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ABSTRACT

Antioxidant activity of different berry phenolics, including anthocyanins, ellagitannins, and
proanthocyanins, toward both protein and lipid oxidation in different food model systems
(liposomes and emulsions) was studied in this thesis. In addition, the partition of berry
anthocyanins into different phases in the oil-in-water emulsion, and the effect of different
milk proteins (lactalbumin, bovine serum albumin (BSA), and casein) on liposome
oxidation were investigated. The location of tryptophan residues, the loss of anthocyanin
colour, and the effect of berries on emulsion turbidity (stability) were measured during
oxidation of the oil-in-water emulsions.

All tested proteins acted as antioxidants toward liposome (lipid) oxidation. The inhibition
was more pronounced with casein than with BSA and lactalbumin. In addition, casein itself
was the most stable protein in the liposome model as determined by measuring the loss of
tryptophan fluorescence or the formation of protein-carbonyl compounds. However,
lactalbumin was chosen for further investigations on protein-lipid interactions with added
phenolic compounds because its sensitivity toward oxidation and better applicability for the
overall purpose of developing dairy products with berry phenolics.

Different berry phenolic from bilberries (Vaccinium myrtillus), blackberries (Rubus
laciniatus), blackcurrants (Ribes nigrum), lingonberries (Vaccinium vitis-idaea), and
raspberries (Rubus idaeus) as well as different standard compounds inhibited protein and
lipid oxidation in different food model systems (lactalbumin-liposomes and different oil-in-
water emulsions). The nature of the phenolic compounds in berries had an impact on their
antioxidant activity. However, the antioxidant activity of berries depends not only on the
phenolic  composition  but  also  on  the  oxidative  environment  of  choice  as  well  as  the
oxidation products monitored. In general, the antioxidant effect toward lipid oxidation was
more pronounced than the effect on protein oxidation in all food models investigated. In
blackcurrants, blackberries and bilberries anthocyanins were responsible for the antioxidant
activity. On the contrary, in raspberries ellagitannins and in lingonberries
proanthocyanidins together with anthocyanins led to inhibition of protein and lipid
oxidation.

Partitioning of berry anthocyanins into the different phase of the oil-in-water emulsions
affected their antioxidant activity. Most of the anthocyanins isolated from raspberries,
lingonberries and blackcurrants were partitioned into the aqueous phase, and around 20% of
the anthocyanins were incorporated with proteins at the oil droplets interface. The decrease
of  anthocyanin  colour  intensity,  the  increase  of  emulsion  turbidity,  and  the  change  of
tryptophan residues location in the oil-in-water emulsions during oxidation indicated that
phenolic compounds were interacting with berry phenolics. Both the loss of anthocyanin
colour and modification of tryptophan residues in aqueous environment may be due to
covalent interaction between tryptophan residues and oxidized phenolic compounds
(quinones). In hydrophobic environment non-covalent interactions are more favourable, and
they may provide better protection toward oxidation. The total effect of berry phenolics on
the oxidative stability of food products should be considered because at some
concentrations phenolic compounds may not act beneficial.
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1 INTRODUCTION

Berries are rich in phenolic compounds, which exhibit a wide range of biological effects,
including antioxidant, antimicrobial, and anticarcinogenic properties. Therefore, berries are
an important part of healthy Finnish diet. Biomedical and epidemiological research
suggests that the dietary antioxidants from fruits and berries may play an important role in
preventing  diseases  such  as  coronary  heart  disease,  stroke,  and  lung  cancer  (Keli  et  al.,
1996; Knekt et al., 1996; Knekt et al., 2002; Liu et al., 2002; Serraino et al., 2003). In
addition, different berries have been shown to possess antimicrobial effects against human
pathogens such as Salmonella and Staphylococcus (Puupponen-Pimiä et al., 2005).

