6.3.5. Determination of surface hydrophobicity

Surface hydrophobicity (SeANS) was determined as described by
Benjakul er al. (1997) using 1-anilinonaphthalene-8-sulphonic acid (ANS) as a probe.
Gelatin solution (10 mg/ml) was diluted in 10 mM sodium phosphate buffer (pH 6.0)
to obtain the protein concentrations of 0.1, 0.2, 0.3 and 0.5%. The diluted protein
solution (2 mL) was mixed with 20 pL of 8 mM ANS in 0.1 M sodium phosphate
buffer (pH 7.0). The fluorescence intensity was immediately measured at an
excitation wavelength of 374 nm and an emission wavelength of 485 nm. The initial
slope of the plot of fluorescence intensity versus protein concentration was referred to

as SpANS.
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6.3.6 Determination of zeta potential
Zeta potential of the gelatin was determined using a Zetasizer nano ZS
(Malvern Instruments, Worcestershire, UK). Gelatin was dissolved in distilled water
to obtain the final concentration of 0-1 mg/mL and adjusted to pH 3-9 using either
1.0 M niiric acid or 1.0 M KOH. Electrophoretic mobility was monitored at 150 V
applied voltage using a He—Ne laser at 632 nm.

6.3.7 Determination of surface tension

Gelatin solutions (1 mg protein/mL) were prepared freshly before
measurement. The surface tension of gelatin samples was measured as a function of
time (0-5000 s} on an automated drop ten_siometer (ADT; 1. T. Concept,
Longessaigne, France), as described by Wierenga ef al. (2005). An air bubble was
formed at the tip of a syringe needle placed in a cuvelte containing the sample
solution. Both the cuvette and the syringe were temperature controlled (20 + 0.1°C).
Bubble volume was kept constant at 4 pl., using the computer-controlled syringe
plunger to compensate for gas diffusion from the bubble. Surface tension was
determined by bubble shape analysis. (Windrop software, I. T. Concept,

Longessaigne, France).

6.3.8 Determination of emulsifying properties

Emulsion activity index (EAI), a rough estimate of the particle size of
the emulsion based on the interfacial area per unit of protein, was calculated by
turbidity EAT of gelatin samples was determined according to the method of Pearce
and Kinsella (1978) with a slight modification. Soybean oil (2 mlL) and modified
gelatin solution (1 % protein, 6 mL}) were homogenized using a homogenizer (model
T25 basic, IKA LABORTECHNIK, Staufen, Germany) at a speed of 19,000 rpm for
1 min. Emulsions were pipetted out (100 pl.) at 0 and 10 min after homogenization
and 100-fold diluted with 0.1% SDS. The mixture was mixed thoroughly for 10 s
using a vortex mixer. Asg of the resulting dispersion was measured using a
spectrophotometer. EATI at 0 and 10 min after homogenization were calculated by the

following formula (Pearce and Kinsella, 1978).
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EAI (m%g) = (2x2.303 A)DF/1$C

where A is the absorbance measured at 500 nm, 1 = path length of cuvette (m), DF=
the dilution factor (100), ¢ = oil volume fraction (0.25) and C = protein concentration

in aqueous phase (g/m”°).

6.3.9 Effect of gelatin modified with N-hydroxysuccinimide ester of fatty

acid on stability of emulsion

0.3.9.1 Preparation of emulsion
~Gelatins without and with modification were dissolved in 10 mM
sodium phosphate buffer solution (pH 7.0) to obtain a final concentration of 2 %
(w/v). Oil-in-water emulsions were prepared by homogenizing the mixture of
sunflower oil and modified gelatin solution (1:9, v/v) at a speed of 13,000 rpm for 2
min using a homogenizer. These coarse emulsions were then passed through a
laboratory-scale high-pressure homogenizer (Delta Instruments, Drachten, The
Netherlands) at 75 bar for 10 times. The pH of the emulsion (40 mL} was adjusted to
pH 7.0 using I M NaOH or 1 M HCI. The final volume of all emulsions was adjusted
to 50 mL using 10 mM sodium phosphate at pH 7. NaNj (0.02 %) was added to the
emulsions as an antimicrobial agent. All emulsion samples were stored at room
temperature for 10 days. At day 0 and 10 of storage, the emulsion samples were
analyzed.
6.3.9.2 Measurement of zeta potential and mean particle diameter

Zeta potential and mean particle diameter of oil droplet in emulsion
were determined using Zetasizer nano ZS (Malvern Instruments, Worcestershire, UK)
at 25°C. Prior to analysis, the samples were 100-fold diluted with the buffer solution
having the same pH and NaCl concentration with the sample. The particle diameter
was reported as volume-surface mean particle diameter, d3; (=Smd*/3 nid%) where d,
is the diameter and #, is the number of particles in the /" size class. Volume-weighted

mean diameter, dy; (:Zn;d4i/2 nid3i), was also calculated.
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6.3.9.3 Emulsion stability under different conditions

The effect of different environmental conditions (pH, ionic strength,
and temperature) on emulsion stability was investigated, An emulsion was prepared as
described above (10 w% sunflower oil, 90 wt% of 2% (w/v) gelatin solution, pH 7.0).
To study the effect of pH on emulsion stability, the pH of the emulsions (20 mL) was
adjusted to 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0 using 1 M HCl or ! M NaOH. The final
volume of all emulsions was adjusted to 25 mL using 10 mM sodium phosphate at the
same pH. To test the effect of ionic strength on emulsion stability, 0, 0.5, 1.25 and 2.5
mL of 4 M NaCl solutions were added to 20 mL of emulsions. The final volume of all
emulsions was adjusted to 25 ml using distilled water to obtain a final NaCl
concenfration of 0, 100, 250 and 500 mM. To determine the impact of heating
temperature on emulsion stability, emulsion samples in 10 mM sodium phosphate
buffer (pH 7) (10 mL) were added with 2.5 mL of distilled water. The emulsion
samples were transferred into screw cap test tubes and then incubated in a water bath
for 30 min at 50, 70 and 90°C. After incubation, the emulsion samples were cooled
under running tap water. All emulsion samples (10 mL) in glass test tubes (internal
diameter 15 mm, height 125 mm) were storedlat room temperature for 1 day. For all
emulsion samples, the zeta potential and mean particle diameter of oil droplet were

measured as described above.

6.3.10 Statistical analysis
The experiments were run in friplicate. All data were subjected to
Analysis of Variance (ANOVA) and differences between means were evaluated by
Duncan’s multiple range test. For pair comparison, T-test was used (Steel and Torrie,
1980). The SPSS statistic program (Version 10.0) (SPSS Inc., Chicago, IL, USA) was

used for data analysis.
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6.4 Results and Discussion

6.4.1 Degree of modification

The covalent attachment of fatty acids to gelatin was estimated by
determining the degree of modification, which was expressed as the extent of NI,
groups of gelatin attached with fatty acids. The degrees of modification of gelatin
modified with N-hydroxysuccinimide esters of various fatty acids using different
molar ratios are shown in Figure 36. Generally, the degree of modification increased
with increasing molar ratio of fatty acid ester-to-gelatin used (p<0.05). This result
indicated that M-hydroxysuccinimide esters of fatty acid could interact with gelatin
via amino groups, either N-ferminal or g-amino group of lysine, resulting in a

decrease in free amino group content of modified gelatin.
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Figure 36, The degree of modification of cuttlefish skin gelatin modified with N-
hydroxysuccinimide esters of different fatty acids at various molar ratios.

Bars represent the standard deviation (n=3).
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At the same molar ratio, the highest degree of modification was
observed in gelatin modified with fatty acid ester of C10:0 (p<0.05), followed by
those modified with fatty acid esters of C12:0 and C14:0, respectively. This result
suggested that the increase in chain length of fatty acids more likely lowered
reactivity of fatty acid ester in attachment with gelatin. However, gelatin modified
with fatty acid esters with longer chain such as C16:0 had the low solubility and could
not act as the potential emulsifier (data not shown). Faity acids with the longer chain
length might not align properly, whereby the covalent interaction between fatty acid
and amino group was prevented, more likely due to steric hindrance. On the other
hand, the shorter chain fatty acid ester (C10:0) might disperse and interact with amino

group of gelatin in aqueous phase more effectively.

6.4.2 Surface hydrophobicity

Surface hydrophobicity (SeANS) of gelatin modified with various fatty
acid esters generally increased as the degree of modification increased (Figure 37.
Attachment of faity acids could therefore increase the surface hydrophobicity of
resulting gelatin. Fatty acids, which are hydrophobic in nature, contributed to the
hydrophobic domain of modified gelatin. The higher increase in surface
hydrophobicity was observed in gelatin modified with fatty acid ester of C14:0,
followed by gelatin modified with fatty acid esters of C12:0 and C10:0, respectively.
At the same degree of modification, gelatin modified with fatty acid ester of C14:0
showed the higher surface hydrophobicity than others (p<0.05). Although the higher
degree of modification was observed for gelatin modified with fatty acid ester having
a shorter chain, gelatin modified with faity acid ester with a longer chain showed a
higher increase in surface hydrophobicity. This resuft was in agreement with
Toledano and Magdassi (1997) who reported that the increasing chain length of fatty
acid caused a greater increase in hydrophobicity of modified bovine gelatin.
Therefore, surface hydrophobicity of gelatin modified with fatty acid ester was

governed by both fatty acid chain length and degree of modification.
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Figure 37, Log of surface hydrophobicity (SgANS) vs the degree of modification of
cuttlefish skin gelatin modified with N-hydroxysuccinimide esters of

different fatty acids. Bars represent the standard deviation (n=3).

6.4.3 Zeta potential

The surface charges of gelatin modified with various fatty acid esters
at a molar ratio of 2 at different pHs as measured by zeta potential analyzer are shown
in Figure 38. The surface charges of all samples varied with pH used. At low pH, the
amino and carboxyl groups are protonated. Most of amino groups are positively
charged (-NH;") but most of carboxy! groups are neutral (-COOH), resulting in the
net positive charge. When the pH is increased, both carboxyl and amino groups are
deprotonated. Carboxyl groups become the negatively charged (-COQ), whereas the
amino groups are neutralized (-NIH,), leading to the net negative charge (Onsaard es
al., 2006). The pH at which the positive charges on a protein equal the negative
charges or the pH at which the net charge of the protein is zero is defined as
isoelectric point (pI). Generally, pI of gelatin modified with fatty acid esters decreased
when compared with that of control gelatin. The pl of control gelatin was estimated to

be 4.5, whereas pl of gelatin modified with fatty acid ester of C10:0, C12:0 and
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C14:0 were estimated to be 3.9, 4.0 and 4.3, respectively. The lowest pI was observed
in gelatin modified with fatty acid ester of C10:0.
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Figure 38. Zeta potential of gelatin modified with N-hydroxysuccinimide esters of
different fatty acids at a molar ratio of 2. Bars represent the standard

deviation (n=3),

Kamyshny and Magdassi (1997) reported that the attachment of N-
hydroxysuccinimide ester of fatty acids led to changes in both the amplitude of charge
and the pI of human IgG. At the same pI, it was noted that modified gelatin had the
higher amplitude of negative charge, compared with the control gelatin (unmodified)
(p<0.05). This was probably due to the attachment of fatty acids with amino groups,
which were associated with the less protonation of these groups. This led to the
lowered positively charged amino groups. When comparing the charge amplitude of
modified gelatin with different fatty acid esters, the one modified with longer chain
fatty acid showed lower negative charge than those with shorter chain fatty acids.
Fatty acid ester with the shorter chain could attach (o amino groups of gelatin to a
higher extent. As a consequence, available amino groups became less, and protonation

of these groups took place at a lower extent. This resulted in the less negatively
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charged amino groups. Interaction between fatty acid ester and gelatin might block
the available amino residue of gelatin via formation of amide bond, causing the loss in
number of positive charge and might alter the net charge of modified gelatin

(Kamyshny and Magdassi, 1997).

6.4.4 Surface tension

Surface tension of solutions of gelatin without and with modification is
shown in Figure 39, Generally, surface tension of sample solutions decreased as the
storage time increased. The degree of reduction of surface tension could indicate the
ability of gelatin to localize or accumulate at air-water interface, Gelatin modified
with fatty acid esters showed a rapid decrease in surface tension, compared with the
control gelatin, This indicated that the incorporation of fatty acid into gelatin could
yield more surface active gelatin. The decrease in surface tension of modified gelatin
depended on the degree of modification and chain length of fatty acid used. Surface

tension of modified gelatin decreased with increasing chain length.
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Figure 39. Surface tension of cuttlefish skin gelatin modified with N-
hydroxysuccinimide esters of different fatty acids at various molar
ratios. 1: unmodified gelatin; 2 and 3: gelatin modified with C10:0 at
molar ratios of 0.5 and 2; 4 and 5: gelatin modified with C12:0 at molar
ratios of 0.5 and 2; 6 and 7: gelatin modified with C14:0 at molar ratios

of 0.5 and 2.
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Among three types of modified gelatin, that modified with fatty acid
ester of C14:0 was more surface active than others, when the same molar ratio was
used (p<0.05). The increase in surface activity was in accordance with the increase in
surface hydrophobicity of modified gelatin (Figure 37). When comparing the decrease
in surface tension between gelatin modified with the same fatty acid ester at different
molar ratios, it was found that the higher ratio (2) rendered the gelatin with more
surface active behavior, compared with the lower ratio (0.5). The higher fatty acids
incorporated into gelatin most likely provided the hydrophobic domain to the gelatin.
As a result, modified gelatin could diffusionally transport and absorb at interface

more effectively.

6.4.5 Emulsifying properties
6.4.5.1 Emulsifying activity of gelatin

Emulsion activity index (EAI) of cuttlefish skin modified with various
fatty acid esters at different molar ratios is shown in Figure 40. Modification of
gelatin with fatty acid esters resulted in the increase in EAI both at 0 and 10 min after
emulsification, when compared with the control gelatin. EAI of modified gelatin
increased with increasing fatty acid ester-to-gelatin molar ratio used. At the same
molar ratio, gelatins modified with fatty acid ester of C14:0 had the higher EAI,
compared with gelatin modified with fatty acid esters of C12:0 and C10:0,
respectively (p<0.05). The increase in EAI was coincidental with the increases in
surface hydrophobicity of modified gelatin (Figure 37). Surface hydrophobicity of
protein is generally associated with a better surface activity, in which the reduction in
interfacial tension and the increase in emulsifying activity are achieved (Kato and
Nakai, 1980). When the same fatty acid ester was incorporated into gelatin, EAI was
increased as the fatty acid ester-to-gelatin molar ratio increased (p<0.05). However,
for gelatin modified with C10:0 or Ci2:0, no increase in EAI was found when the
ratio of higher than 0.5 was used (p>0.05). Thus, the type of fatty acid used also had
the impact on EAI of resulting gelatin. The increase in hydrophobic region at surface
of modified gelatin facilitated gelatin molecules to localize at the oil-water interface
and reduce surface tension more effectively. This resulted in the improved

emulsifying properties of gelatin after modification with fatty acid ester.
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For stability of emulsion, the relative decrease of EAI at 10 min was
determined. It was observed that emulsion stabilized by modified gelatin, especially
gelatin modified with fatty acid ester of C14:0, was more stable than that of the
control gelatin (p<0.05). When the same fatty acid ester was used, stability of
emulsion tended to be higher as the higher fatty acid-to-gelatin molar ratio was used
(p<0.05). The result indicated that increasing hydrophobic region of gelatin could

indeed improve its emulsifying ability and emulsion stability.
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Figure 40. Emulsion activity index (EAI) of cuttlefish skin gelatin modified with N-
hydroxysuccinimide esters of different fatty acids at various molar ratios at 0
and 10 min after emulsification. Bars represent the standard deviation (n=3),
Different letters in the same time after emulsification indicate significant

differences (p<0.05).
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6.4.5.2 Zeta potential and mean particle diameter of oil droplet in
emulsion

The zeta potential and mean particle diameter of oil-in-water emulsion
stabilized by the control gelatin and gelatin modified with fatty acid esters at a molar
ratio of 2 are shown in Table 18. From zeta potential analysis, oil droplet in all
samples had the negative charge. Since the emulsion was prepared at neutral pl,
which was higher than plI of each gelatin (Figure 38), gelatin covering the oil droplet
became negatively charged. The measurement of zeta potential values in emulsion
provides the useful information on the electrostatic repulsion between oil droplets,
closely related with coalescence and stability phenomena (McClements, 2005).
Emulsion stabilized by gelatin modified with fatty acid esters, especially shorter chain
fatty acid, had higher negative charge than emulsion stabilized by gelatin modified
with the longer chain fatty acid and the control gelatin, respectively. Net charge of
emulsion was in agreement with that of gelatin modified with different fatty acid ester
(Figure 38). A high zeta potential implies the resistance to cohesion or coalescence of
emulsion because of the electrostatic repulsion of adjacent emulsion droplets
(McClements, 2005). Nevertheless, not only charge of gelatin surrounding oil droplet
but also the hydrophobicity as well as the steric hindrance mediated by fatty acid
could contribute to stability of emulsion.