Berry phenolics from bilberries, blackcurrants, lingonberries, blackberries, and raspberries
have been shown to inhibit lipid oxidation in different oxidation models such as oil-in-
water emulsions, bulk lipids, low-density lipoprotein, and liposome model (Heinonen et al.
1998b; Kähkönen et al., 1999; Kähkönen et al., 2001). In addition, raspberries, bilberries,
strawberries, and lingonberries scavenge oxygen radicals (Wang et al., 1996; Prior et al.,
1998; Wang and Jiao, 2000; Wang and Lin, 2000; Liu et al., 2002; Moyer et al., 2002;
Wada and Ou, 2002; Zheng and Wang, 2003; Wang et al., 2005). Phenolic acids have been
shown to inhibit browning derived from interaction between amino acids and carbohydrates
(Kwak and Lim, 2005). The nature of the phenolic compounds in berries has an impact on
their antioxidant activity. The main phenolics in berries are anthocyanins, which are highly
unstable and easily susceptible to degradation. In foods, the stability of anthocyanins is
affected  by  pH,  temperature,  light,  and  oxygen,  as  well  as  the  presence  of  proteins.  The
interaction between phenolic compounds and proteins influence the structure and the taste
of foods. However, the anthocyanins are not the only antioxidative phenolic compounds
present in berries, since the proanthocyanidins in lingonberries and the ellagitannins in
raspberries are very effective antioxidants (Yokozawa et al., 1998; Mullen et al., 2002a;
Kähkönen et al., 2005; Määttä-Riihinen et al., 2005). The antioxidant activity of berry
phenolics depends not only on the phenolic composition but also on the oxidation model
system of  choice  as  well  as  the  oxidation  products  monitored.  The  antioxidant  activity  of
the  berry  phenolics  toward  lipid  oxidation  has  been  widely  studied,  but  the  effect  of  the
berry phenolics toward protein oxidation is still unclear.

Phenolic compounds not only affect the oxidative reactions of food proteins and lipids, but
they also may directly interact with proteins resulting in non-covalent or covalent bonding.
The interaction studies between different phenolic compounds and proteins have been
concentrated mainly on salivary proline-rich proteins, different dairy proteins and lysozyme
(Rawel et al., 2001; Charlton et al., 2002; Rawel et al., 2003). Protein-polyphenol
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interactions are likely to modify proteins and consequently influence the quality and
functional properties of food, and to affect the bioavailability of the protein. Moreover, the
interaction has been shown to cause astringent flavour as salivary proteins are reacting with
the polyphenols (Baxter et al., 1997). In addition, the antioxidant activity of polyphenols
may be modified by the presence of proteins (Arts et al., 2001; Riedl and Hagerman, 2001;
Arts et al., 2002). However, the nature and the extent of interaction between different
phenolic compounds and proteins are still unclear.

In foods, due to strong interactions between proteins and lipids the oxidative reactions can
easily transfer from lipids to proteins. Investigation of protein oxidation is important,
because the oxidation reactions not only affect the quality of the food, but they also have an
impact on the protein functionality such as changes in food texture (Sarker et al., 1995).
Moreover, the oxidative modification of the proteins has also been shown to play an
important role in aging, and in a number of human diseases, e.g., Alzheimer’s disease,
rheumatoid arthritis, cataractogenesis, and respiratory distress syndrome (Stadtman and
Oliver, 1991; Stadtman and Berlett, 1997). Moreover, some protein oxidation products can
be toxic or carcinogenic (Ishii et al., 1980; Matsukura 1981; Matsukura et al., 1981;
Halliwell, 1987; Rice-Evans and Burton, 1993).
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2 LITERATURE REVIEW

2.1 Protein, peptide and amino acid oxidation

Interactions between lipids and proteins have a significant effect on the progress of
oxidative reactions in foods. Due to strong interactions, the oxidation reactions can easily
transfer from lipids to proteins. Oxidation reactions 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)
(Karel et al., 1975; Fægermand et al., 1998; Zamora et al., 1999a; Howell et al., 2001;
Gerrard et al., 2002). 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
(Leaver et al., 1999b)

Oxidation of the proteins and amino acids is affected by many environmental factors such
as pH, temperature, water activity, and the presence of catalysts or inhibitors. In addition,
the three-dimensional structures of each protein affect how proteins can interact with lipids
(Aynié et al., 1992). For example casein, due to its 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 et al., 2002). The physical stability of a
protein-stabilized emulsion depends also on the concentration of the protein in solution, pH,
and temperature (Hunt and Dalglesh, 1994; Fomuso et al., 2002a; Hu et al., 2003a).

The most sensitive amino acids toward oxidation are heterocyclic amino acids. In addition,
amino and phenolic groups of amino acids are susceptible to oxidation. Due to their
structure tryptophan, histidine, and proline, but also lysine, cysteine, methionine, and
tyrosine, are prone to oxidation where the hydrogen atom is abstracted either from OH-, S-
or N-containing groups (Desai and Tappel, 1963; Gardner, 1974; Karel et al., 1975; Matoba
et al., 1984; Kikugawa et al., 1991; Stadtman and Berlett, 1991; Alaiz and Girón, 1994;
Baker et al., 1998; Doorn and Petersen, 2002) (Figure 1). Due to the oxidation methionine
is transformed into methionine sulfone, tryptophan into kynurenine, and tyrosine into
dityrosine (Kikugawa et al., 1991; Chowdhury et al., 1995). For example, Kikugawa et al.
(1991) reported that the amount of tryptophan residues decreased 18% after 24 hours
reaction with linoleic acid hydroperoxides. Oxidative cleavage of the peptide main chain
and the oxidation of the side chains of lysine, proline, arginine, and threonine have been
shown to yield carbonyl derivatives (Stadtman and Berlett, 1997).
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Figure 1. Structure of amino acid residues prone to oxidation.

Methionine residues near the surface of proteins may be easily accessible to oxidation, and
the protein will become more hydrophilic (Vogt, 1995). On the other hand, if methionine
residue is buried partially or totally in a hydrophobic cluster formed with other hydrophobic
groups, it may be more or less protected from oxidation. Even a relative small amount of
aldehydes has been shown to react especially with ε-amino group of the lysine residues. In
some peptides the copper complexes showed fragmentation in which the third amino acid
residue (from the amino end) is destroyed (Levitzki et al., 1967).

Primary lipid oxidation products (hydroperoxides) and secondary lipid oxidation products
(aldehydes and ketones) can react with proteins, and cause protein oxidation (Karel et al.,
1975; Matsushita, 1975; Gardner, 1979; Reyftmann et al., 1990; Kikugawa et al., 1991).
Protein oxidation occurs via free-radical reactions in which peroxyl radicals (ROO·)
formed during lipid oxidation can abstract hydrogen atoms from protein molecules (PH)
(Reaction 1). Consequently, protein radicals are formed (P·), and they can in turn create a
protein net (P-P) due to the cross-linking (Reaction 2).

ROO· + PH → P· + ROOH Reaction 1

P· + P· → P-P (protein net) Reaction 2
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It is also postulated that the protein oxidation process can occur via non-covalent complex
formation by both electrostatic and hydrophobic attractions between lipid hydroperoxide
(ROOH) or secondary lipid oxidation products (mainly aldehydes and ketones, breakdown
products of lipid hydroperoxides), and the nitrogen or sulfur centers of reactive amino acid
residues of the protein (PH) (Reaction 3) (Böhlen et al., 1973; Karel et al., 1975; Gardner,
1979; Kikugawa et al., 1991; Aubourg, 1999).

ROOH + PH → [ROOH---HP] → RO· + P· + H2O Reaction 3

In figure 2 is shown generally the possible protein oxidation pathways in the presence of
oxygen and lipid oxidation products (Karel et al., 1975). First hydrogen atom is abstracted
from protein (PH) by some non-protein radical (A*), and transfers protein to protein radical
(P*) (a). After that there are three possible ways for protein radical to react: oxidation (b),
transfer (c),  and  cross-linking  (d). In oxidation, protein radical is directly reacting with
oxygen leading to protein-peroxyl (PO2) and finally scission. In transfer, protein radical is
abstracting hydrogen from other compounds present to form non-radical protein or protein
hydroperoxide depending on participating compounds. In cross-linking mechanism,
unmodified protein is cross-linking with lipid oxidation products such as hydroperoxides or
aldehydes (B) or two protein radicals are interacting by forming protein-protein cross-links
(P-P) (Karel et al., 1975; Hidalgo and Zamora, 2000; Zamora et al., 2000). In addition,
protein-peroxyl may react with unmodified protein, and form oxygen linked protein-protein
dimers.

The lipid hydroperoxides and the secondary lipid oxidation products will also physically
complex with protein through hydrophobic association and hydrogen bonds, and form
various type of covalent bonds (Gardner, 1979; Aubourg, 1999). In the covalent interaction
one or more secondary lipid oxidation products can react with protein molecules present at
the interface of the oil droplets in the oil-in-water emulsion (Leaver et al., 1999a). The
carbonyl polar group tend to give amphiphilic properties to some aldehydes such that they
can orientate at the oil-water interface with the reactive carbonyl function in the aqueous
phase, adjacent to the more hydrophobic segments of the adsorbed protein (Leaver et a.,
1999a). Emulsification can initiate autoxidation in foods which leads to changes in the
composition and functionality of the adsorbed proteins (Leaver et al., 1999b). The reaction
between secondary lipid oxidation products and certain nucleophilic amino acid residues
probably occur at the oil-water interface with the initial sites of modification being located
in the hydrophobic regions of the protein molecules. As the emulsion ages, the extent of
oxidation and hence the modification increases, and the protein becomes more firmly
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anchored to the oil phase through hydrophobic groups. In addition, proteins are readily
cross-linked by secondary lipid oxidation products, such as malondialdehyde by producing
fluorescent compounds (Itakura et al., 1996).