Mean particle diameters of oil droplet in emulsions stabilized by
gelatin modified with fatty acid ester at a molar ratio of 2 at day 0 and 10 of storage at
room temperature are shown in Table [8. The mean particle diameter of oil droplet
was calculated and expressed as a volume-surface mean particle diameter (d3;) and
volume-weighted mean particle diameter (dyz) (Surh et al., 2006). Generally, the
diameter size of oil droplet in emulsion stabilized by modified gelatin after
emulsification was smaller than that found in emulsion stabilized by the control
gelatin (p<0.05). At day 0, the ds; and dy; of oil droplet in emulsion stabilized by
control gelatin was 1.10 + 0.07 and 1.34 + 0.09 pm, respectively. The lowest o3, and
dy3 of oil droplets were observed in emulsion stabilized by gelatin modified with fatty
acid ester of C14:0 (0.72 £ 0.02 and 0.84 + 0.02 um), followed by C12:0 (0.85 + 0.04
and 1.03 £ 0.13 pm) and C10:0 (0.97 + 0.02 and 1.30 + 0.07 um), respectively.
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The result suggested that alkyl group of fatty acid with the longer chain
more likely migrated to the interface at a faster rate after emulsification. As a result,
the gelatin could adsorb and align as a film surrounding the oil droplet more
effectively. This result was in agreement with Lin and Chen (2006) who reported that
bovine gelatin attached with Cj, had the lower mean particle diameter than that of
gelatin attached with Co. Modified gelatin might cover the oil droplets and
simultaneously lower the surface tension. Thus, sufficiently dense adsorption layer
was formed during emulsification. As a consequence, the smaller oil droplets could be
produced as evidenced by the lower d3; and d3.

After storage for 10 days at the room temperature, the increases in
mean particle diameter (ds; and dy3) of oil droplets were obtained in all samples
{(p<0.05). This reéult might be due to individual droplet growth (Ostwald ripening) or
droplet aggregation (flocculation or coalescence) during storage (Djordjevic ef al.,
2008). The higher increase in mean particle diameter was observed in emulsion
stabilized by control gelatin, compared with modified gelatin (p<0.05). This
reconfirmed that modified gelatin could stabilize oil-in-water emulsion more
effectively. Among all emulsion samples, that stabilized by gelatin modified with
fatty acid ester of C14:0 had the lowest increase in d3; and dy3, when compared with
others (p<0.05). Formation of small oil droplet along with the thick film of gelatin
increased emulsion stability. The small droplet emulsion had much better stability to
gravitational separation and aggregation than the large droplet emulsion (Tadros et
al., 2004). Therefore, gelatin modified with fatty acid ester of C14:0, especially at
fatty acid ester-to-gelatin molar ration of 2, showed the highest emulsion activity as

well as rendered the emulsion with the highest stability.

6.4.6 Effect of environmental conditions on stability of emulsion stabilized
by modified gelatin
6.4.6.1 Effect of pH
The effect of various pHs (3-8) on the zeta potential and mean particle
diameter of oil droplet in emulsion stabilized by gelatin modified with fatty acid ester
of C14:0 with a fatty acid ester-to-gelatin ratio of 2 is shown in Figure 41. Generally,

surface charge of oil droplet switched from positive charge to negative charge when
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pH was increased (Figure 41A). With increasing pH from 3 to 8, the zeta potential of
oil droplet decreased from +14.75 to -21.89 mV for emulsion stabilized by the control
gelatin and from +11.85 to -29.29 mV for emulsion stabilized by modified gelatin.
The result of zeta potential of emulsion was in accordance with that of gelatin (Figure
38). This reconfirmed that gelatin occupied at the oil droplet surface mainly
contributed to the charge of emulsion. The zero net charge of oil droplets in emulsion
stabilized by the control gelatin and modified gelatin was observed at pH4.5 and 4.2,
respectively. At the pH having the net charge of zero, the emulsion might not be
stable due to the lowering of repulsive force.

No differences in mean particle diameters of oil droplet in emulsion
stabilized by both control gelatin and modified gelatin were observed at different pHs
{p>0.05). This result indicated that Both emulsions stabilized by the control gelatin
and modified gelatin remained relatively stable to droplet aggregation at all pH tested,
even at pH close to that giving the net charge of zero. The result suggested that gelatin
film might be strong enough to prevent the flocculation or coalescence of oil droplets.

6.4.6.2 Effect of salt concentration

The effect of different salt concentrations on stability of emulsion
stabilized by gelatin modified without and with fatty acid ester of C14:0 is shown in
Table 19. Generally, the amplitude of negative charge of emulsion stabilized by both
control gelatin and modified gelatin decreased with increasing NaCl concentrations
used. In the presence of NaCl at concentrations of 100, 250 and 500 mM, the negative
charge of emulsion stabilized by the control gelatin decreased from -19.53 mV to
-9.85, -8.39 and -4.24 mV, respectively, whereas that of emulsion stabilized by
maodified gelatin decreased from -23.3 mV to -9.24, -9.10 and -6.24 mV, respectively.
In general, the increase in ionic strength affects the electrostatic repulsion between the
droplets of emulsion (Onsaard ef al, 2006). In the presence of counter ions, the
charge on an emulsion is reduced by electrostatic screening, in which the repulsion
between the droplets is no longer sufficiently strong to overcome the attractive force
(e.g., vander Waals and hydrophobic) acting between the droplets (Gu et al., 2005;
Onsaard ef al., 2006).
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Figure 41. Effect of pH on zeta potential (A) and mean particle diameter (B) of

emulsion stabilized by the cuttlefish skin gelatin modified without and with

fatty acid ester of C14:0. Bars represent the standard deviation (n=3).
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Table 19, Effect of NaCl concentration on zeta potential and mean particle diameter
of oil droplet in emulsion stabilized by gelatin modified without and with fatty acid
ester of C14:0 at pH 7.

Gelatin NaCl Zeta potential Particle size (um)
(mM)  (mV) dsz ds;

Control 0 -19.53 £ 0.92a* 1.02 £ 0.02a 1.27 £0.10a
100 -9.85+ 0.81b 1.04 £ 0.05a [.30+0.01a
250 -8.38£0.23b 1.04 £ 0.02a 1.43 + 0.03b
500 -4.24 + 0.42¢ 1.17 + 0.09b 1.52 +0.08b

Gelatin-C14:0 0 -23.31+0.71a 0.76 £ 0.01a 0.84 +0.03a
100 -9.24 + 0.76b 0.80+0.01b 0.93+£0.03b
250 -9.10 1+ 0.01b 0.88 £0.01c 0.97 +£0.01b
500 -0.24 £ 0.23¢ 0.88 £ 0.06bc 1.04 £ 0.04¢

Meant:SD (n=3).
* Different letters in the same column within the same sample indicate significant

differences (p<0.05).

For the particle size of oil droplet, the slight increase in mean particle
size (both d3; and dy;3) of oil droplet was found in emulsion stabilized by both the
control gelatin and modified gelatin when NaCl concentrations increased (p<0.05).
When the NaCl concentration was increased from 0 to 500 mM, the mean particle size
of emulsion stabilized by the control gelatin increased from 1.02 £0.02 to 1.17 + 0.09
um for d3; and from 1.27 £ 0.10 to 1.52 £ 0.18 um for dy;, whereas that of emulsion
stabilized by modified gelatin increased from 0.76 + 0.00 to 0.88 + 0.06 pm for d;
and from 0.84 + 0.03 to 1.04 £ 0.04 pm for dy;. The increase in emulsion droplet size
was in agreement with the decrease in negative charge amplitude, suggesting that the
decrease in repulsion between oil droplets mainly caused the coalescence of oil
droplets. Therefore, stability of emulsion containing gelatins, without and with
modification, was affected to same degree by high ionic strength. Surh er al. (2006)
found that fish gelatin stabilized emuisions remained relatively stable to droplet
aggregation at high ionic strength (500 mM). It was suggested that not only
electrostatic repulsion played a major role in preventing the droplets from

aggregation, but also steric repulsion, which could stabilize emulsion.
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6.4.6.3 Effect of heating

The effect of heating at different temperatures (50, 70 and 90°C) on the
stability of emulsions stabilized by gelatin modified without and with fatty acid ester
of C14:0is shown in Table 20. Generally, no significant effect of heating on surface
charge of oil droplet was observed in both emulsions stabilized by the contro! gelatin
and modified gelatin (p<0.05). Negative charge of oil droplet in emulsion stabilized
by the control gelatin was lower than that of emulsion stabilized by modified gelatin.

For mean particle diameter, there was no change in o3, and dy; of oil
droplet in all emulsions heated at 50, 70 and 90°C, except the emulsion stabilized by
the control gelatin and heated at 90°C (p<0.05). The slight increase in mean particle
diameter of d3; and dyz was found in emulsion stabilized by control gelatin after being
heated at 90°C for 30 min. It was suggested that some partial desorption of gelatin
molecules from the droplet surfaces at elevanted temperatures might lead to
flocculation and/or coalescence (Surh ef al., 2006). However, no changes in droplet
size of oil were found in emulsion stabilize by modified gelatin after heating at 90°C.
The result suggested that modified gelatin yielded the emulsion with higher stability,
especially when heated at high temperature. This might be due to the higher stability
of hydrophobic {ilm of gelatin modified with fatty acid to heat treatment. As a result,

the emulsion could be retained after heating.

Table 20. Effect of heating at different temperatures on zeta potential and mean
particle diameter of oil droplet in emulsion stabilized by gelatin modified without and

with fatty acid ester of C14:0 at pH 7.

Gelatin Temperature  Zeta potential Particle size (jun)
§Y) (mV) d;) ds

Control 50 -18.80 £0.14a* 1.04+0.01a 1.29 £ 0.07a
70 -19.09+£092a 1.07+£00la 1.30+£0.0la
90 -1882+024a 1.14+0.11b  1.43 £0.03b

Gelatin-C14:0 50 -2392+£0.11a  0.71£0.02a 0.84 +0.02a
70 -2343+057a  0.75+0.03a 0.82+0.02a
90 2486+ 0.18b 0.74+0.02a 0.84+0.0la

Mean+SD (n=3).

* Different letters in the same column within the same sample indicate significant

differences (p<0.05).
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0.5 Conclusion

Modification of gelatin with fatty acid ester could improve surface
activity of obtained gelatin as indicated by the decrease in surface tension and the
increase in emulsifying properties. Gelatin modified with fatty acid ester of C14:0,
especially at the high degree of modification, rendered the emulsion with small oil
droplet size and high stability, compared with the confrol gelatin. Generally, the
enhanced emulsifying properties of gelatin modified with fatty acid ester of C14:0
were obtained, though the degree of modification was relatively low. The emulsion
stabilized by gelatin modified with fatty acid ester of C14:0 was stable in the wide pH
range (3 to 8), and at NaCl concentration up to 500 mM. The emuision was also stable
after being heated up to 90°C. Therefore, the modified gelatin could be used as a

promising emulsifier in both food and non-food systems.




CHAPTER 7

Surface active properties and molecular characteristics of cuttlefish skin

gelatin modified by oxidized linoleic acid

7.1 Abstract

, Surface activity and molecular changes of cuttlefish skin gelatin
modified with oxidized linoleic acid (OLA) prepared at 60, 70 and 80°C at different
times were investigated. Modification of gelatin with OLA could improve surface
activity of resulting gelatin as evidenced by the decreased surface tension and the
increased foaming and emulsifying properties. Interaction between OLA and gelatin
led to the generation of carbonyl groups, loss of free amino content and the increase in
patticle size of resulting gelatin. Emulsion stabilized by modified gelatin had the
smaller mean particle diameter with higher stability, compared with that stabilized by

gelatin without modification.
7.2 Introduction

Gelatin, the denatured form of collagen, is used as foaming,
emulsifying and wetting agents in food, pharmaceutical, medical and technical
applications due to its surface active properties (Karim and Bhat, 2009). In emulsion,
gelatin can adsorb at interfaces between oil and water and form a continuous
viscoelastic membrane-like film around oil droplets, resulting in the improved
stability of oil-in-water emulsion (Damodaran, 2005). Gelatin is commercially made
from skins and skeletons of bovine and porcine by alkaline or acidic extraction
{Gilsenan and Ross-Murphy, 2000). However, gelatin from aquatic sources (fish
skins, bones, and fins) can be an alternative to mammalian counterpart (Kim ef al.,
1996). Fish gelatin is advantageous due to the lack of BSE outbreaks. It is acceptable

for Islam and can be used with minimal restrictions in Judaism and Hinduism.
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Moreover, the production of gelatin from by-product of the fish-processing industry
could reduce waste and pollution.

Cuttlefish is one of major secafood products of Thailand. During
processing, the skin is removed and becomes the by-product with the low market
value. Recently, Aewsiri et al. (2009a) successfully extracted the gelatin from
cuttlefish skin, However, gelatin from cuttlefish skin had the poorer surface activity
due to the lower hydrophobic amino acids content (proline and leucine) and a large
portion of hydrophilic amino acids (lysine, serine, arginine, hydroxyproline, aspartic
acid and glutamic acid) (Aewsiri et al., 2009a; Hoque ef al., 2010). Gelatin with a
higher hydrophilic region generally has the limited ability to function as a surface
active agent (Toledano and Magdassi, 1997).

Attachment of hydrophobic domain to protein may lead to the increase
in its hydrophobicity, causing the changes in the surface activity and functional
properties of protein (Kato and Nakai, 1980; Toledano and Magdassi, 1997). Lipid
oxidation products, including lipid hydroperoxides and reactive aldehyde derivatives,
could modify amino acids of proteins (Stadtman and Berlett, 1997). Alkyl and peroxyl
radical decomposed from hydroperoxide can directly interact with side chains of
proteins (Kato ef al, 1992). The secondary lipid oxidation products, such as
aldehydes, react mainly with amino acids via condensation reaction to from Schiff’s
bases or by Michael addition reactions (Liu ef af., 2003; Stadtman and Betlett, 1997).
Therefore, the introduction of lipid oxidation products to gelatin might provide the
hydrophobic domain for gelatin, thereby facilitating the migration of gelatin to the
interface. Therefore, the objectives of this work were to study the improvement of
surface activity of cuttlefish skin gelatin via the modification with oxidized linoleic
acid as affected by reaction time and temperature and to investigate the effect of
modified cuttlefish skin gelatin on the stability of emulsion under different harsh

conditions.
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7.3 Materials and methods

7.3.1 Chemicals

Linoleic acid, o-phthalic dialdehyde (OPA), 2-
(dimethylamino)ethanethiol hydrochloride (DMA), cumene hydroperoxide and 1-
anilinonaphthalene-8-sulphonic acid (ANS) were purchased from Sigma Chemical
Co. (St. Louis, MO, USA}. Hydrogen peroxide (H20;), sodium hydroxide, ethanol,
sodium dodecyl sulfate (SDS), dimethyl sulfoxide (DMSO), sodium chloride, sodium
hydroxide, sodium sulfite, ammonium thiocyanate (NH;SCN), barium chloride
(BaCly), ferrous sulfate (FeSOg4) and boric acid were procured from Merck

(Darmstadt, Germany). All chemicals were of analytical grade.

7.3.2 Extraction of gelatin from cuttlefish skin

Cuttlefish (Sepia pharaonis) skin gelatin was prepared according to the
method of Aewsiri ef al. (2009b). Ventral skin of cuttiefish was washed with tap
water and cut into small pieces (I x 1 cm?). Skin was treated with 10 volumes of 0.05
M NaOH for 6 h with a gentle stirring at room temperature (26-28°C). The solution
was changed every 1 h for up to 6 h. Alkali treated skin was then washed with
distilled water until the neutral pH of wash water was obtained. The prepared skin
was subjected to bleaching with 10 volumes of 5 % H,0; at 4 °C for 48 h at room
temperature and then washed with 10 volumes of water for 3 times. Gelatin was
extracted from bleached skin using the distilled water (60°C) for 12 h with a
sample/water ratio of 1:2 (w/v). During extraction, the mixture was stirred
continuously. The extract was centrifuged at 8,000 x g for 30 min at 25°C using a
refrigerated centrifuge (Sorvall Model RC-B Plus, Newtown, CT, USA) to remove
insoluble material. The supernatant was collected and freeze-dried using a freeze
dryer (Model Dura-Top™ pP/Dura Dry™ uP, FTS® System, Inc., Stone Ridge, NY,
USA).

7.3.3 Preparation of oxidized linoleic acid
Prior to the preparation of the oxidized linoleic acid (OLA), the

mixture of linoleic acid/Milli-Q water (a ratio of 1:1) was homogenized at a speed of
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9,500 rpm for 2 min using a homogenizer (model T25 basic, IKA LABORTECHNIK,
Staufen, Germany) to remove soluble lipid oxidation products. The linoleic acid was
recovered by centrifugation at 3,000 x g for 15 min at room temperature using a
centrifuge (model 2323k, Hermle Labor Technik, Wehingen, Germany). Ten mL of
linoleic acid were placed in 15 ml.-glass test tube. The linoleic acid was flushed with
air continuously and incubated at different temperatures (60, 70 and 80°C) for various
times (3, 6, 9 and 12 h). All samples obtained were subjected to analyses.
7.3.3.1 Peroxide value

Peroxide value was determined using a method of Shantha and Decker
(1994) with a slight modification. Sample (0.3 mL) was added to 1.5 mL of a mixture
of isooctane/2-propanol (3:1, v/v), vortexed 3 times for 10 s each, followed by
centrifuging for 2 min at 2000 x g. The organic phase (approximately 0.2 mL) was
added to a mixture of methanol/butanol (2:1, v/v), followed by addition of 15 pL of
3.94 M ammonium thiocyanate and 15 uL of ferrous iron solution (prepared by
mixing 0.132 M BaCl, and 0.144 M FeSQy at a ratio of 1:1, v/v). The solution was
vortexed and allowed to stand for 20 min. The absorbance was then measured at 510
nm. The concentration of hydroperoxides was calculated from a cumene
hydroperoxide standard curve (0-500 nmol/ml) and expressed as nmol
hydroperoxide/ kg sample.