C

R

CH

CH2

S

PH + A* P* + AH

PO2

SCISSION

PH + B

CROSSLINKING

PH + B P-B-P

P* + P* P-P

PO2 + P POOP

OXIDATION

P* + O2

TRANSFER

P* + AH PH + A*

PO2 + AH POOH + A*

PH = Protein
A* = Non-protein radical
B = Breakdown product

P* = Protein radical

or

(a)

(d)

(c)

(b)

Figure 2. Schematic representation of reactions of proteins with oxidized lipids
(Karel et al., 1975).

Oxidation of proteins by lipid oxidation products can furthermore lead to the oxidation of
amino  acid  residue  side  chains,  cleavage  of  the  peptide  bonds,  and  formation  of  the
covalent protein-protein cross-linked derivatives (Stadtman and Berlett, 1997). Oxidative
cleavage of the peptide bond in the main chain leads to the formation of peptide fragments
and the oxidation of the side chains of lysine, proline, tryptophan, arginine, and threonine,
yielding to protein-carbonyl compounds. The major losses in amino acids take place rather
early (after 14 hours reaction with fatty acids) in the oxidation (Roubal and Tappel, 1966).
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2.1.1 Protein-lipid interactions

The reaction between amino acids and secondary lipid oxidation products leads to
formation of carbonyl groups in the proteins (Zamora et al., 1999a). Lipid hydroperoxides
are shown first to cause oxidative changes in the tryptophan and cysteine residues of
proteins such as β-lactoglobulin (Hidalgo and Kinsella, 1989). After that, the lipid
oxidation products (hydroperoxides or aldehydes) may react with free amino groups of the
protein to generate fluorescent compounds and promote polymerization. In addition, the
reaction of the lipid oxidation products with proteins lead to the formation of fluorescence,
together with the destruction of amino acids, and the transformation of some lysine residues
into pyrrole derivatives (Hidalgo et al., 1998; Hidalgo et al., 1999). More amino acids are
damaged by secondary lipid oxidation products such as aldehydes than by primary lipid
oxidation products such as hydroperoxides (Matsushita, 1975). On the other hand,
secondary lipid oxidation products have been shown to cause Strecker-type degradation of
amino acids, which have a significant contribution of the flavour of the food (Hidalgo and
Zamora, 2004; Zamora et al., 2005).

Proteins can be cross-linked by carbonyl-protein cross-linking reactions followed by a
pyrrole polymerization, derived from interaction between the lipid oxidation products and
proteins amino acid residues (Zhu et al., 1994; Hidalgo and Zamora, 2000; Zamora et al.,
2000). Lipid oxidation products caused changes in the primary structure of the protein
(BSA; changes in lysine and histidine residues), which induced changes in the secondary
and tertiary structures of proteins (Meng et al., 2005).

The hydrophobic environment of proteins has been shown to decrease due to the protein-
lipid interaction leading to the modification of the environment of aromatic amino acids
(Genot et al., 1984). In the oil-in-water emulsions, the hydrophobic interactions are in a key
role in the adsorption behaviour of protein at the oil interface (Meng et al., 2005). In
addition, the hydrogen bonding between tyrosine residues of protein and water molecules
may contribute to the interactions at the interface. Genot et al. (1984) concluded that the
interaction between lipids and proteins changes the environment of tryptophan, tyrosine,
and phenylalanine residues, or quenched their fluorescence. Tryptophan emission is
partially quenched by close inhibitors (i.e. disulfide bond) or the emission is increased
when aromatic residues become accessible to lipids at the surface of the proteins. In
addition, Liang (1999) reported that the hydrophobicity, solubility, and free amino group
content of protein decreased due to the interaction with lipids. In addition, free aldehydes
can form imines with lysine residues and cyclize to pyridinium rings. That increases the
hydrophobicity and opens the pathway for cross-linking.



16

Formation of the fluorescent protein-lipid complexes

The protein-lipid complexes (carbonyls) due to the protein-lipid interaction are formed
rapidly, they are relatively stable, and have a specific fluorescence at the excitation
wavelength around 350 nm. The maximum emission wavelength varies between different
carbonyl compounds due to the differencies in the interacting amino acids and lipid
oxidation products (Flecher and Tappel, 1970; Shimasaki et al., 1982; Iio and Yoden,
1988b; Aubourg et al., 1992; Yamaki et al., 1992) (Table 1). Especially lysine residues
(contains free amino group) in the proteins can form strong fluorescent complexes with
aldehydes resulting in polymerized products typical for non-enzymatic browning (Chio and
Tappel, 1969; Yamaki et al., 1992; Lederer, 1996; Gerrard et al., 2002). If protein amino
compounds are involved as amino donors, fluorescent substances formed would remain
attached to the amino constituent (protein) (Aubourg, 1999). Intramolecular and
intermolecular cross-linking may also occur. In addition, dityrosine, the oxidized form of
tyrosine  residues,  can  fluorescent  at  the  similar  excitation  and  emission  wavelengths  (Ex
~350nm, Em ~430nm) (Kikugawa et al., 1991; Yamaki et al., 1992) (Figure 3). The
formation of dityrosine can be prevented by antioxidants, such as α-tocopherol  and  BHT
(Kikugawa et al., 1991). Neu il et al. (1993) also suggested that radical-mediated oxidation
of proteins may be inhibited by chain-breaking antioxidants. Since aldehydes both
physically bind and react covalently with protein, their presence in foods is important to
both flavour and quality.

R

O

R

OH

R

OH

CHCOOH
NH2

CH2

ROOH

ROO*

RO*

Tyr

radical reaction

Fluorescence

R:

Degradation products
ε-amino group of Lys

α-amino group of amino acids
Fluorescence

(a)

(b)

Figure 3. Formation of fluorescent compound during protein amino acids interaction
with lipid hydroperoxides (Kikugawa et al., 1991). (a) The reactive lipid peroxyl (ROO*)
or alkoxyl (RO*) radicals react with tyrosine producing fluorescence. The reaction is
supposed to occur through radical reaction in which radical abstract hydrogen radical from
tyrosine to produce the tyrosine phenoxy radical which in turn condenses to fluorescent
dityrosine. (b)The second type of fluorescence is produced by a non-radical reaction in
which lipid oxidation degradation products (aldehydes) are reacting directly with amino
groups of amino acids leading to fluorescent compounds.
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Table 1. Studies of amino compounds interacting with lipid oxidation products
leading to formation of fluorescent protein-carbonyl compounds.

LIPIDa AMINO ACID,
PROTEINb FLUORESCENCE REFERENCE

Oxidized methyl
linoleate and carbonyls

BSA Ex 340-350nm,
Em 420-430nm

Fletcher and Tappel, 1970

Fatty acid methyl
esters,
malondialdehyde

PE, PC Ex 360-370nm,
Em 435-445nm

Bidlack and Tappel, 1973

LOOH BSA Ex 330-360nm,
Em 410-450nm

Shimasaki et al., 1982

4-Hydroxynonenal PE, PS Ex 360nm, Em 430nm Esterbauer et al., 1986

LOOH β-lactoglobulin Ex 350nm, Em 450nm Hidalgo and Kinsella, 1989

LOOH Different amino acids Ex 353-360nm,
Em 430-435nm

Kikugawa et al., 1991

Lipid hydroperoxides
and secondary
oxidation products

Lysine, glycine, BSA Ex 350-380nm,
Em 420-460nm

Yamaki et al., 1992

(E)-4,5-epoxy-(E)-2-
heptenal

Lysine Ex 350nm, Em 450nm Hidalgo and Zamora, 1993a

E-2-octenal BSA, lysine Ex 350nm, Em 450nm Alaiz and Barragán, 1995

Methyl linoleate
hydroperoxides and
secondary oxidation
products

BSA Ex 350nm,
Em 100-450nm

Hidalgo et al., 1999

Soybean oil Soy proteins Ex 355nm, Em 440nm Liang, 1999

(E)-4,5-epoxy-(E)-2-
heptenal

BSA Ex 350nm,
Em 100-450nm

Hidalgo and Zamora, 2000

aLOOH, linoleic acid hydroperoxides
bBSA, bovine serum albumin; PE, phosphatidylethanolamine; PS, phosphatidylserine; PC,
phosphatidylcholine
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Formation of Schiff bases and Michael adducts

Secondary lipid oxidation products, such as aldehydes, react mainly with amino acids via
condensation reaction to form Schiff’s bases and by Michael addition reactions. The
reaction occurs between carbon atom of the aldehyde and the nucleophilic amino acid
residues (the ε-amino group of lysine, the imidazole moiety of histidine or the sulfhydryls
group of cysteine) (Figure 4, page 19) (Gardner, 1974; Uchida and Stadtman, 1992a; Tsai
and Sokoloski, 1995; Stadtman and Berlett, 1997; Xu et al., 1999). In the protein stabilized
oil-in-water emulsions most of the protein modification is supposed to occur via Michael
addition reactions (Bruenner et al., 1995; Amarnath et al., 1998; Leaver et al., 1999a;
Leaver et al., 1999b). Secondary lipid oxidation products with longer chain lengths have
been shown to bind more strongly to the protein (Andriot et al., 2000).