7.3.3.2 Thiobarbituric acid reactive substances

Thiobarbituric acid reactive substances (TBARS) were determined as
described by Buege and Aust (1978). One mL of sample was dispersed in 4 mL of
thiobarbituric acid solution (0.375% thiobarbituric acid, 15% trichloroacetic acid and
0.25 M HCI). The mixture was heated in boiling water for 10 min, followed by
cooling in running tap water. The mixture was centrifuged at 3600 x g for 20 min at
room temperature. The absorbance of the supernatant was measured at 532 nm. The
standard curve was prepared using malonaldehyde (2-10 ppm) and TBARS were

expressed as mg malonaldehyde/ kg sample.

7.3.4 Modification of cuttlefish skin gelatin
Cuttlefish skin gelatin was dissolved in distilled water to obtain a final

concentration of 1.1 % protein determined by the Biuret method (Robinson and
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Hodgen, 1940). The linoleic acid oxidized at various conditions was dissolved in
ethanol and used as the stock solution. To 90 mL of gelatin solution, 1 mL of OLA
was added. The final volume was adjusted to 100 mL with water to obtain the final
protein concentration of [% and the OLA-to-free amino group molar ratio of 5:1 and
10:1. The mixtures were stirred continuously for 3 h at room temperature. Thereafter,
the samples were dialyzed (MW cut-off = 14000 Da) for 12 h at room temperature
against 20 volumes of 1% ethanol to remove OLA (unbound to proteins) and 12 h
against 20 volumes of distilled water to remove ethanol. The dialysate was filtered
through a filter paper No. 595% (Schleicher & Schuell, Dassel, Germany) to remove
precipitated product and the filtrate was freeze-dried. The gelatin-linoleic acid
complexes were stored at -20°C until used. The control was prepared in the same
manner except that oxidized linoleic acid was excluded and the distilled water was
used instead. Gelatin-linoleic acid complexes were subjected to analyses.
7.3.4.1 Determination of free amino group content

Free amino group content in native and modified cuttlefish skin gelatin
was determined using o-phthalicdialdehyde (OPA) as described by Church ef al.
(1983). The OPA reagent was freshly prepared by dissolving 40 mg of OPA in 1 mL
of methanol, followed by the addition of 25 mL of 0.1 M sodium borate, 200 mg of 2-
(dimethylamino)ethanethiol hydrochloride (DMA), and 5 mL of 10 % SDS. The total
volume was adjusted to 50 mL with distilled water. To determine free amino group
content, 65 uL of sample (1 % protein) was mixed with 3 mL of OPA reagent
solution. After 2 min, the absorbance was read at 340 nm to measure alkylisoindole
derivatives formed after reaction of OPA with free amino groups using a
spectrophotometer (UVmini-1204, Shimadzu, Duisburg, Germany). Free amino group
content was calculated from a standard curve of L-leucine (0 — [0 mM).

7.3.4.2 Determination of carbonyl content

Carbonyl content of gelatin without and with modification was
determined according to the method of Liu er al. (2000). Sample solution (0.5 mL, 4
mg protein/mL) was added with 2.0 mL of 10 mM 24-dinitrophenylhydrazine
(DNPH) in 2 M HCI. The mixture was allowed to stand for 1 h at room temperature.
Thereafter, 2 mL of 20% (w/v) trichloroacetic acid (TCA) were added to precipitate

protein. The pellet was washed twice with 4 mL of ethanol:ethylacetate (1:1, v/v)




176

mixture to remove unreacted DNPH, blow-dried, and dissolved in 1.5 mL of 0.6 M
guanidine hydrochloride in 20 mM potassium phosphate (pH 2.3). The absorbance of
solution was measured at 370 nm using a spectrophotometer. A molar absorptivity of
22,400 M em™ was used to calculate carbonyl content (Levine et al., 1990).
7.3.4.3 Measurement of mean particle size
The particle size of gelatin samples dispersed in 10 mM sodium
phosphate buffer (pH 7.0) with the final concentration of 1 mg protein/mL was
measured by dynamic light scattering at room temperature. The measurements were
performed by a Zetasizer nano ZS (Malvern Instruments, Worcestershire, UK). A
refractive index of 1.42 was used for dispersed phase of all protein solutions.
7.3.4.4 Determination of surface hydrophobicity
Surface hydrophobicity was determined as described by Benjakul ef al.
(1997) using I-anilinonaphthalene-8-sulphonic acid (ANS) as a probe. Gelatin
solution (4 mg/mL) was diluted in 10 mM sodium phosphate buffer (pH 6.0) to obtain
the protein concentrations of 0.1, 0.2, 0.3 and 0.5 % (w/v). The diluted protein
solution (2 mL) was mixed with 20 pl. of 8§ mM ANS in 0.1 M sodium phosphate
buffer (pH 7.0). The fluorescence intensity of ANS-conjugates was measured at an
excitation wavelength of 374 nm and an emission wavelength of 485 nm. The initial
slope of the plot of fluorescence intensity versus protein concentration was referred to
as SpANS.
7.3.4.5 Fourier transform infrared (FTIR) spectroscopy
Spectra of gelatin without and with modification were obtained using a
BioRad FTS-60A FTIR spectrometer (Biorad, Cambridge, MA, USA) equipped with
a Attenuated Total Reflectance Accessory (ATR) using a ZnSe ATR crystal. MID-IR
spectra were recorded at room temperature between 800 and 4000 cm™ at a resolution
of 2 cm™ in the ATR mode on thin films which were purged with dry nitrogen to
remove spectral interference resulting from water vapor and carbon dioxide. Sixty-
four interferograms were coadded for a high signal-to-noise ratio. Prior to data
analysis, the spectra were baseline corrected and normalized (mean normalization

option).




177

7.3.5 Surface active properties of gelatin modified by oxidized linoleic acid

Gelatins without and with modification by linoleic acid oxidized under

different conditions were subjected to determination of surface active properties.
7.3.5.1 Surface tension

Gelatin solutions (1 mg protein/mL) were prepared freshly before
measurement. The surface tension of gelatin samples was measured as a function of
time (0-5000 s) on an automated drop tensiometer (ADT; I. T. Concept,
Longessaigne, France), as described by Wierenga ef al. (2005). An air bubble was
formed at the tip of a syringe needle placed in a cuvette containing the sample
solution, Both cuvette and syringe were temperature controlled (20 + 0.1°C). Bubble
volume was kept constant at 4 L, using the computer-controlled syringe plunger to
compensate for gas diffusion from the bubble. Surface tension was determined by
bubble shape analysis.

7.3.5.2 Foaming properties

Foam expansion (FE) and foam stability (FS) of gelatin solutions were
determined as described by Shahidi et al. (1995) with a slight modification. Ten mL
of gelatin solution (1 % protein, w/v) were transferred into 100 mL-cylinders
(PYREX®, Corning, NY, USA). The mixtures were homogenized for 1 min using a
homogenizer at a speed of at 13,400 rpm for 1 min at room temperature. The foam
volume was recorded at t= 0 and 30 min. FE and FS were then calculated using the

following equations:

FE (%) = (Vo/V1) x 100
FS (%) = (V/V}) x 100

where Vj is total volume after whipping (0 min); V| is the original liquid volume
before whipping and V| is total volume after leaving at room temperature for 30 min.
7.3.5.3 Emulsifying properties
Emulsion activity index (EAI) of gelatin samples was determined
according to the method of Pearce and Kinsella (1978) with a slight modification.
Soybean oil (2 mL) and gelatin solution (1 % protein, 6 mL) were homogenized using

a homogenizer at a speed of 20,000 rpm for 1 min. Emulsions were pipetted out at 0




178

and 10 min and 100-fold diluted with 0.1% SDS. The mixture was mixed thoroughly
for 10 s using a vortex mixer. Asgp of the resulting dispersion was measured using a

spectrophotometer. EAI at 0 and 10 min were calculated by the following formula:
EAI (m¥g) = (2x2.303 A)DF/I$C

where A is the absorbance measured at 500 nm, | = path length of cuvette (m), DF=
the dilution factor (100), ¢ = oil volume fraction (0.25) and C = protein concentration
in aqueous phase (g/m’).

7.3.5.4 Mean particle diameter and the stability of emulsion

Oil-in-water emulsions were prepared by homogenizing the mixture of
sunflower oil and gelatin solution (2.25% protein, w/v) at a ratio of 1:9 (v/v) at a
speed of 9,500 rpm for 2 min by a homogenizer. These coarse emulsions (pH 7.0)
were then passed through a laboratory-scale high-pressure homogenizer (Delta
Instruments, Drachten, The Netherlands) at 75 bar for 10 times. NaN; (0.02 %) was
added to the emulsions as an antimicrobial agent. The mean particle diameter of oil
droplet in emulsion was determined with Zetasizer nano ZS (Malvern Instruments,
Worcestershire, UK) at 25°C. Electrophoretic light scattering technique was used to
analyze the velocity distribution of particle movement by measuring dynamic
fluctuations of light scattering intensity caused by the Brownian motion of the
particle. Data was calculated via the Stokes-Einstein equation and expressed as
number average distribution of particle diameter. Prior to analysis, the samples were
100-fold diluted with 10 mM sodium phosphate buffer solution. The particle diameter
was repotted as volume-surfaced mean particle diameter, ds; (:Xn;d3 /Y mid%) and
volume-weighted mean diameter, dy; (:Znid4ifZ n;dli), where 4; is the diameter and #;
is the number of particles in the i size class,

To study the stability of emulsion under different conditions, the
emulsion was prepared as described above (10 wt% sunflower oil, 2.0 wit% fish
gelatin, pH 7.0} and then diluted to a droplet concentration of 2.0 wt% using 10 mM
sodium phosphate buffer. The emulsion was incubated in a beaker overnight to allow
any large droplets or non-emulsified oil to rise to the top, and then only the lower

portion of emulsion was collected.
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For pH stability study, the pH of the emulsions (20 mL) was adjusted
to 3, 4, 5, 6, 7 and 8 using 0.5 M HCI of 0.5 M NaOH solutions and the final volume
of all emulsions was adjusted to the same volume (25 mL) using distilled water
previously adjusted to corresponding pH. The emulsions were then stored at room
temperature for 24 h before being analyzed. To study the impact of NaCl on emulsion
stability, emulsion samples (20 mL) were added with 0, 0.25, 0.5, 1.25 and 2.5 mL of
4 M NaCl solution and adjusted to 25 mL using distilled water to obtain a final NaCl
concentrations of 0, 50, 100, 250 and 500 mM. Emulsion samples (10 m1.} were then
transferred into glass test tubes (internal diameter 15 mm, height 125 mm) and stored
at room temperature for 24 h before measurement.

For thermal stability, emulsion samples in 10 mM sodium phosphate
buffer (pH 7) (10 mL) were added with 2.5 mL of distilled water. The emulsion
samples were transferred into screw cap test tubes and then incubated in a temperature
controlled water bath for 30 min at 50, 70 and 90 °C. After incubation, the emulsion
samples were cooled under running tap water. All emulsion samples (10 mL) in glass
test tubes (internal diameter 15 mm, height 125 mm) were stored at room temperature
for 1 day. The zeta potential and mean particle diameter of oil droplet were then

measured as described above.

7.3.6 Protein determination
Protein content was determined by the Biuret method (Robinson and

Hodgen, 1940) using bovine serum atbumin as a standard

7.3.7 Statistical analysis
The experiments were run in triplicate. All data were subjected to
Analysis of Variance (ANOVA) and differences between means were evaluated by
Duncan’s multiple range test. For pair comparison, T-test was used (Steel and Torrie,
1980). The SPSS statistic program (Version 10.0) (SPSS Inc., Chicago, IL, USA) was

used for data analysis.
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7.4 Results and Discussion

7.4.1 Oxidation of linoleic acid as affected by temperature and time

The oxidation of linoleic acid during incubation at different
temperatures for various times was monitored as shown in Figure 42. Generally, PV
and TBARS of linoleic acid increased with increasing incubation times, except PV of
samples incubated for 9 and 12 h, which had the similar value (p>0.05) (Figure 42A).
At the same incubation time, the higher temperature yielded the higher PV and
TBARS (p<0.05). The result suggested that the oxidation of linoleic acid proceeded to
a higher extent at higher temperature, especially with the longer time. Lipid oxidation
is a complex process, in which unsaturated fatty acids react with molecular oxygen,
usually via a free radical mechanism, to form hydroperoxides, the primary oxidation
products, Thereafter, unstable hydroperoxides are decomposed with the subsequent
formation of the secondary lipid oxidation products. PV has been used to indicate the
formation of the primary lipid oxidation products, whereas TBARS value represents
the formation of secondary lipid oxidation products. Different types and amounts of
lipid oxidation products formed under different conditions in OLA might affect the

degree of interaction with gelatin differently.

7.4.2 Modification of cuttlefish skin gelatin with linoleic acid oxidized under

different conditions
7.4.2.1 Free amino group content

Free amino group content of gelatin modified with linoleic acids

oxidized under various conditions with a ratio of OLA-to-frec amino group of 5:1 and

10:1 is shown in Table 21. Cuttlefish skin gelatin contained around 0.375 mmol NH,

groups/ g gelatin. Modification of gelatin with OLA caused the loss in free amino

group content of resulting gelatin, compared with the control gelatin (without

modification) (p<0.05).
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Figure 42. Peroxide value (A) and TBARS value (B) of OLA prepared at different
temperatures for various times. Bars represent the standard deviation
(n=3).
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Table 21. Free amino group content, carbonyl content, particle size and surface

hydrophobicity of cuttlefish skin gelatin modified with OLA prepared at

different temperatures for various times using different molar ratio.

Incubation Time Free amino Carbonyl Particle Surface
temperature  (h) content content(nmole/m  size hydrophobicity
(mM) g protein) (nm)

Control 3.75+£0.05i1*  6.53+0.14a 164+ 15a 17.39+0.18a

At molar ratio of 5:1

60°C 3 3.66 £ 0.02f 6.75 £ 0.20ab 169 + 14ab 17.70 £ 0.22a

' 6 3.63 +0.,04f 7.01 £0.1labc - 182 +2cd 19.30 £ 0.20b

9 3.54 4+ 0.06e 7.77 £ 0.20de 188 + 2ef 19.20 £ 3.29b
I2 3.47+0.05¢ 8.30 % 0.21ef 207 £ Sh 19.59 + 0.22b

70°C 3 3.52 £0.06e 7.11 £ 0.12abe 177 + 6bc 2142+ 0.07¢
6 3.38£0.05d 7.49 £+ (1.22¢d 197 +2fg 23.24 £ 0.16¢
9 3.32+0.05d 8.53 £ 0.41f 202 + 1gh 26,61 £0.11h
12 3.17+0.05¢ 10.57 £ 0.44¢g 208 £ 2h 24.56 +(.28g

80°C 3 3.34£0.04d 7.37 4 0.22bcd 194 + 5fg 2342+ 0.53¢
6 3.18 £ 0.04c 10.14 £ 0.56g 219+ 2i 2448 £ 0.10g
9 3.04 £ 0.05b 14.00 + 0.50h 243 + 10j 22.29 +£0.14d
12 292 +0.02a 16.86 + 0.62i 293 + 4k 23.99 £ 0.21f

At molar ratio of 10:1

60°C 3 3.58 £0.02h 7.42 £0.22b 169 + Sa 20,64 + 0.43b
6 3.51 £ 0.00h 8.41 £0.13¢ 195 +4cd 2350+ 0.15¢
9 3.27£0.02g 8.48 :0.21¢ 211 1 0cde  23.124£0.27¢
12 3.12+0.02fF 9.96 + 0.25d 236 +£1 4fg 24.88 + 0.82d

70°C 3 3.30+0.10g 8.54 +0.14c 187 + 3ab 23.00 £ 0.91¢
6 3.19 £ 0.05F 8.99 + (.26¢ 219 + 6df 29.67 £ 0.20g
9 3.03+001le 10.23 + 0.49d 236 + 20fg 3238+ 0.10h
12 2.86 +0.04d 12.68 £ 0.53¢ 251 + 19g 29.23 £ 04lg

80°C 3 2.96 + 0.05¢ 10.55 £ 0.15d 213 & 10edf  25.89 £ 0.28¢
6 2,74 +0.02¢ 14.19 £ 0.78f 288 + 24h 26.51£0.13¢
9 2.66 £ 0.02b 19.60 + 0.70h 330 +£31i 29.14 + 0.39¢g
12 2.52£0.07a 25.97 1+ 0.96h 360 & 18] 28.27+£0.97f

Mean£SD (n=3)

Different letters in the same column within the same molar ration indicate significant

differences (p<0.05).