The reactions between aldehydes and amino groups can occur in the emulsions at the oil-
water interface with the initial sites of modification being located in the hydrophobic
regions of the protein molecules, since participating amino acid residues are mainly
hydrophobic in nature. Due to the interaction reactions, amino acid residues of the proteins
are modified. Consequently, as the emulsion ages, the extent of oxidation and hence of
modification increases and the protein becomes more firmly anchored to the oil phase via
aldehydic carbonyl groups.

The formed Schiff bases or Michael adducts may subsequently participate in the formation
of both intra- and intermolecular cross-links with other amino acid residues present such as
other lysine, cysteine, or histidine residues (Leaver et al., 1999a; Liu et al., 2003) (Figure
5). The formed cross-links can further stabilize the absorbed proteins.

O

NH

N
H O

S

N
H O

N
H

N

N

Lys ε-amino

Lys ε-amino Lys ε-amino Lys ε-amino

Cys sulfhydryl

His imidazole

Figure 5. Formation of cross-links between different amino acid residues. First the
Schiff base is formed between lysine and aldehyde, and then Michael addition of
side-chain nucleophiles (cysteine and histidine) will occur (Nadkarni and Sayre,
1995).
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Figure 4. a) Michael addition to cysteine, lysine, and histidine side chains. Free
carbonyl group undergoes subsequent reaction with hydroxylamine to form oxime
derivatives that remain bound to protein; b) Schiff base formation followed by
displacement of HNE (4-hydroxy-2-noneal) from protein (Bruenner et al., 1995).

Protein-carbonyl compounds are convenient markers of protein oxidation, and they may be
involved in cross-linking of damaged proteins via Schiff base formation. Schiff bases are
conjugated fluorophores with distinct spectral properties (excitation wavelength 340-370
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nm and emission wavelength 420-450 nm) (Chio and Tappel, 1969; Fletcher and Tappel,
1970; Gardner, 1974; Davies et al., 1995; Nadkarni and Sayre, 1995). Especially free amino
groups of lysine residues can cross-link with malondialdehyde and 4-hydroxy-2-noneal
(HNE) leading to Schiff base formation (Gardner, 1974; Stadtman and Berlett, 1997; Baker
et al., 1998). However, the Michael addition pathway accounts more than 99% of the
complex formed between HNE and proteins (Stadtman and Berlett, 1997).

2.1.2 Metal catalyzed oxidation of proteins

Protein oxidation can also cause lipid oxidation in the presence of metals (Amarowicz and
Shahidi, 1997). Any proteins with a divalent cation binding site will likely be susceptible to
metal-catalyzed oxidation leading to formation of carbonyl groups in proteins and
dityrosine formation (see Figure 3, page 16) (Meucci et al., 1991). Both copper and iron has
been shown to oxidize especially proline and arginine residues (Meucci et al., 1991; Uchida
et al., 1992).

Tryptophan oxidation in the proteins and in the presence of copper (Cu2+) or some other
initiators ( ) is postulated to occur by mechanism shown in Figure 6. Copper can decrease
the activation energy of the initiation step of lipid oxidation by directly transferring free
radicals to the tryptophan residues. First initiator converts tryptophan (1, Trp) to radicals
(2, 3), which can directly react with oxygen (O2) yielding Trp-peroxyl radicals (4). The
oxidative attack on tryptophan residues occurs first on the pyrrole ring and secondary on
the phenyl moiety (Simat and Steinhart, 1998). Trp-peroxyl radicals can react with lipids
yielding lipid oxidation and Trp-hydroperoxides (5, TrpOOH), which can then decompose
rapidly to N-formylkynurenine (6, NFK) and kynurenine (7, Kyn) as major end-products
(Krogull and Fennema, 1987; Friedman and Cuq, 1988; Gießauf et al., 1995; Simat and
Steinhart, 1998). In addition, in tryptophan the indole ring is susceptible to irreversible
oxidation producing, for example, oxindolylalanine that can be further transformed to N-
formylkynurenine (NFK) (Creighton, 1993; Itakura et al., 1994). The oxidation rate is
greater for peptide bound tryptophan than for free tryptophan (Krogull and Fennema,
1987). The oxidation of N-terminal tryptophan is higher than the oxidation of C-terminal
tryptophan in peptides oxidized in the presence of ascorbic acid-ferric ion system (Steinhart
et al., 1995). The oxidation rate of tryptophan depends also on the neighbouring amino acid
residues. Same oxidation end-products of tryptophan (NFK, Kyn) are formed also during
irradiation and interactions with lipid oxidation products.
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Figure 6. Formation of N-formylkynurenine and kynurenine from tryptophan
residues in proteins during oxidation. R* = initiator, RH = fatty acid, 1 = Trp residue,
2  and 3 = free radical forms of Trp residue, 4 =  Trp peroxyl radical, 5 = Trp
hydroperoxide, 6 = N-formylkynurenine, 7 = kynurenine.