[t suggested that OLA more likely interacted with gelatin molecules via

amino groups of N-termini or e-amino group of lysine, leading to the decrease in free

amino group content. The degree of decrease in free amino group of modified gelatin

depended on incubation time and temperature used for OLA preparation as well as the

molar ratio of OLA-to-free amino group. When the same OLA was used, free amino
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group content decreased with increasing molar ratio (p<0.05). At the same molar ratio
used, gelatin modified with OLA prepared at 80°C had the higher loss in free amino
group content, compared with OLA prepared at 70 and 60°C, in the descending order.
OLA prepared with the longer incubation time generally caused the decrease in fiee
amino group content to a higher extent than those with the shorter time (p<0.05).
Refsgaard et al. (2000) reported that lipid oxidation products, both primary
(hydroperoxide) and secondary product (reactive aldehydes), can react with protein
and lead to the loss in lysine residues. In general, the loss in free amino group of
modified gelatin correlated with the degree of oxidation of linoleic acid. OLA with
higher degree of oxidation might interact with free amino groups of protein more
effectively than OLA having the lower degree of oxidation. The secondary lipid
oxidation products showed high reactivity with g-amino group of lysine, imidazole
group of histidine and sulfthydryl group of cysteine(Wu et af., 2010). A number of
breakdown products, especially reactive aldehyde such as malondialdehyde, 4-
hydroxynonenal (HNE), and 4-hydroxyhexenal (HHE), could interact with amino
groups of protein (Liu et al., 2003). Although hydroperoxides could decompose to
rcactive free radical, those radicals had low stability, thereby having the lower
interaction with proteins (Girotti, 1998). Therefore, the degree of interaction of OLA
with gelatin via amino groups was governed by the degree of oxidation. Also, the
molar ratio was another factor affecting the modification.
7.4.2.2 Carbonyl content

Carbonyl content of gelatin modified with various OLA at different
molar ratios is shown in Table 21. Carbonyl content is one of the most reliable
measures of protein oxidation (Levine ef al., 1990). Gelatins modified with OLA
showed the marked increase in the carbonyl content, compared with the control
gelatin (p<0.05). The result suggested that OLA might induce the oxidation of
protein, leading to the formation of carbonyl in resulting protein. Additionally,
carbonyl groups of OLA attached to gelatin directly contributed to the increased
carbonyl content of modified gelatin. For the same OLA, carbonyl content in
modified gelatin increased with increasing the molar ratio used (p<0.05). Among alt
samples, gelatin modified with OLA prepared at 80°C had higher carbonyl content
than those modified with OLA prepared at lower temperatures (70 and 60°C).
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Carbonyl content of modified gelatin increased when OLA was prepared with the
longer incubation time (p<0.05). Thus, the degree of oxidation of linoleic acid used
was coincidental with the increase in carbonyl content as well as the decrease in free
amino group content of modified gelatins. This result was in agreement with Wu ef al.
(2010) who reported that modification of soy protein with reactive aldehyde such as
acrolein resulted in the loss in histidine, lysine and cysteine residues and led to protein
carbonylation, Zamora ef al. (1999) reported that lipid oxidation product can interact
with amino acids, inducing the oxidation of protein. The most sensitive amino acids
toward oxidation are heterocyclic amino acid (such as tryptophan, histidine and
proline) and amino acid with OH-, S- or N-containing groups (tyrosine, methionine,
cysteine and lysine) (Doorn and Petersen, 2002). Oxidation of protein is associated
with the alteration of protein structure, peptide chain scission, formation of amino
acid derivatives and polymers, the decreases in solubility, and changes in the
functional properties (Decker et al., 1993). Therefore the incorporation of OLA into
gelatin contributed to some alterations of modified gelatin.
7.4.2.3 Particle size

Mean particle size of gelatin modified with various OLA with a ratio
of OLA-to-free amino group of 5:1 and 10:1 is shown in Table 21. Generally, mean
particle size of the control gelatin (without modification) was 164 + 15 nm. After
modification, gelatin modified with OLA had the larger mean particle size than the
control gelatin. This result suggested that OLA might induce inter- and intra-
molecular cross-linking of gelatin, resulting in the increased particle size of modified
gelatin, When OLA prepared under the same condition was used, mean particle size
of gelatin increased with increasing molar ratio (p<0.05). Marked increase in mean
particle size was observed in gelatin modified with OLA prepared at 80°C, especially
with longer incubation time. The lowest mean particle size was found in gelatin
modified with OLA prepared at 60°C, particularly with the shorter incubation time. It
was noted that the increasing rate of mean particle size of gelatin was coincidental
with the increase in TBARS value in OLA used (Figure 42B). This result suggested
that secondary lipid oxidation products more likely induced the formation of larger
gelatin. Stadman and Berlett (1997) reported that secondary lipid oxidation product,

such as aldelydes, react mainly with amino acids via condensation reaction to from
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Schiff’s bases and by Michael addition reactions. The reaction occurred between
carbon atom of the aldehyde and the nucleophilic amino acid residueA(s-amino group
of lysine, the imidazole moiety of histidine or the sulfhydryls group of cysteine)
(Stadtman and Berlett, 1997). The Schiff’s bases or Michael adducts formed might
subsequently be involved in inter- and inter-molecular cross-linking with amino acid
residues such as lysine, cysteine, or histidine residues (Liu ef a/., 2003; Stadtman and
Berlett, 1997). Thercfor'e, the modification of gelatin with OLA with higher degree of
oxidation promoted the aggregation and precipitation of modified gelatin.
7.4.2.4 Surface hydrophobicity

Surface hydrophobicity (SoANS) of gelatin modified with OLA with a
ratio of OLA-to-free amino group of 5:1 and 10:1 is shown in Table 21. Modification
of gelatin with OLA increased surface hydrophobicity of resulting gelatin (p<0.05).
With the same OLA used, the higher increase in surface hydrophobicity of modified
gelatin was obtained when molar ratio increased (p<0.05), OLA, which was
hydrophobic in nature attached to gelatin, more likely served as the hydrophobic
domain of modified gelatin. At the same molar ratio, the considerable increase in
surface hydrophobicity was observed in gelatin modified with OLA prepared at 70
and 80°C, whereas gelatin modified with OLA prepared at 60°C had the lower
increase in surface hydrophobicity. The highest surface hydrophobicity was found in
gelatin modified with OLA prepared at 70°C for 9 h, when the same molar ratio was
used (p<0.05). It was noted that even though gelatin modified with OLA prepared at
70°C for 9 h had the lower degree of interaction when compared with gelatin
modified with OLA prepared at 70°C for 12 h or at 80°C for 6, 9 and 12 h, the less
polarity of OLA prepared at 70°C for 9 h led to the higher surface hydrophobicity.
This result suggested that the primary and secondary lipid oxidation products in OLA
varied, depending upon the conditions used. Oxidation of lipid most likely contributed
to the decreased non-polar lipids, resulting from the decomposition of lipid molecule
to shorter chain length product, or the presence of polar groups such as aldehyde or
hydroperoxide groups (Porter et al., 1995). Hydroperoxide having longer chain length
might promote the increase in hydrophobic group more effectively than the secondary

product with shorter chain length. Moreover, modification of gelatin with OLA with
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higher secondary lipid oxidation product could increase the carbonyl compound,
resulting in the increase in hydrophilic group in the modified gelatin.

Wu et al. (2010) reported that soy protein modified by lipid peroxidation
product acrolein had the decrease in surface hydrophobicity. Oxidized lipids might
bind to hydrophobic amino acids of protein, resulting in the decrease in surface
hydrophobicity of modified protein (Liang, 1999). Oxidative modification of protein
could simultaneously results in the exposure of hydrophobic groups due to protein
partial unfolding, formation of hydrophilic group (protein carbonyls groups) and
aggregation via hydrophobic interactions. Those phenomena lead to the decreased
surface hydrophobicity of protein (Wu ef al., 2010).

7.4.2.5 FTIR

FTIR spectra of gelatin modified by various OLA with a ratio of OLA-
to-free amino group of 10:1 are illustrated in Figure 43. Generally, the spectra of
cuttlefish skin gelatin consisted of the major bands at ~3280 cm™' (Amide A,
representative of NH-stretching, coupled with hydrogen bonding), ~1635 ¢cm’™' (amide
I, representative of C=0 stretching/hydrogen bonding coupled with COO7) and ~1535
em” (amide I, representative of NH bending coupled with CN stretching). Similar
spectra were observed between modified gelatin and the control gelatin, However,
gelatin modified with OLA had the decrease in intensity of amide A, I and II bands,
compared with the control gelatin. These changes were indicative of greater disorder
(Friess and Lee, 1996) in gelatin. The amide I is the most useful peak for infrared
analysis of the secondary structure of protein including gelatin (Surewicz and
Mantsch, 1988). Yakimets ef a/. (2005) reported that the absorption peak at 1633 cm™
was the characteristic for the coil structure of gelatin. The lowering in amide I band of
gelatin suggested that OLA might affect the helix coil structure of gelatin.
Modification of gelatin with OLA resulted in the slight increase in the amplitude at
wavenumber ~2935 and ~2870 cm™ of resulting gelatin, compared with gelatin
without modification. The wavenumber at ~2936 and ~2867 cm™ were attributable to

the asymmetric and symmetric stretching of CH,, respectively (Smith, 1999).
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Lin and Chen (2006) reported that attachment of C), alkyl chains to the
gelatin hydrolysate caused an increase of these peaks, indicating the symmetric and
asymmetric of CH,. This result indicated that OLA could bind with the gelatin
molecules as indicated by the additional band of alkyl group in modified gelatin.
Moreover, the marked increase in amplitude of peak in the wavenumber range of
1450 — 1250 em™, representative of stretching of C-N, was observed in modified
gelatin when compared with the control gelatin. The interaction of OLA and gelatin
might be mediated via bonding between carbon atom of OLA and amino group of
molecular gelatin, resulting in increasing of C-N bond. It was coincidental with the
decrease in free amino group content of modified gelatin (Table 21).

From FTIR spectra, temperature and time used for OLA preparation
were the crucial factors affecting the properties and characteristic of modified gelatin.
Modification of gelatin with OLA prepared at 80°C, especially with longer incubation
time, had the higher degree of interaction between OLA and gelatin, This was
rcvealed by the higher changes in secondary structure of gelatin molecule as
evidenced by the remarkable increase in C-N bonding and higher decreases in Amide
A, [ and II brands. Nevertheless, the modification of gelatin with OLA prepared at
70°C, especially with incubation time of 9 h, rendered gelatin with the higher
hydrophobic domain, indicated by the higher amplitude of peak representing alkyl

group incorporated.

7.4.3 Functional properties of modified gelatin
7.4.3.1 Surface tension

Surface tension of solutions of gelatin without and with modification is
shown in Figure 44. The degree of reduction of surface tension is used to indicate the
ability of gelatin to localize or accumulate at air-water interface. Adsorption of
protein at air-water interface results in the decrease in interfacial tension (Pezennec et
al., 2000). Generally, surface tension of all sample solutions decreased as the running
time increased from 0 to 5000 s. Gelatin modified with OLA showed a faster decrease
in surface tension, compared with the control gelatin. This indicated that the

modification of gelatin with OLA could yield more surface active gelatin.
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Figure 44. Surface tension of cuttlefish skin gelatin modified with OLA prepared at

different temperatures for various times using a ratio of OLA-to-free
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The degree of decrease in surface tension of modified gelatin depended
on incubation time and temperature to generate OLA. When OLA prepared for 3 h
was used, the lowered surface tension was observed in gelatin modified with OLA
prepared at 80°C, followed by those modified with OLA prepared at 70 and 60°C,
respectively. Surface tension of modified gelatin decreased when incubation time for
OLA preparation increased. However, modification of gelatin with OLA prepared at
70°C for 12 h and at 80°C with longer incubation time led to the higher increased
surface tension of resulting gelatin, compared with using OLA with the shorter
incubation time. Change in surface tension correlated with change in surface
hydrophobicity of modified gelatin (Table 21). This result suggested that the different
amount and type of primary and secondary lipid oxidation products in OLA played a
key rule in enhancing surface hydrophobicity and surface activity of modified gelatin.
Increased surface hydrophobicity of modified gelatin facilitated gelatin to transport
and accumulate at air-water interface effectively by aligning hydrophobic domain
toward air bubble, thereby lowering surface tension,

7.4.3.2 Foaming propcrties

Foam expansion (FE) and foam stability (FS) of gelatin modified with
various OLA at a ratio of OLA-to-free amino group of 5:1 and 10:1 are shown in
Figure 45. Generally, gelatin modified with OLA had the higher foaming ability than
the control gelatin. Modification of gelatin with OLA was able to improve foam
properties of resulting gelatin. FE of gelatin modified with OLA at the lower molar
ratio (5:1) increased non-significantly when compared with the control gelatin
(p>0.05), whereas the use of OLA at the higher molar ratio (10:1) increased FE
markedly (p<0.05). When OLA reacted with gelatin, surface hydrophobicity of
resulting gelatin was increased. The increased hydrophobicity at surface of modified
gelatin facilitated the gelatin molecules to localize at the air-water interface and
reduce surface tension more effectively. This resulted in the improved FE of gelatin
after modification with OLA. Foaming ability of modified gelatin depended on OLA
used. With incubation time of 3 h, OLA prepared at 80°C yielded gelatin with higher
foaming ability than those prepared at 70 and 60°C (p<0.05). However, modification
of gelatin with OLA prepared at 80°C with longer incubation time caused the

decrease in foaming ability of resulting gelatin. When the incubation temperatures of
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70 and 60°C were used, OLA with increasing incubation time was able to improve
foaming ability of resulting gelatin more potentially. This result was coincidental with
change in surface hydrophobicity and conformation of gelatin after modification. The
foaming ability of proteins is correlated with their film-forming ability at the air-water
interface. Proteins that rapidly adsorb at the newly created air-liquid interface during
bubbling and undergo unfolding and molecular rearrangement at the interface, exhibit
better foam ability than proteins that adsorb slowly and resist unfolding at the
interface {Damodaran, 1997). Gelatin modified with OLA prepared at 70°C for 9 h
with the highest surface hydrophobicity was more likely localized at the air-water
interface, thereby reducing surface tension more effectively. On the other hand, OLA
prepared at 80°C with longer incubation time caused the decrease in surface
hydrophobicity and conformation change of resulting gelatin. As a result, the decrease
in foaming ability was obtained.

After storage for 30 min, foam height of all samples decreased. The
instability of foam is caused by gravitational drainage of liquid from the lamella and
disproportionation of gas bubbles via interbubble gas diffusion (Yu and Damodaran,
1991). The coalescence of bubbles generally occurs because of liquid drainage from
the lamella film as two gas bubbles approach each other, leading to film thinning and
rupture (Damodaran, 2005). The foam height of all samples decreased, suggesting the
instability of foam previously formed. Nevertheless, the higher foam height was
found in foam stabilized by gelatin modified with OLA prepared at 70°C for 9 and 12
h. Therefore, the condition for OLA preparation directly affected the efficacy in

improvement of foaming ability of gelatin.
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7.4.3.3 Emulsifying properties
7.4.3.3.1 Emulsifying activity of gelatin

Emulsion activity index (EAI) of gelatin modified with various OLA is
shown in Figure 46, Modification of gelatin with OLA improved emulsifying
properties of resulting gelatin as evidenced by the increases in EAI, both at ¢ and 10
min, compared with the control gelatin. Improved emulsifying activity might be due
to the increased surface hydrophobicity of modified gelatin caused by QLA
incorporated. Surface hydrophobicity of protein is generally associated with a better
surface activity, in which the reduction in interfacial tension and the increase in
emulsifying activity are achieved (Kato and Nakai, 1980). This resulted in the
improved emulsifying properties of gelatin modified with OLA. EAI of modified
gelatin increased as the molar of OLA-to-free amino group ratio increased (p<0.05).
At the same molar ratio used, OLA prepared under different conditions had different
impact on EAI of modified gelatin. Generally, OLA prepared at higher temperature
and time rendered gelatin with greater emulsifying properties, However, OLA
prepared at 80°C with longer incubation time negatively affected the emulsifying
propetties of resulting gelatin as evidenced by the lowered EAIL The gelatin modified
with OLA prepared at 70°C for 9 h had the highest EAI (p<0.05), when the same
molar ratio used. This was coincidental with the change in foaming property (Figure
45).

For stability of emulsion, the relative decreases of EAI at 10 min were
determined, compared with EAI at 0 min (Figure 46). It was observed that emulsion
stabilized by modified gelatin was more stable than that of the control gelatin. With
the same OLA used, stability of emulsion tended to be higher with increasing OLA -
to-free amino group ratio used. However, modification of gelatin with OLA prepared
at 80°C, especially at longer incubation time and higher molar ratio used, showed the
detrimental impact on stability of emulsion. This might be due to the pronounced
aggregation of gelatin molecules after modification. As a result, gelatin modified with
OLA prepared at 80°C could not migrate and unfold at the oil-water interface
properly. As a consequence, the film surrounding the oil droplet could not be formed.

This led to instability of emulsion.
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Figure 46, Emulsion properties of cuttlefish skin gelatin modified with OLA prepared
at different temperatures for various times using a ratio of OLA-to-free
amino group of 5:1 (A) and 10:1 (B). Bars represent the standard

deviation (n=3).
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7.4.3.3.2 Mean particle diameter of oil droplet in emulsion

Mean particle diameters of oil droplet in emulsions stabilized by
gelatin modified with OLA a ratio of OLA-to-free amino group of 10:1 at day 0 and
10 of storage at room temperature are shown in Table 22. The mean particle diameter
of oil droplets was calculated and expressed as a volume-surface mean particle
diameter (d3;) and volume-weighted mean particle diameter (dy3) (Surh ef al., 2006).
Generally, the diameter size of oil droplet in emulsion stabilized by modified gelatin
after emulsification was smaller than that found in emulsion stabilized by the control
gelatin. At day 0, the 3, and dy; of oil droplet in emulsion stabilized by the control
gelatin was 1.01 £0.05 and 1.25 £ 0.06 pm, respectively. The lower d; and dy; of oil
droplets were observed in emulsion stabilized by modified gelatin, Emulsion
stabilized by gelatin modified with OLA prepared at 70°C for 9 h had d3; and dy; of
0.84 £ 0.04 and 0.97 £ 0.04 pum, respectively, which were the smallest oil droplet size
when compared with others (p<0.05). This result was associated with increasing
surface hydrophobicity of modified gelatin. During emulsification, modified gelatin
could migrate to the interface at a faster rate, align and form as a film surrounding the
oil droplet more effectively. As a consequence, the smaller oil droplets could be
formed as evidenced by the lower d3; and dy;. However, gelatin modified with OLA
prepared at 80°C with longer incubation time showed the higher oil droplet size. This
result might be due to cross-linking or aggregation of gelatin molecules after
modification. As a result, gelatin might not localize and rearrange at the oil-water
interface propetrly. .

After 10 days of storage, the increases in mean particle diameter (both
d;» and dy;) of oil droplets were found in all emulsion samples (p<0.05). This was
prabably due to individual droplet growth (Ostwald ripening) or droplet aggregation
(flocculation or coalescence) during storage (Surh et al, 2006). The degree of
increase in mean particle diameter in emulsion stabilized by control gelatin was
higher than emulsion stabilized by modified gelatin. Therefore, modified gelatin could
stabilize oil-in-water emulsion more effectively than control gelatin. Among all
emulsions, those stabilized by gelatin modified with OLA prepared at 70°C for 9 h
had the lowest increase in «3; and dy, when compared with others (p<0.05).

Formation of small oil droplet along with the thick film of gelatin increased emulsion
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stability. The small droplet emulsion had much better stability to gravitational
separation and aggregation than the large droplet emulsion (Tadros et al., 2004).
Therefore, gelatin modified with OLA prepared at 70°C for 9 h showed the highest
emulsion activity as well as emulsion stability. From this reason, gelatin modified

with OLA prepared at 70°C for 9 h was selected for further study.

Table 22. Mean particle diameter of oil droplet in emulsion stabilized by 2.0 %
gelatin modified without and with OLA prepared at different temperatures

for various times using a ratio of OLA-to-/free amino group of 10:1 at pH

7.
Incubation Time Mean particle diameter size (um)
- temperature (h) Day 0 Day 10
dz; dy3 dsz dy3
Control 1.01 £0.05 1.25+006 1.70+0.06 2.05+0.09
60°C 3 0.95 £ 0.02 1,10+ 0.03 6l 006 200£0.12
6 0.94+0.03 1.08 £0.03 1.47 +0.03 1.90+0.10
9 0.94 % 0.03 1.08 £0.03 1.43+£0.05 1.8040.09
12 0.91 £0.02 1.05£0.02 134007 1.59+0.04
70°C 3 0.91+£0.04 1.05+0.04 1.1820.03 1.50 4 0.05
6 0.87 £0.02 1.01£0.02 1.14+0.04 1444003
9 08410064 0972004 1.07£0.05 138£0.05
12 0.92 £ 0.05 1.06+0.02 1.17+0.02 149+0.05
80°C 3 0.87 £0.03 1.00+0.02 111 £0.01 1.39 £ 0.01
6 0.88 £ 0.05 1.01 002 1234002 151+£06.02
9 0.90 + 0.01 1044006 1.32+£004 1.63£0.05
12 0.94 £0.02 1.09 +0.03 1.28 £0.02 1.57 £0.03

Mean+SD (n=3).

7.4.4 Effect of environmental conditions on stability of emulsion stabilized
by modified gelatin
7.4.4.1. Effect of pH
The effect of various pHs (3-8) on the zeta potential and mean particle
diameter of oil droplet in emulsion stabilized by gelatin modified with OLA prepared
at 70°C for 9 h is shown in Figure 47. Generally, surface charge of oil droplet
switched from positive charge to negative charge when pH was increased (Figure

47A). When pH increased from 3 to 8, the zeta potential of oil droplet decreased from
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+18.29 to -22.10 mV for emulsion stabilized by the control gelatin and from +15.82 to
-24.77 mV for emulsion stabilized by modified gelatin,
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Figure 47. Effect of pH on zeta potential (A) and mean particle diameter (B) of
emulsion stabilized by gelatin modified without and with OLA prepared at
70°C for 9 h. Bars represent the standard deviation (n=3).
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At the same pH, it was noted that emulsion stabilized by modified
gelatin had the higher amplitude of negative charge, compared with that with control
gelatin. The charge of droplet was most likely governed by charge of gelatin
surrounding the droplet. The zero net charge of oil droplets in emulsion stabilized by
the control gelatin and modified gelatin was observed at pH 4.5 and 4.4, respectively.
At the pH having the net charge of zero, the emulsion might be less stable due to the
lowering of repulsive force.

For mean particle diameter, there was no change in both 43, and dy; of
emulsion stabilized by control gelatin and modified gelatin when different pHs were
used (p>0.05) (Figure 47B). This result showed that emulsions stabilized by the
control gelatin and modified gelatin were relatively stable at pH tested, even at pH
close to that giving the net charge ‘of zero, The result suggested that gelatin film might
be strong cnough to prevent the flocculation or coalescence of oil droplets at all pHs
tested.

7.4.4.4.2 Effect of salt concentration

The effect of different salt concentrations on the zeta potential and
mean particle diameter of oil droplet in emulsion stabilized by gelatin modified with
OLA prepared at 70°C for 9 h is shown in Table 23. As NaCl concentration increased,
the amplitude of negative charge of oil droplet in all emulsion samples decreased.
Similar trend was found in both emulsions stabilized by modified gelatin and the
control gelatin. Increasing ionic strength affects the electrostatic repulsion between
the droplets of emulsion (Onsaard ef al., 2006). In the presence of counter ions, the
charge on an emulsion is reduced by electrostatic screening, in which the repulsion
between the droplets is no longer sufficiently strong to overcome the attractive force
{e.g., van der Waals and hydrophobic) acting between the droplets (Onsaard et af.,
2006).

The slight increase in mean particle size (both di; and dy3) of oil
droplet was observed in emulsion stabilized by both control gelatin and modified
gelatin when NaCl concentrations increased (p<0.05). As NaCl concentration
increased from 0 {o 500 mM, the mean particle size of emulsion stabilized by the
control gelatin increased from 1.01 4 0.05 to 1.39 £ 0.08 pm for d3; and from 1.25 &

0.06 to 1.64+ 0.15 pum for dy3, whereas that of emulsion stabilized by modified gelatin
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increased from 0.84 £+ 0.04 to 1.17 £ 0.17 um for d3; and from 0.97 £ 0.16 to 1.25 +
0.18 pm for dyz. The increase in emulsion droplet size was coincidental with the
decrease in negative charge amplitude. This result suggested that the decrease in
repulsion between oil droplets caused the flocculation and/or coalescence of oil
droplets. Although increasing ionic strength, especially with high NaCl concentration
(500 mM), affected oil droplet size of emulsion, emulsions stabilized by both
modified gelatin and the control gelatin were quite stable as evidenced by the
negligible increases in mean particle size. This result was in agreement with Surh es
al. (2006) who reported that emulsion stabilized by fish gelatin was stable to dropiet
aggregation under high ionic strength condition (500 mM NaCl). Not only
electrostatic repulsion, but also steric repulsion played a major role in preventing the

droplets from coalescence.

Table 23. Effect of NaCl concentration on zeta potential and mean particie diameter
of oil droplet in emulsion stabilized by gelatin modified without and with
OLA prepared at 70°C for 9 h at pH 7.

Gelatin NaCl Zeta potential Particle size (um)
(mM) (mV) ds; dy3

Control 0 -19.33 £0 .57a* 1.01 £0.05a 1.25 £ 0.06a
50 -8.49+1.22b 1.07+0.20a 1.29+0.15ab
100 -7.63 £1.53b 1.11+£0.17a 1.31 £0.10ab
250 -4.32 £ 1.38¢ 1.14 £0.12a 1.40 +0.18bc
500 -2.93 £ 1.39¢ 1.39 + 0,08b 1.64 + 0.15¢

Gelatin-OLA 0 -23.83+1.86a 0.84 £0.04a 0.97 £ 0.04a
50 -9.18 + 1.02b 0.89 + 0.10ab 1.06 +0.13ab
100 -8.75 + 1.25b 0.89+0.12ab 1.09 + 0.14ab
250 -4.38 + 1.07¢ 1.01 £ 0.13be 1.16 £ 0.19ab
500 -3.48+ 1.31c 1.17+£0.10c 1.25+0.18b

Mean+:SD (n=3).

* Different letters in the same column within the same sample indicate significant

differences (p<0.05).

7.4.4.4.3 Effect of heating

The effect of heating at different temperatures (50, 70 and 90°C) on the

stability of emulsions stabilized by gelatin modified with QLA prepared at 70 for 9 h
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is shown in Table 24. Generally, heating had no effect on surface charge of oil droplet
in both emulsions stabilized by the control gelatin and modified gelatin, The
amplitude of negative charge of oil droplet in emulsion stabilized by the control
gelatin was lower than that of emulsion stabilized by modified gelatin.

For mean patticle diameter, slight increase in d3; and dy; of oil droplet
was observed in both emulsions stabilized by the control gelatin and modified gelatin
after heating at 50, 70 and 90°C for 30 min (p>0.05). It suggested that some partial
desorption of gelatin molecules from the droplet surfaces at elevated temperatures
might lead to flocculation and/or coalescence (Surh er af., 2006), However, lowered
degree of increase in oil droplet size was found in emulsion stabilized by gelatin
modified gelatin, compared with that of emulsion stabilized by the control gelatin.
The result suggested that modified gelatin yielded the emulsion with higher stability,
especially when heated at high temperature. The higher stability of hydrophobic film
of gelatin modified with OLA to heat treatment was presumed. As a result, the

emulsion could be retained after heating.

Table 24, Effect of heating at different temperature on zeta potential and mean
particle diameter of oil droplet in emulsion stabilized by gelatin modified

without and with OLA prepared at 70°C for 9 h at pH 7.

Gelatin Temperature  Zeta potential Particle size (um)
(°C) (mV) ds; dys

Control 50 -19.57 £ 0.88a* 1.01+0.1la 1.28+0.15a
70 -19.89£0.55a  1.12+£0.25a 1.33+0.07a
90 -19.61£0.54a 1.17+0.16a 1.42+0.15a

Gelatin-OLA 50 2347 +1.52a 0.82+0.15a 1.01 £0.15a
70 -24.00+0.66a 095+0.18a 1.13£0.12a
90 2423 +0.56a 097+008a 1.19+0.2la

Mean£SD (n=3).

* Different letters in the same column within the same sample indicate significant

differences (p<0.05).
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7.5 Conclusion

Modification of gelatin with OLA could improve surface activity of
obtained gelatin as indicated by the decrease in surface tension and the increase in
foaming and emulsifying properties. Gelatin modified with OLA prepared at 70°C for
9 h showed the highest surface activity, especially at high molar ratio used. The
increases in hydrophobic region at surface of gelatin play a key role in enhancing
surface activity, foam and emulsifying properties of modified gelatin. Gelatin
modified with OLA could yield the emulsion with small oil droplet size and high
stability toward different harsh environments (pH, heat and salt), compared with the

control gelatin,




CHAPTER §

Emulsifying property and antioxidative activity of cuttlefish skin gelatin

modified with oxidized linoleic acid and oxidized tannic acid

8.1 Abstract

Oxidized linoleic acid (OLA) and oxidized tannic acid (OTA) were
incorporated to cuttlefish skin gelatin to improve its emulsifying property and
antioxidative activity. Attachment of OLA into gelatin increased surface
hydrophobicity and emulsifying property with coincidental decrease in surface
tension. Incorporation of OTA to gelatin increased the total phenolic content and
antioxidative activity but decreased surface hydrophobicity. Attachment of both OLA
and OTA at a concentration of 5% increased antioxidative activity but had no impact
on emulsifying property. The emulsion stabilized by gelatin modified with OLA and
OTA was more stable to lipid oxidation and phase separation than the commercial

bovine gelatin.
8.2 Introduction

Lipid oxidation negatively affects the quality of foods, especially
emulsion type products by altering appearance, odor, flavor, shelf-life and nutritional
value. This results in unacceptability by consumers (Kellerby ef al., 2006). To prevent
those changes, antioxidants are used to control lipid oxidation in food emulsions.
Phenolics have received aftention as natural antioxidants in food products.
Antioxidative properties of phenolics are mainly because of their redox properties,
which allow them to act as reducing agents, hydrogen donators and singlet oxygen
quenchers (Rice-Evans ef al, 1997). Generally, phenolic compounds with high
antioxidative activity consist of high number of hydroxyl group in structure (Prasad et

al,, 2005). These polar antioxidants are sparingly soluble in oil. In oil-in-water
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emulsions system, polar antioxidants readily partition into the aqueous phase, thereby
decreasing their concentration in the lipid phase, and lowering their capability to
prevent oxidation (Yuji ef al., 2007). However, the effectiveness of polar antioxidant
in oil-in-water emulsions can be improved by increasing their surface activity and
ability to accumulate at the oil-water interface where oxidative reactions take place
(Yuji ef al., 2007),

Proteins are surface/interfacial active and are widely used as
emulsifiers in foods to produce oil-in-water emulsions with desirable physicochemical
properties and improved stability (McClements, 2004). They can adsorb on oil-water
interfaces and various hydrophobic segments penetrate into the oil phase. However,
some proteins had the poor emulsifying property. The appropriate modification by
incorporating the phenolic compound into protein could therefore be a potential
means to obtain the modified protein with the higher emulsifying property as well as
antioxidative activity. A protein-phenolic complex is concentrated at the oil-water
interface, stabilizing oil droplet and simultancously providing antioxidative activity at
interface (Almajanc and Gordon, 2004).

Recently, Aewsiri ef al. (2009b) reported that modification of gelatin
with oxidized tannic acid (OTA) could enhance antioxidative activity but had
negative effect on its emulsifying property. Attachment of oxidized linoleic acid
(OLA) along with OTA into cuttlefish gelatin can be an approach to improve the
surface activity of cuttlefish skin gelatin by yielding the hydrophobic domains and
improving antioxidative activity. The objective of this study was to improve
emulsifying property and antioxidative activity of cuttlefish skin gelatin by
modification with OLA together with OTA.

8.3 Materials and methods

8.3.1 Chemicals
Linoleic acid, tannic acid, o-phthalic dialdehyde (OPA), 2-
(dimethylamino)ethanethiol hydrochloride (DMA), cumene hydroperoxide, 1-
anilinonaphthalene-8-sulphonic acid (ANS), 2,2'-azinobis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS), 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2, 4, 6-tripyridyl-
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triazine (TPTZ), 2, 4, 6-trinitrobenzenesulfonic acid (TNBS), Trolox and menhaden
oil were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Hydrogen
peroxide (H;0,), sodium hydroxide, ethanol, sodium dodecy! sulfate (SDS), dimethyl
sulfoxide (DMSO), sodium chloride, sodium hydroxide, sodium sulfite, ammonium
thiocyanate (NH4SCN), barium chloride (BaCly), ferrous sulfate (FeSO4) and boric
acid were procured from Merck (Darmstadt, Germany), All chemicals were of

analytical grade.