Decrease in the tryptophan fluorescence may be due to the binding of metal ions (copper)
close to the tryptophan residues or directly converting of tryptophan to the radicals
(Gießauf et al., 1995). Tryptophan destruction is an early event in oxidation which
commences  immediately  after  addition  of  copper  ions,  and  proceeds  with  a  more  or  less
constant but significant rate until lipid oxidation enters into the propagating phase. The
destruction of tryptophan may influence on the wavelength of the emission maximum,
since tryptophan residues in the different environment have different emission maximum.
In principle, quenching of tryptophan fluorescence can be dynamic (e.g., collision) or static
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(e.g., complex formation) process. Both dynamic and static quenching requires molecular
contact between the fluorophores and quencher such as phenolic compounds. Tryptophan
residues which can be quenched must be located on the surface of protein and in the water
phase (Gießauf et al., 1995).

2.2 Proteins, peptides and amino acids as antioxidants in food model
systems

Research on the interactions between food lipids and proteins has mainly focused on the
structural aspects. It is well known that proteins stabilize food emulsions, but they can also
act as antioxidants by inhibiting lipid oxidation in different food model systems (Table 2).
The antioxidant mechanisms of proteins and amino acids in the food models have been
attributed to their ability to (1) form cationic charges on the surface of emulsion droplets,
which repel transition metals; (2) form thick viscoelastic films at the emulsion droplet
interfaces, which physically minimize lipid hydroperoxide-transition metal interactions; (3)
chelate prooxidative metals; and (4) inactivate free radicals through their sulfhydryl groups.
In addition, the ability of proteins, peptides, and amino acids to inhibit damaging changes
caused by lipid oxidation appears to be related to certain amino acid residues (histidine,
lysine, tyrosine, phenylalanine, tryptophan, proline, methionine, and cysteine) (see Figure
1, page 12).

Especially histidine residues can act as antioxidant by inhibiting both lipid and protein
(low-density lipoprotein, LDL and bovine serum albumin, BSA) oxidation (Decker et al.,
2001), but also lysine residues have shown antioxidant activity toward lipid oxidation
(Alaiz et al., 1995a; Zhou and Decker, 1999). Histidine and carnosine (β-alanylhistidine
dipeptide) have shown to inhibit lipid and tryptophan oxidation, and formation of protein-
carbonyl compounds (Decker et al., 1992; Decker et al., 2001; Yen et al., 2002). Histidine
residues and carnosine are retarding oxidation because they can remove metal ions from the
surface of the macromolecules. Furthermore, histidine and proline have shown to play
important roles in the antioxidant activity of synthetic peptides in an aqueous system (Chen
et al., 1996; Saito et al., 2003), and protein thiols (cysteine residues) have been shown to
inhibit formation of the protein hydroperoxides (Platt and Gieseg, 2003). In addition,
peptides containing tryptophan or tyrosine at the C-terminus have been shown to exhibit
high radical scavenging activities (Saito et al., 2003). Methionine residues have been shown
to act as endogenous antioxidants in the proteins (Levine et al., 1996). However, the
position and the presence of other amino acid residues have a high impact on antioxidant
activity of amino acids. The amino acid composition is not the only factor that affects on
the oxidative stability of emulsions (Hu et al., 2003b). It is unclear how these antioxidative
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amino acids are physically oriented (e.g., toward the lipid or water) which could influence
their reactivity.