8.3.2 Extraction of gelatin from cuttlefish skin

Cuttlefish (Sepia pharaonis) skin gelatin was prepared according to the
method of Aewsiri ef al. (2009b). Ventral skin of cuttlefish was washed with tap
water and cut into small pieces (1 x 1 cm?). Skin was treated with 10 volumes of 0.05
M NaOH for 6 h with a gentle stirring at room temperature (26-28°C). The solution
was changed every 1 h for up to 6 h. Alkali treated skin was then washed with
distilled water until the neutral pH of wash water was obtained. The prepared skin
was subjected to bleaching with 10 volumes of 5 % H,0; at 4°C for 48 h at room
temperature and then washed with 10 volumes of water for 3 times. Gelatin was
extracted from bleached skin using the distilled water (60°C) for 12 h with a
sample/water ratio of 1:2 (w/v). During extraction, the mixture was stirred
continuously. The extract was centrifuged at 8,000 x g for 30 min at 25°C using a
refrigerated centrifuge (Sorvall Model RC-B Plus, Newtown, CT, USA) to remove
insoluble material. The supernatant was collected and freeze-dried using a freeze
dryer (Model Dura-Top™ pP/Dura Dry™ uP, FTS® System, Inc., Stone Ridge, NY,
USA). Gelatin extracted from cuttlefish skin consisted of 87.97 % protein, 11.17 %
moisture, 0.94 % fat and 0.53 % ash as determined by the method of AOAC (2000).
The molecular weight of major proteins in cuttlefish skin gelatin was estimated to be
97 kDa as analyzed by SDS-PAGE using 4 % stacking gel and 10 % separating gel
(Laemmli, 1970).

8.3.3 Preparation of oxidized linoleic acid (OLA)
To prepare OLA, the mixture of linoleic acid and Milli-Q water (a ratio

of I:1) was homogenized at a speed of 9,500 rpm for 2 min using a homogenizer
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(model T25 basic, IKA LABORTECHNIK, Staufen, Germany) to remove soluble
lipid oxidation products. Linoleic acid was recovered by centrifugation at 3,000 x g
for 15 min at room temperature using a cenfrifuge (model z323k, Hermle Labor
Technik, Wehingen, Germany). Ten mL of linoleic acid were placed in 15 mL-glass
test tube. The linoleic acid was flushed with air continuously and incubated at 70°C

for 9 h. OLA obtained was used for further study.

8.3.4 Preparation of gelatin-OLA complex

Cuttlefish skin gelatin was dissolved in distilled water to obtain a final
concentration of 1.1 % protein determined by the Biuret method (Robinson and
Hodgen, 1940). OLA was dissolved in ethanol and used as the stock solution. To 90
mlL of gelatin solution, 1 mL of OLA was added. The final volume was adjusted to
100 mL with water to obfain the final protein concentration of 1% and the OLA-to-
free amino group molar ratio of 10:1. The mixture was stirred continuously for 3 h at
room temperature. Thereafter, the sample was dialyzed (MW cut-off = 14000 Da) for
12 h at room temperature against 20 volumes of 1% ethanol to remove OLA (unbound
to proteins) and 12 h against 20 volumes of distilled water to remove ethanol. The
gelatin-OLA complex was filtered through a filter paper No. 595% (Schleicher &
Schuell, Dassel, Germany) to remove precipitated product and the filtrate was freeze-

dried.

8.3.5 Modification of gelatin-OLA complex with OTA

To prepare OTA, tannic acid was dissolved in distilled water to obtain
the concentration of 2% (w/v) and pH was adjusted to 9 with 1 M NaOH. Solution
was then bubbled with oxygen at 40°C for 1 h to convert tannic acid into OTA, an
oxidized form. Gelatin-OLA complex was incorporated with OTA to yield “Gelatin-
OLA-OTA complex”. Firstly, gelatin-OLA complex was dissolved in distilled water
to obtain a final concentration of 1.2 % protein (w/v). The pH of sample solution was
adjusted to 9 using 1 M NaOH. To 75 mL of gelatin-OLA solution, OTA solution was
added to obtain different final concentrations (2.5, 5 and 10 %, based on protein
content). Final volume was raised to 90 mL using distilled water (pH 9) to obtain a

final concentration of 1% protein. The mixture was stirred continuously at room
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temperature for 12 h. Thereafter, the samples were dialyzed (MW cut-off = 14000 Da)
for 24 h at room temperature against 20 volumes of water to remove free OTA
(unbound to proteins). The control was prepared in the same manner except that OTA

was excluded. Gelatin-OLA-OTA complexes were subjected to analyses.

8.3.6 Analyses
8.3.6.1 Determination of free amino group content
Free amino group content in cuttlefish skin gelatin without and with
modification was determined using o-phthalicdialdehyde (OPA) as described by
Chutch er al. (1983). The OPA reagent was freshly prepared by dissolving 40 mg of
OPA in | mL of methanol, followed by the addition of 25 mL of 0.1 M sodium
borate, 200 mg of 2-(dimethylamino)ethanethiol hydrochloride (DMA), and 5 mL of
10 % SDS. The total volume was adjusted to 50 mL with distilled water. To
determine free amino group content, 65 pL. of sample solution (I % protein) was
mixed with 3 mL of OPA reagent solution. After 2 min, the absorbance was read at
340 nm to measure alkylisoindole derivatives formed after reaction of OPA with free
amino  groups using a  spectrophotometer (UVmini-1204,  Shimadzu,
Duisburg, Germany). Free amino group content was calculated from a standard curve
of L-leucine (0 — 10 mM).
8.3.6.2 Determination of total phenolic content
Total phenolic content of gelatin without and with modification was
measured according to the method of Slinkard and Singleton (1977) with some
modifications. Sample solution (1 mL) with an appropriate ditution was mixed with
200 pL of the freshly prepared Folin—Ciocalteu reagent. After 3 min, 3 mL of sodium
carbonate (15%, w/v) were added and the mixture was allowed to stand for 30 min at
room temperature. The absorbance at 760 nm was measured using a
spectrophotometer. Sample blank was prepared in the same manner except the
deionized water was used instead of Folin-Ciocalteu reagent. Total phenolic content
was expressed as Azgp after blank substraction.
8.3.6.3 Determination of surface hy(irophobicity
Surface hydrophobicity was determined as described by Benjakul et al.
(1997} using !-anilinonaphthalenc-8-sulphonic acid (ANS) as a probe. Sample
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solution (4 mg/mL) was diluted in 10 mM sodium phosphate buffer (pH 6.0) to obtain
the protein concentrations of 0.1, 0.2, 0.3 and 0.5 % (w/v). The diluted protein
solution (2 mL) was mixed with 20 pL of 8 mM ANS in 0.1 M sodium phosphate
buffer (pH 7.0). The fluorescence intensity of ANS-conjugates was measured at an
excitation wavelength of 374 nm and an emission wavelength of 485 nm. The initial
slope of the plot of fluorescence intensity versus protein concentration was referred to
as SpANS.
8.3.6.4 Mecasurement of mean particle size
The particle size of gelatin samples dispersed in 10 mM sodium
phosphate buffer (pH 7.0) with the final concentration of 1 mg protein/mL was
measured by dynamic light scattering at room temperature. The measurements were
perforrﬁed by a Zetasizer nano ZS (Malvern Instruments, Worcestershire, UK). A
refractive index of 1.42 was used for dispersed phase of all solutions.
8.3.6.5 I'ourier transform infrared (FTIR) spectroscopy
Spectra of gelatin without and with modification were obtained using a
BioRad FTS-60A FTIR spectrometer (Biorad, Cambridge, MA, USA) equipped with
a Attenuated Total Reflectance Accessory (ATR) using a ZnSe ATR crystal. MID-IR
spectra were recorded at room temperature between 800 and 4000 cm™ at a resolution
of 2 cm! in the ATR mode on thin films, which were purged with dry nitrogen to
remove spectral interference resulting from water vapor and carbon dioxide. Sixty-
four interferograms were coadded for a high signal-to-noise ratio. Prior to data
analysis, the spectra were baseline corrected and normalized (mean normalization
option).
8.3.6.6 Determination of antioxidative activities
The antioxidative activities of the solutions of gelatin without and with
modification (1% protein) were determined in comparison with OTA solution at a
concentration of 0.05% (w/v) using different assays.
8.3.6.6.1 DPPH radical scavenging activity
DPPH radical scavenging activity was determined as described by
Binsan et al. (2008) with a slight modification. To the diluted sample (1.5 mL), 1.5
mL of 0.10 mM 1,1-diphenyl-2-picrylhydrazyl (DPPH) in 95% ethanol was added.

The mixture was then mixed vigorously using a vortex mixer and allowed to stand at
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room temperature in the dark for 30 min. The absorbance of the resulting solution was
measured at 517 nm using a spectrophotometer. Sample blank was prepared in the
same manner except that ethanol was used instead of DPPH solution. The standard
curve of Trolox (60-600 uM) was prepared in the same manner. The activity was
expressed as pmol Trolox equivalent (TE)Y g protein,
8.3.6.6.2. ABTS radical scavenging activity

ABTS free radical scavenging assay was determined according fo the
method of Binsan et al. (2008) with a slight modification. 2, 2-azinobis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) free radical was generated by reacting
7.4 mM ABTS and potassium persulfate (2.6 mM) at a ratio of 1:1 (v/v) and leaving
at room temperature in the dark for 12 h. ABTS free radical solution was diluted by
mixing 1 mL of ABTS solution with 50 mL of methanol to obtain an absorbance of
L1 £ 0.02 units at 734 nm using a spectrophotometer. To 150 pL of sample, 2850 plL
of ABTSe+ solution was added and mixed thoroughly using a vortex mixer. The
extent of quenching of the ABTSe+ was measured at 734 nm after 2 h incubation at
room temperature in the dark. Sample blank was prepared in the same manner except
that methanol was used instead of ABTS solution. The standard curve of Trolox (60 —
600 uM) was prepared in the same manner. The activity was expressed as pmol TE/ g
protein.

8.3.6.6.3 Ferric reducing antioxidant power (FRAP)

FRAP was determined as described by Binsan er al. (2008) with a
slight modification. A 2.85 mL of freshly prepared FRAP solution (2.5 mL of a 10
mM TPTZ solution in 40 mM HCI, 2.5 mL of 20 mM FeCly.6H>0 solution and 25
mL of 300 mM acetate buffer, pH 3.6) was incubated at 37°C for 30 min before
mixing with 150 pL of sample. The mixture was allowed to react in the dark at room
temperature. Absorbance at 593 nm was measured after 30 min of reaction, Sample
blank was prepared by omitting FeCl; from the FRAP solution and distilled water was
used instead. The standard curve of Trolox (60 — 600 uM) was prepared in the same

manner, FRAP was expressed as pmol TE/ g protein.
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8.3.6.7 Surface activity of gelatin without and with modification by OLA
and OTA
8.3.6.7.1 Surface tension
Sample solutions (1 mg protein/ml,) were prepared freshly before
measurement. The surface tension of gelatin samples was measured as a function of
time (0-5000 s) on an automated drop tensiometer (ADT; I. T. Concept,
Longessaigne, France) as described by Wierenga ef al. (2005). An air bubble was
formed at the tip of a syringe needle placed in a cuvette containing the sample
solution. Both cuvette and syringe were temperature controlled (20 £ 0.1°C). Bubble
volume was kept constant at 4 mL, using the computer-controlled syringe plunger to
compensate for gas diffusion from the bubble. Surface tension was determined by
bubble shape analysis. A
8.3.6.7.2 Emulsifying property
Emulsion activity index (EAI) of gelatin samples was determined
according to the method of Pearce and Kinsella (1978) with a slight modification,
Soybean oil (2 mL) and gelatin solution (1 % protein, 6 mL) were homogenized using
a homogenizer at a speed of 20,000 rpm for [ min, Emulsions were pipetted out at 0
and 10 min and 100-fold diluted with 0.1% SDS. The mixture was mixed thoroughly
for 10 s using a vortex mixer. Asgp of the resulting dispersion was measured using a

spectrophotometer. EAI at 0 and 10 min were calculated by the following formula:
EAI (m*g) = (2x2.303 A)DF/1$C

where A is the absorbance measured at 500 nm, | = path length of cuvette (m), DF=
the dilution factor (100), ¢ = oil volume fraction (0.25) and C = protein concentration

in aqueous phase (g/m3 ).
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8.3.8 Effect of gelatin modified with OLA and OTA on emulsion stability
and lipid oxidation of menhaden oil-in-water emulsion

8.3.6.8 Emulsion stability and lipid oxidation during the storage

Menhaden oil-in-water emulsions were prepared by homogenizing the
mixture of sunflower oil and solution of gelatin modified with OLA and OTA (2.25%
protein, w/v) at a ratio of 1:9 (v/v) at a speed of 9,500 rpm for 2 min using a
homogenizer. These coarse emulsions (pH 7.0) were then passed through a
laboratory-scale high-pressure homogenizer (Delta Instruments, Drachten, The
Netherlands) at 75 bar for 10 times. NaN3 (0.02 %) was added to the emulsions as an
antimicrobial agent. The fish oil emulsions were then stored at 30°C for 10 days. The
samples were taken every two days for analyses. A

8.3.6.8.1 Measurement of mean particle size of oil droplet

The mean particle diameter of oil droplet in emulsion was determined
with Zetasizer nano ZS (Malvern [nstruments, Worcestershire, UK) at 25°C.
Electrophoretic light scattering technique was used to analyze the velocity distribution
of particle movement by measuring dynamic fluctuations of light scattering intensity
caused by the Brownian motion of the particle. Data was calculated via the Stokes-
Einstein equation and expressed as number average distribution of particle diameter.
Prior fo analysis, the samples were 100-fold diluted with 10 mM sodium phosphate
buffer solution (pH 7). The particle diameter was reported as volume-surface mean
particle diameter, d; (=Znid31/Z nidzi) and volume-weighted mean diameter, dy;
=rndyy ngda.-), where d; is the diameter and #; is the number of particles in the i
size class.

8.3.6.8.2 Measurcment of thiobarbituric acid reactive substances

Thiobarbituric acid reactive substances (TBARS) were determined as
described by Buege and Aust (1978). Two mL of fish oil emulsion sample were
dispersed in 10 mL of thiobarbituric acid solution (0.375% thiobarbituric acid, 15%
trichloroacetic acid and 0.25 N HCI). The mixture was heated in boiling water for 10
min, followed by cooling in running tap water. The mixture was centrifuged at 3600 x

g for 20 min at room temperature. The absorbance of the supernatant was measured at
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532 nm. The standard curve was prepared using malonaldehyde (2-10 ppm) and
TBARS were expressed as mg malonaldehyde/I. emulsion.
8.3.6.8.3 Emulsion stability under different conditions

To study the stability of emulsion under different conditions, the
emulsion was prepared as described above (10 wt% sunflower oil, 2.0 wt% fish
gelatin, pH 7.0) and then diluted to a droplet concentration of 2,0 wt% using 10 mM
sodium phosphate buffer (pH 7). The emulsion was incubated in a beaker overnight to
allow any large droplets or non-emulsified oil to rise to the top, and then only the
lower portion of emulsion was collected.

For pH stability study, the pH of the emulsions (20 mL) was adjusted
to 3,4, 5,6, 7 and 8 using 0.5 M HCI of 0.5 M NaOH solutions and the final volume
of all emulsions was adjusted to the same volume (25 mL) using distilled water
previously adjusted to corresponding pH. The emulsions were then stored at room
temperature for 24 h before being analyzed.

To study the impact of NaCl on emulsion stability, emulsion samples
(20 mL) were added with 0, 0.25, 0.5, 1.25 and 2.5 mL of 4 M NaCl solution and
were adjusted to 25 mL using distilled water to obtain a final NaCl concentrations of
0, 50, 100, 250 and 500 mM, respectively. Emulsion samples (10 mL) were then
transferred into glass test tubes (internal diameter 15 mm, height 125 mm) and stored
at room temperature for 24 h before measurement,

For thermal stability study, emulsion samples in 10 mM sodium
phosphate buffer (pH 7) were added with 2.5 mL of distilled water. The emulsion
samples were transferred into screw cap test tubes and then incubated in a temperature
controlled water bath for 30 min at 50, 70 and 90°C. After incubation, the emulsion
samples were cooled under running tap water. All emulsion samples (10 mL) in glass
test tubes (internal diameter 15 mm, height 125 mm) were stored at room temperatare
for 1 day. The zeta potential and mean particle diameter of oil droplets were then

measured using a Zetasizer nano ZS as described above.

8.3.0.9 Protein determination

Protein content was determined by the Biuret method (Robinson and

Hodgen, 1940) using bovine serum albumin as a standard
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8.3.6.10 Statistical analysis
The experiments were run in triplicate. All data were subjected to
Analysis of Variance (ANOVA) and differences between means were evaluated by
Duncan’s multiple range test. For pair comparison, T-test was used (Steel and Torrie,
1980). The SPSS statistic program (Version 10.0) (SPSS Inc., Chicago, IL, USA) was

used for data analysis.

8.4 Results and Discussion

§.4.1 Characteristics of gelatin modified with OLA and OTA
8.4.1.1 Free amino group content

Free amino group content of gelatin without and with modification by
OLA and OTA is shown in Table 25. Cuttlefish skin gelatin contained 0.375 mmol
NH, groups/ g gelatin. Attachment of OLA into gelatin was monitored by the
decrease in free amino group of resulting gelatin. Free amino group content of gelatin-
OLA complex was 0.309 mmol NH; groups/ g gelatin. After gelatin-OLA complex
was further modified with 2.5, 5 and 10% OTA, free amino group contents of 0,294,
0.275 and 0.261 mmol NH, groups/ g gelatin were obtained, respectively. When
gelatin was incorporated with OTA, free amino group content of resulting gelatin was
decreased to 0.340 mmol NH; groups/ g gelatin. It was suggested that OLA and OTA
more likely incorporated to gelatin via amino groups, either o~-amino group or ¢-
amino group of lysine. Refsgaard ef al. (2000) reported that lipid oxidation products
can react with protein, leading to the loss in lysine residues. Furthermore, Rawel ef al.
(2001) found that oxidized phenolic compound could covalently interact with
nucleophilic group of lysine. Therefore, both OLA and OTA were able to interact
with gelatin from cuttlefish skin.

When considering the a number of free amino groups in gelatin and
gelatin-OLA complex after modification with 5% OTA, the lower decrease in free
amino group was found the latter, compared with the former. The result indicated that
higher degree of incorporation of OTA was obtained in gelatin, compared with
gelatin-OLA complex. After being incorporated with OLA, less amino groups were

available for OTA to be interacted. Additionally, OLA attached to gelatin might cause
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the steric hindrance for OTA to undergo interaction with amino group of gelatin-OTLA
complex. Moreover, gelatin-OLA complex with higher surface hydrophobicity

showed the less reactivity with OTA, which was mainly localized in aqueous phase.

Table 25, Free amino group content, total phenolic content, surface hydrophobicity

and particle size of cuttlefish skin gelatin without and with modification

by OLA and OTA
Samples Free amino Aqgo** Surface Particle
content (mM) hydrophobicity  size (nm)
Gelatin 375 +£0.05f%  0.33+0.03a 17.39+0.18¢ 163 + 15a
Gelatin-QLA 3.09 £ 0.034 0.31+002a 3238+0.10f 236 + 20c
Gelatin-OLA-2.5% OTA  2.94 £ 0.07¢c 0.58 :0.01b 30.12 4 1.00e 251+ [5¢d
Gelatin-OLA-5% OTA 285+0.05b  0.82+£0.03¢c 2515+0.35d 276+ 13de
Gelatin-OLA-10% OTA 2,71 +0.07a 1.04 £0.03¢ 1680+ 0.10b 303 +23e
Gelatin-5% OTA 3.40£0.03¢  0.87+0.01d 10.1240.56a 200 £ 14b

Mean£SD (n=3)
*Different letters in the same column indicate significant differences (p<0.05).

*¥ A 60 represent total phenolic content.

8.4.1.2 Total phenolic content

Total phenolic contents of gelatin without and with modification by
OLA and OTA determined by Folin-Ciocalteu method are expressed as Asg (Table
25). Generally, Asg observed in the control gelatin solution was more likely due to
the presence of amino acids including tyrosine, tryptophan, cysteine, histidine and
asparagine (Lowry et al, 1951). Those amino acids were able to reduce Folin-
Ciocalteu reagent as evidenced by the increase in Avgp. After incorporation with OTA,
gelatin had A of 0.87. No difference in A7 was found between gelatin and gelatin-
OLA complex. This result suggested that the attachment of QLA into gelatin had no
effect on the reducing ability of modified gelatin. The increases in Az were observed
in gelatin and gelatin-OLA complex modified with OTA (p<0.05). It reconfirmed that
OTA could incorporate into gelatin and gelatin-OLA complex. Total phenolic content

of modified gelatin increased with increasing concentration of OTA used. Gelatin-
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OLA modified with 10% OTA had the highest A (1.04), followed by those
modified with 5% OTA (0.82) and 2.5% OTA (0.58), respectively. When the same
level of OTA (5%) was used, the modified gelatin had the higher As¢ than gelatin-
OLA complex modified with OTA. This indicated the lowered degree of
incorporation of OTA into gelatin-OLA complex, compared with gelatin. OLA
attached with gelatin more likely hampered the incorporation of OTA with gelatin.
8.4.1.3 Surface hydrophobicity

Surface hydrophobicity (SpANS) of gelatin-OLA complex modified
with OTA is shown in Table 25. Gelatin-OLA complex exhibited the higher surface
hydrophobicity than the control gelatin (p<0.05). OLA attached provided the
hydrophobic domain to gelatin-OLA complex. Surface hydrophobicity of protein is
generaliy associated with a better surface activity, in which the reduction in interfacial
tension and the increase in emulsifying activity are achicved (Kato and Nakai, 1980),
Increase in surface hydrophobicity of gelatin modified with OLA reflected the
improved surface activity of gelatin-OLA complex, When the modification of gelatin
and gelatin-OLA complex with OTA was carried out, the decreased surface
hydrophobicity of resulting gelatin was observed. Surface hydrophobicity of gelatin-
OLA complex modified with OTA decreased as the concentration of OTA increased.
OTA bound with gelatin and gelatin-OLA complex most likely contributed to the
increased hydrophilicity at the surface of gelatin. This result was in agreement with
Rawel ef al. (2002) who reported that the surface hydrophobicity of soy protein
decreased when reacted with phenolic compounds. Aewsiri ef al. (2009b) also found
that attachment of oxidized phenolic compound on cuttlefish skin gelatin resulted in
the decrease in surface hydrophobicity of resulting gelatin. The decrease in surface
hydrophobicity of gelatin and gelatin-OLA complex was possibly caused by phenolic
hydroxyl groups of OTA attached to gelatin. However, gelatin-OLA modified with
2.5 and 5% OTA still had higher surface hydrophobicity, when compared with the
control gelatin, Therefore, OLA and OTA incorporated into gelatin had the impact on
surface hydrophobicity of resulting gelatin.

8.4.1.4 Particle size
Mean particle size of gelatin without and with modification by OLA

and OTA is shown in Table 25. Generally, modified gelatin had the larger mean
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particle size, compared with the control gelatin (p<0.05). Control gelatin (without

modification) had mean particle size of 163 £ 15 nm. Mean particle size of gelatin

modified with OLA (gelatin-OLA complex) and gelatin modified with 5% OTA was

236 * 20 and 200 + 14 nm, respectively. Attachment of OLA or OTA into gelatin .
resulted in the larger size of resulting gelatin, OLA and OTA might induce inter- and

intra- molecular cross-linking of gelatin, resulting in the increased particle size of
modified gelatin. Stadman and Berlett (1997) reported that the lipid oxidation

products were able to induce the oxidation of amino acid side chains and involved in

inter- and inter-molecular cross-linking between protein molecules. Similarly,

oxidized phenolic compounds could interact with protein and induce cross-linking of
protein (Kroll et al., 2003).

Modification of gelatin with OLA together with OTA increased the
mean particle size of resulting gelatin, Gelatin-OLA complex modified with OTA had
the larger particle size, compared with gelatin modified with only OLA or OTA
(p<0.05). The largest particle size was found in gelatin-OLA complex modified with
10% OTA, followed by the complex modified with 5 and 2.5% OTA, respectively.
The increase in mean particle size of gelatin-OLA complex modified with OTA was a
result of OTA attached and the higher cross-linking of gelatin modified by OTA.

84.1.5 FTIR

FTIR spectra of gelatin without and with modification by OLA and
OTA are depicted in Figure 48. Spectra of cuttlefish skin gelatin without modification
exhibited the major bands at ~3280 cm™ (Amide A, representative of NH-stretching,
coupled with hydrogen bonding), ~1635 cm™ (amide I, representative of C=0
stretching/hydrogen bonding coupled with COO?) and ~1535 cm” (amide II,
representative of NH bending coupled with CN stretching). Modification of gelatin
with OLA and OTA caused the change in FTIR spectra of resulting gelatin.

Gelatin modified with OLA and OTA had the decreased amplitude of
amide A, I and II bands, compared with the control gelatin. These changes were
indicative of greater disorder (Friess and Lee, 1996) in gelatin. The amide I is the
most useful peak to characterize the coil structure of gelatin (Yakimets et af., 2005).
The decrease in amide [ band of modified gelatin suggested that the incorporation of

OLA and OTA into gelatin more likely affected the helix coil structure of gelatin.
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OLA and OTA incorporated might induce the conformational changes of gelatin,

thereby affecting the property of resulting gelatin.
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Figure 48, Fourier transform infrared (FTIR) spectra in wavenumber range of 3600-
2800 cm™'(A) and 1800-1000 cm’™ (B) of cuttlefish skin gelatin without and
with modification by OLA and OTA
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In gelatin-OLA complex, the higher amplitudes at wavenumber ~2935
and ~2870 ecm™ (representative of asymmetric and symmetric stretching of CH,) were
observed in resulting gelatin (Figure 48A), compared with the control gelatin. This
result indicated that OLA could bind with the gelatin molecules as indicated by the
increase in alkyl group in resulting gelatin. For gelatin modified with 5% OTA, the
increase in amplitude of peak at wavenumber ~1350 and ~1080 ¢cm™ (representative
of O-H bonds and the streiching of the C-O bonds in secondary and tertiary alcohols)
was obtained (Figure 48B). This result indicated the incorporation of OTA into
gelatin molecules as evidenced by the additional band of OH group in phenol found in
modified gelatin. Modification of gelatin with OLA together with OTA resulted in the
presence of alkyl group of OLA and phenolic hydroxyl group of OTA in resulting
gelatin as indicated by the increase in amplitude of peak at ~2935 and ~2870 cm™ and
the increase in amplitude of peak ~1350 and ~1080 cm’, respectively.

8.4.1.6 Antioxidative activity

Antioxidative activities including DPPH and ABTS radical scavenging
activities, and ferric reducing antioxidant power (FRAP) of gelatin without and with
modification by OLA and OTA are shown in Figure 49. Generally, control gelatin
(without modification) and gelatin-OLA complex showed a weak antioxidative
activity. Amino acids such as histidine, tyrosine and methionine in cuttlefish skin
gelatin might contribute to antioxidative activity. After modification with OTA,
gelatin and gelatin-OLA complex had the increased antioxidative activity as indicated
by the increases in DPPH and ABTS radical scavenging activities and FRAP
(p<0.05). The result indicated that OTA introduced to gelatin contributed to the
increased antioxidative activity of gelatin. This result was in agreement with
Almajano ef al. (2007) who reported that antioxidative activity of BSA, a-lactalbumin
and f-lactoglobulin was increased when epigallocatechin gallate (EGCG) was
incorporated. This suggested that phenolic hydroxyl groups of OTA incorporated
might play a key rule in donating hydrogen and electron, or scavenging with the

radicals, thereby terminating the radical chain reaction.
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Figure 49. DPPH radical scavenging activity (A), ABTS radical scavenging activity
(B) and ferric reducing antioxidant power (FRAP) (C) of cuttlefish skin

gelatin without and with modification by OLA and OTA. Bars represent the

standard deviation (n=3). Different letters on the bars indicate significant

differences (p<0.05).
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Although OTA, an oxidized form, was prepared, not all hydroxyl
groups were converted to quinone (Balange and Benjakul, 2009). Also, the quinone of
OTA attached to gelatin might be reduced to some extent by some amino acids in
gelatin, Remaining hydroxyl groups more likely contributed to antioxidative activity,
The degree of increase in antioxidative activity of modified gelatin was related with
the degree of incorporation of OTA into the gelatin. For gelatin-OLA complex
modified with OTA, the highest antioxidative activity was found in the complex
modified with 10% OTA, followed by the complex modified with 5 and 2.5% OTA,
respectively. At the same level of OTA (5%) used, the higher antioxidative activity
was observed in modified gelatin, compared with modified gelatin-OLA complex
(p<0.05). This was in accordance with the lower degree of incorporation of OTA in
gelatin-OLA complex (Table 25)

Furthermore, gelatin-OLA-OTA complex with larger size and higher
surface hydrophobicity might not be well solubilized in aqueous system, thereby
lowering antioxidative activity in the aqueous system. When antioxidative activity
between OTA in free form and different gelatins modified with OTA at the same
concentration was compared, OTA exhibited a higher activity than gelatin and
gelatin-OLA and gelatin-OLA modified with OTA (p<0.05). This was in accordance
with Rohn er al. (2004) who reported that the antioxidant activity of the quinone-
protein complexes is less than the antioxidant activity of free phenolic compounds.
When OTA was incorporated, free hydroxyl group content in gelatin or gelatin-OLA
was decreased.

8.4.1.7 Surface tension

Surface tension of solution of gelatin without and with modification
using OLA and OTA is shown in Figure 50. The degree of reduction of surface
tension is used to indicate the ability of gelatin to localize or accumulate at air-water
interface. Adsorption of protein at air-water interface results in the decrease in
interfacial tension (Pezennec et al., 2000). The faster and lower decreases in surface
tension were observed in cuttlefish skin gelatin, compared with bovine gelatin. This
result indicated that bovine gelatin could move and adsorb at air-water interface more
effectively than cuttlefish skin gelatin. It might be due to the lower hydrophobic

amino acids content (proline and leucine) and a large portion of hydrophilic amino
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acids (lysine, serine, arginine, hydroxyproline, aspartic and glutamic acids) of

cuttlefish skin gelatin (Aewsiri ef al., 2009a; Hoque ef al., 2010).
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Figure 50. Surface tension of cuttlefish skin gelatin without and with modification by

OLA and OTA.

Gelatin-OLA complex solution had the lowered surface tension,
compared with bovine gelatin solution. This suggested that increased surface
hydrophobicity of gelatin-OLA complex facilitated pelatin to transport and
accumulate at air-water interface effectively, On the other hand, the modification of
gelatin and gelatin-OLA complex with OTA decreased surface activity of resulting
gelatin, Surface tension of gelatin modified with OTA was generally higher than that
of the control gelatin. Surface tension of gelatin-OLA complex modified with OTA
increased as the concentration of OTA increased. OTA incorporated more likely
contributed to the increased hydrophilicity of modified gelatin. As a consequence,
gelatin could not localize and accumulate at air-water interface potentially. However,
gelatin-OLA complex modified with 2.5 and 5% OTA still had the faster decreases in
surface tension than bovine gelatin, whereas that modified with 10% OTA had slower

decrease in surface tension. Thus, the modification of gelatin using OLA and OTA
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affected the surface activity of resulting gelatin. This was governed by the nature and
amount of OLA and OTA attached.
8.4.1.8 Emulsifying property

Emulsion activity index (EAI) of gelatin without and with modification
by OLA and OTA is shown in Figure 51. Generally, the control gelatin had the poorer
emulsifying property than bovine gelatin as evidenced by the lower EAI (p<0.05).
However, the incorporation of OLA into gelatin could improve emulsifying property
of resulting gelatin. Gelatin-OLA complex exhibited the higher EAI both at 0 and 10
min, compared with bovine gelatin (p<0.05). Improved emulsifying activity might be
due to the increased surface hydrophobicity of modified gelatin caused by OLA
incorporated. This result was in agreement with Lin and Chen (2006) who reported
that attachment of hydrophobic group to gelatin resulted in the increase in emulsifying
property. Conversely, the incorporation of OTA into gelatin and gelatin-OLA
complex led to the decreased EAI of modified gelatin. The higher decrease in EAI of
gelatin-OLA complex was observed when the concentration of OTA increased
(p<0.05). This was possibly associated with the decreases in surface hydrophobicity
after modification with OTA. Kato and Nakai (1980) reported that surface
hydrophobicity of protein is generally associated with a better surface activity, in
which the reduction in interfacial tension and the increase in emulsifying activity are
achieved. The decrease in surface hydrophobicity of sample modified with OTA
might lower the ability of resulting gelatin to localize at the oil-water interface.
Morecover, interactions of OTA with gelatin led to the aggregation of gelatin as
indicated by the increased mean patticle size (Table 25). As a result, gelatin might not
unfold at the oil-water interface and form the film around the oil droplet effectively.
Nevertheless, gelatin-OLA complex modified with 2.5 and 5% OTA still had the
higher EAI than bovine gelatin, whereas EAT of gelatin-OLA complex modified with
10% OTA was lower than that of bovine gelatin.
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Figure 51. Emulsion activity of cuttlefish skin gelatin without and with modification
by OLA and OTA. Bars represent the standard deviation (n=3). Different
letters within the same time afier emulsification indicate significant

differences (p<0.05).

8.4.2 Effect of gelatin-OLA complex modified with OTA on emulsion
stability and lipid oxidation of menhaden oil-in-water emulsion
8.4.2.1 Changes in particle size of emulsion during storage
Mean particle diameters of oil droplet in emulsions stabilized by
gelatin and various modified gelatins at day 0 and 10 of storage at 30°C are shown in
Table 26. The mean particle diameter of oil droplets was calculated and expressed as
a volume-surface mean particle diameter (d3;) and volume-weighted mean particle
diameter (dy3) (Surh ef al., 2006). Diameter size of oil droplet in emulsion stabilized
by the cuttlefish skin gelatin (control gelatin) was similar to that of emulsion
stabilized by bovine gelatin (p>0.05). The incorporation of OLA into gelatin could
increase surface activity of gelatin. The oil could be reduced into smaller droplet
easily. Simultaneously, modified gelatin could migrate into interface and form the

film surrounding the droplet after emulsification. However, the modification of
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gelatin and gelatin-OLA complex with OTA caused the increase in oil droplet size of
resulting emulsion. The oil droplet size of emulsion stabilized by gelatin-OLA
complex modified with OTA increased with increasing the concentration of OTA
incorporated into gelatin. This result was in agreement with the decrease in EAI of the

sample modified with OTA (Figure 51).

Table 26. Mean particle diameter of oil droplet in emulsion stabilized by gelatin
without and with modification by OLA and OTA at day 0 and 10 at pH 7.

Samples Mean particle diameter size (pm)

Day 0 Day 10

ds; ds ds; dg
Gelatin 0.98+0.06b*A*  1.2340.07bA 1.8240.24dB 2.1340.18cdB
Gelatin-5%0TA 1.0010.06bA [.3340.06cA  2.0630.20dB  2.33+0.26dB
Gelatin-OLA 0.7910.02aA (.8240.03aA 1.0310.10aB 1,30140.15aB
Gelatin-OLA-2.5%0TA  0.8310.03aA 0.8510.05aA 1.1910.16abB  1.63+0.25abB
Gelatin-OLA-5%0TA 0.88£0.04abA  0.9040.06aA 1.3940.13bcB  1.72+0.24bcB
Gelatin-OLA-10%0TA 0.931£0.04bA [.18+0.05bA 1.7410.24cdB  1.9840.35bcB
Bovine gelatin 0.93£0.09abA  09710,17abA  1.5710.12cdB  1.7410.19bB

MeantSD (n=3).
* Different letters in the same column indicate significant differences (p<0.05).
¥ Different capital letters in the same sample row within the same mean diameter

indicated significant differences (p<0.05).

Decrease in surface hydrophobicity of modified gelatin impeded its
localization and arrangement at the oil-water interface, resulting in the formation of
the larger oil droplet in the emulsion, It was noted that gelatin-OLA complex
modified with 2.5 and 5% OTA, except gelatin-OLA complex modified with 10%
OLA yielded the emulsion with the smaller oil droplet size, when compared with
emulsion stabilized by bovine gelatin. At day 10 of storage, the increases in both ds;
and dy; of oil droplets were found in all emulsion samples. This might be owing to
individual droplet growth (Ostwald ripening) or droplet aggregation (flocculation or

coalescence) during extended storage (Surh ef al., 2006). Among all emulsions, those
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stabilized by gelatin-OLA complex had the lowest increase in d3; and dys, compared
with others.

The incorporation of OTA into gelatin-OLA complex resulted in the
decreased emulsion stability, especially when the higher concentration of OTA was
used for gelatin modification. The lower stability was reflected by the larger droplet
size of oil in the emulsion. Emulsion with larger droplets had much poorer stability to
gravitational separation and aggregation than that with smaller droplet (Tadros ef al.,
2004). Gelatin-OLA complex modified with 2.5 and 5% OTA could stabilize oil-in-
water emulsion more effectively than bovine gelatin as evidenced by the lower
increase in both dsy and dy;after 10 days of storage.

8.4.2.2 Changes in lipid oxidation of emulsion during storage

Lipid oxidation of menhaden oil-in-water emulsion stabilized by
gelatin with and without modification using OLA and OTA was monitored and
expressed as TBARS values during the storage of 10 days (Figure 52). Generally,
TBARS wvalue in the emulsion increased as the storage time increased (p<0.05).
Emulsion stabilized by gelatin had the lower formation of TBARS in emulsion,
compared with that stabilized by 1% Tween 20 (control emulsion). Gelatin might be
able to donate hydrogen or electron to free radicals, resulting in the inhibition of the
oxidation of emulsion, Moreover, gelatin can form thicker film around the oil droplet,
thereby preventing the penetration of oxygen into oil droplet more effectively. The
emulsion stabilized by bovine gelatin had more oxidative stability than that stabilized
by cuttlefish skin gelatin as evidenced by the lower TBARS value. This possibly
resuited from the differences in the intrinsic properties, composition and conformation
of protein between both gelatins.

Gelatin modified with OLA and OTA had the impact on oxidative
stability of emulsion. Gelatin modified with OLA yielded the slightly increased
oxidative stability of emulsion. This was possibly due to the increased accumulated
gelatin around oil droplet, where modified gelatin could scavenge free radical
effectively. Incorporation of OTA into gelatin and gelatin-OLA complex more likely
improved the ability to inhibit the TBARS formation in oil-in-water emulsion system.
This result was in accordance with the increased antioxidative activity of resulting

gelatin after modification with OTA (Figure 49). No differences in TBARS value
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were observed in emulsion stabilized by gelatin-OLA complex modified with 5 and
10% OTA after 10 days of storage. Therefore, OTA at concentration of 5% was the
optimum level for modification of gelatin-OLLA complex, in which the obtained

gelatin had both antioxidative activity as well as emulsifying property.

7 —e—Tween20
—<—Tween 20 + 5%0TA
—k— Bovine gelatin
—&-—-Celatin (cultiefish skin)

20 1
—O— Gelatin-5%0TA
—— Celatin-OLA complex
_E —8— Gelatin-OLA complex-2.5%0TA
'§ 15 A —C— Gelatin-OLA complex-5%0TA
7] O Gelatin-OLA complex-10%0TA
=
= 10 1
=11
g

days

Figure 52. TBARS value of menhaden oil-in-water emulsion stabilized by cuttlefish
skin gelatin without and with modification by OLA and OTA during

storage at 30 °C for 10 days. Bars represent the standard deviation (n=3).

OTA bound to gelatin-OLA complex or gelatin could act as
antioxidant in emulsion more effectively than OTA in free form, especially when the
storage time increased (p<0.05). Free OTA was more likely localized in the aqueous
phase and less amount was located at the interface. Almajano and Gordon (2004)
reported that interaction of BSA and epigallocatechin gallate (EGCG) could induce
the formation of a BSA-antioxidant adduct and cause a synergistic increase in the
oxidative stability of sunflower oil-in-water emulsion, compared with BSA or EGCG

alone. Lipid oxidation in oil-in-water emulsions primarily occurs at the emulsion
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droplet interface (Kellerby ef al, 2006). Profein-antioxidant complex might be
concentrated at the oil-water interface and exhibited the antioxidant activity at the
interface (Almajano et al., 2006). Gelatin and gelatin-OILA complex medified with
OTA could therefore transport to the oil-water interface and functioned at the
interface. As a result, lipid oxidation was prevented.

8.4.2.3 Stability of emulsion stabilized by modified gelatin under different
conditions

8.4.2.3.1. Effect of pH

Zeta potential and mean particle diameter of oil droplet in emulsion
stabilized by gelatin-OLA complex without and with modification by 5% OLA at
various pHs (3-8) are shown in Figure 53. As pH increased from 3 to 8, the zeta
potential in emulsion stabilized by the control gelatin decreased from +18.29 to
-22.10 mV, whereas that of emulsion stabilized by gelatin-OLA complex without and
with modification by 5% OTA decreased from +15.82 to -24.77 mV and +13.76 to
-14.61 mV, respectively (Figure 53A). The zero net charge of oil droplets in emulsion
stabilized by the control gelatin, gelatin-OLA complex and gelatin-OLA complex
modified with 5% OTA was observed at pH 4.5, 4.4 and 4.3, respectively. At the same
pH, the lower zeta potential was found in emulsion stabilized by gelatin-OLA
complex when compared with that of emulsion stabilized by the control gelatin.

This result was in agreement with Kamyshny and Magdassi (1997)
who reported that the attachment of hydrophobic chain led to changes in both
amplitude of charge and pl of human IgG. Attachment of OLA and OTA via amino
group during modification would neutralize the positively charged group, thereby
rendering the higher negative charge in the modified gelatin (Kamyshny and
Magdassi, 1997). No difference in both d3; and dy; was observed in all emulsion at all
pHs tested (p>0.05). This result revealed that emulsions stabilized by the control
gelatin and gelatin-OLA complex without and with modification by 5% OTA were
relatively stable at all pHs, even at pH giving the net charge of zero. Steric repulsion
played a major role in preventing the droplets from flocculation or coalescence at all

pHs tested.
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Figure 53. Effect of pH on zeta potential (A) and mean particle diameter including
d;; (B) and dy; (C) of emulsion stabilized by cuttlefish skin gelatin and
gelatin-OLA complex without and with modification by 5% OTA. Bars

represent the standard deviation (n=3).
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8.4.2.3.2 Effect of salt concentration

Zeta potential and mean particle diameter of oil droplet in emulsion
stabilized by gelatin and gelatin-OLA complex without and with modification by 5%
OLA at different salt concentrations (0-500 mM NaCl) are presented in Table 27.
Generally, the amplitude of negative charge of oil droplet in all emulsion samples
decreased with increasing NaCl concentrations (p<0.05). At 500 mM NaCl, zeta
potential in emulsion stabilized by the control gelatin was reduced to -2.93 mV,
whereas that of emulsion stabilized by gelatin-OLA complex without and with

modification by OTA was -3.48 and -3.91 mV, respectively.

Table 27. Effect of NaCl concentration on zeta potential and mean particle diameter
of oil droplet in emulsion stabilized by gelatin without and with

modification by OLA and OTA at pH 7.

Samples NaCl Zeta potential ~ Particle size (pm)
(mM) (mV) dsz dys

Gelatin 0 -19.33 £ 0.57a* 1.01 £0.05a 1.25 £ 0.06a
50 -8.49 +1.22b 1.07 £ 0.20a 1.29 4+ 0.15ab
100 -7.63 +1.53b 1.11 £0.17a 1.31 £0.10ab
250 -4.32 +1.38¢ 1.14 £ 0.12a 1.40 +0.18bc
500 -2.93 +1.39¢ 1.39 + 0.08b 1.64 +0.15¢

Gelatin-OLA 0 -23.83+1.86a 0.84 £ 0.04a 0.97 +0.04a
50 -9.18 £ 1.02b 0.89 £ 0.10ab 1.06 £ 0.13ab
100 -8.75 £ 1.25b 0.89 £ 0.12ab 1.09 &+ 0.14ab
250 -4.38 £ 1.07¢ 1.01 £0.13bc 1.16 + 0.19ab
500 348+ 1.31c¢ 1.17 £ 0.10c 125+ 0.18b

Gelatin-OLA- 0 -19.59+0.82a 0.90 £0.02a 1.06 +: 0.06a

5%0TA 50 -8.69 1 1.00b 0.92+£0.23a 1.06 £0.20a
100 -7.53 +1.15b 1.04 £ 0.15b 1.09£0.19a
250 -4.45 £0.97¢ 1.13 £ 0.16bc .38 +0.14ab
500 -3.91 +£1.29¢ 1.27 £ 0.07¢ 1.50 £ 0.15b

Mean+SD (n=3).
* Different letters in the same column within the same sample indicate significant

differences (p<0.05).

Increasing ionic strength affects the electrostatic repulsion between the
droplets of emulsion (Onsaard ef al., 2006). In the presence of counter ions, the

charge of emulsion is reduced by eclectrostatic screening, in which the repulsion
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between the droplets is no longer sufficiently strong to overcome the attractive force
(e.g., vander Waals and hydrophobic) acting between the droplets (Onsaard et al.,
2006). As a result, the flocculation and/or coalescence of oil droplets took place. In
general, slight increases in d3; and dy; of oil droplet were observed in all emulsion
samples when NaCl concentrations increased (p<0.05). Nevertheless, Surh er al.
(2006) reported that emulsion stabilized by fish gelatin was stable to droplet
aggregation under high ionic strength condition (500 mM NaCl), This resuit
suggested that not only electrostatic repulsion, but also steric repulsion played a major
role in preventing the droplets from coalescence.
8.4.2.3.3 Effect of heating

) Zeta potential and mean particle diameter of oil droplet in emulsion
stabilized by gelatin and gelatin-OLA complex without and with modification by 5%
OLA after heating at different temperatures (50, 70 and 90°C) are shown in Table 28.
Generally, heating had not effect on the zeta potential of oil droplet in emulsions
stabilized by modified gelatin and the control gelatin, However, heating increased oil
droplet size (both d;, and dy3) in those emulsions, especially at the higher temperature
{p<0.05). Some partial desorption of gelatin from the droplet surfaces at elevated
temperatures might lead to flocculation and/or coalescence (Surh et af., 2006). Among
all emulsions, the emulsion stabilized by gelatin-OLA complex had higher thermal
stability as evidenced by the lowered increase in both d3; and dy3, followed by that
stabilized by gelatin-OLA complex modified with 5% OTA and the control gelatin,
respectively. Incorporation of OTA into gelatin-OLA complex affected the emulsion
stability of resulting gelatin as described previously. Nevertheless, gelatin-OLA
complex modified with 5% OTA still stabilized the emulsion subjected to heating
more cffectively than the control gelatin, Strong film of modified gelatin around oil
droplet could prevent the flocculation and/or coalescence of oil droplet from heat

{reatment.
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Table 28. Effect of heating at different temperatures on zeta potential and mean

particle diameter of oil droplet in emulsion stabilized by gelatin without

and with modification by OLA and OTA at pH 7.

Samples Temperature  Zeta potential Particle size (um)
O (mV) ds; dy;

Gelatin 25 -19.33 0 .57a* 1.01 £0.05a 1.25+0.06a
50 -19.57 £ 0.88a [.01 £0.11a 1.28+0.15a
70 -19.89 £ 0.55a 1.12+0.25a 133 +£0.07a
90 -19.61 +0.54a  1.17£0.16a 1.42%0.15a

Gelatin-OLA 25 -2383 4+ 1.86a 0.84+0.04a 0.97+£0.04a
50 -2347+1.52a 0.82%0.15a 1.01+£0.15a
70 -2400+£0.66a 095%0.18a [.13+0.12a
90 2423 £056a 09740082 1.19+0.21a

Gelatin-OLA- 25 -19.59+0.82a  0.90+0.02a  1.06 +0.06a

5%0TA 50 2001 +£0.59a 1.01+0.12a 1.11£0.20a
70 -1972 4+ 1.0la  0.9720.13a 1.21 +0.23a
90 -20.55 +0.62a 1.25 40.19a

MeantSD (n=3).

1,05 +0.20a

* Different letters in the same column within the same sample indicate significant

differences (p<0.05).

8.5 Conclusion

Modification of gelatin-OLA complex with 5% OTA could enhance
antioxidative activity and still retained the high emulsion property. Gelatin-OLA
complex modified with 5% OTA could prevent oil-in-water emulsion from lipid
oxidation and the flocculation or coalescence of oil droplet effectively, compared with
bovine gelatin. The emulsion stabilized by gelatin modified with OLA together with
OTA was stable in wide pH range and in the presence of NaCl up to 500 mM. The

emulsion was also stable after being heated up to 90°C.



CHAPTER 9

SUMMARY AND FUTURE WORKS

9.1 Summary

1. Bleaching of cuttlefish skin with H,O; not only improved the color
of resulting gelatin but also increased the yield of gelatin. Cuttlefish skin gelatin
bleached with 5% H,0, for 48 h gave the highest yield. Furthermore, bleaching also
improved bloom strength, emulsifying and foaming properties of resulting gelatin,
mostly via the oxidation of gelatin molecule.

2. The incorporation of 5% oxidized phenolic compounds into
cuttlefish skin gelatin could enhance antioxidative activity with no detrimental effect
on emulsifying properties of resulting gelatin. Gelatin modified with 5% oxidized
tannic acid (OTA) could prevent lipid oxidation of menhaden oil-in-water emulsion
during the extended storage effectively.

3. Gelatin modified with tannic acid via non-covalent interactions
showed a higher antioxidative activity than that modified through covalent
interactions. However, gelatin modified with OLA via covalent interaction rendered
the emulsion with high stability and could inhibit lipid oxidation of menhaden oil-in-
water emulsion more effectively than gelatin modified with tannic acid via non-
covalent interaction during the extended storage.

4, Attachment of fatty acid into cuttlefish skin gelatin could improve
the surface activity of resulting gelatin. The increases in hydrophobic region at
surface of gelatin play a key role in enhancing surface activity including foaming and
emulsifying properties of modified gelatin. Gelatin  modified with N-
hydroxysuccinimide esters of C14:0, especially at the high degree of modification,
showed the higher foam ability and emulsifying properties, when compared with the

control gelatin.
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5. Modification of gelatin with oxidized linoleic acid (OLA) could
improve surface activity of obtained gelatin, depending on the degree of oxidation of
linoleic acid used. Gelatin modified with OLA prepared at 70°C for 9 h showed the
highest surface activity, especially at high molar ratio used. Gelatin modified with
OLA could yield the emulsion with small oil droplet size and high stability toward
different harsh environments, compared with the control gelatin.

6. Modification of gelatin with both OLA and OTA could enhance
antioxidative activity and emulsion property, compared with the control gelatin.
Modified gelatin could prevent menhaden oil-in-water emulsion from lipid oxidation
and the flocculation or coalescence of oil droplet effectively during the extended
storage, compared with bovine gelatin. The emulsion stabilized by gelatin modified

with OLA together with OTA was stable in varying environments.
9.2 Future works

1. Gelatin of other mollusks should be further extracted and
characterized.

2. Different chemical and enzymatic modifications should be
performed to provide gelatin with desirable emulsifying properties and antioxidative
activity.,

3. The modified gelatin with high emulsifying properties or
antioxidative activity should be isolated and characterized.

4, Mode of action of lipid oxidation products as well as selected

phenolic compounds on the modification of gelatin should be further investigated.
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