Casein, whey and soy proteins have shown to inhibit formation of lipid oxidation products
in the oil-in-water emulsions (Donnelly et al., 1998; Lethuaut et al., 2002; Díaz et al., 2003;
Hu et al., 2003b). Difference in the oxidative stabilities of different emulsions stabilized by
proteins is due to the differences in the amino acid composition among proteins as
mentioned before. Some amino acids (e.g. histidine, lysine) are bound more strongly to the
oil droplets or they chelate more transition metals, and therefore inhibit lipid oxidation
more effectively (Decker et al., 2001; Díaz et al., 2003; Hu et al., 2003b). Whey proteins
are surface-active proteins that inhibit lipid oxidation through preventing prooxidant metal-
lipid interactions and by scavenging free radicals through the non-sulfhydryl pathways
(e.g., tyrosine) (Donnelly et al., 1998; Tong et al., 2000).

Thickness  of  the  emulsion  interfacial  layers  also  affects  on  the  oxidation  rates  and  it
depends on protein used (Hu et al., 2003a). In emulsion, the decrease in lipid oxidation
rates may be due to the electrical repulsion of metal ions away from the emulsion droplets,
which reduces contact between prooxidants (e.g., iron) and the oxidation substrate (e.g.,
unsaturated fatty acids and lipid hydroperoxides) (Hu et al., 2003a). The inhibition of lipid
oxidation by different proteins is shown to be concentration-dependent. At higher
concentration, most of the proteins inhibited lipid oxidation more than at lower
concentration in the oil-in-water emulsion (Fomuso et al., 2002a; Hu et al., 2003b). When
whey proteins are absorbed onto the surface of the lipid droplets during the formation of the
oil-in-water  emulsion,  it  is  possible  that  the  isoelectric  point  of  protein  change  as  the
protein conformation changes, and the amino acids are exposed to new environments (Hu et
al., 2003a). Usually emulsion droplets stabilized by proteins are negatively charged at pH
above proteins isoelectric point, whereas at pH below isoelectric point the droplets are
positively charged (Hu et al., 2003a). Negatively charged emulsion droplets are shown to
attract iron and accelerate oxidation (Hu et al., 2003a).

The caseins are particularly disordered and substantially hydrophobic, which assist their
rapid absorption during emulsification leading to the rapid establishment of a thick
sterically stabilizing layer that protects newly formed droplets against flocculation and
coalescence (Dickinson et al., 1998b; Hu et al., 2003b). Casein can form thick interfacial
layer around dispersed oil droplets compared to whey proteins. Casein-stabilized emulsions
had better oxidative stability than whey and soy protein stabilized emulsions (Hu et al.,
2003b; Faraji et al., 2004). The differences are due to the continuous phase proteins: In
emulsions, the continuous phase proteins have antioxidant activity. At pH 7.0 the
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continuous phase proteins would be anionic and thus would be able to chelate prooxidant
metals (Faraji et al., 2004). In addition, whey proteins have shown to inhibit lipid oxidation
at pH 7.0. The ability of continuous phase proteins to inhibit primary lipid oxidation
products but not secondary lipid oxidation products could be due to the protein having
multiple antioxidant mechanisms. Free sulfhydryls in whey proteins can act as free radical
scavengers,  as  well  as  other  amino  acids  can  act  as  metal  chelators.  Both  the  physical
location and the chemical properties of proteins in the emulsion are important in their
ability to alter lipid oxidation reactions (Faraji et al., 2004). In addition, the continuous
phase whey proteins have been shown to promote lipid oxidation in the oil-in-water
emulsion (Donnelly et al., 1998). This may be due to the fact that emulsifiers can solubilize
lipids, which can increase oxidation rates if antioxidants were removed from the emulsion
droplets or if lipid oxidation products (e.g. hydroperoxides) were solubilized by protein
where they can increase interactions with prooxidants in the aqueous phase (Donnelly et al.,
1998).

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 (Ahmad et al., 1996; Alaiz et al., 1996;
Alaiz et al., 1997; Zamora et al., 1997). Products, such as pyrroles, derived from interaction
between lipid oxidation products and proteins amino acids may also have antioxidant
potential (Alaiz et al., 1996; Zamora et al., 1997; Hidalgo et al., 2001; Hidalgo et al., 2003).
These modified proteins have been shown to act better inhibitors than their unmodified
counterparts. Ahmad et 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.
Especially 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  heteroatoms  present.  In  addition,  the
polymerisation increased the antioxidant activity compared to monomers. These results
suggest that these 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. This leads to
conclusion, that 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 et al., 2001).

Different methods have been used to evaluate the antioxidant activity in different food
models (Table 2). The ability of proteins to inhibit lipid oxidation has been mostly
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determined by measuring the formation of thiobarbituric acid reactive substances (TBARS)
which measures secondary lipid oxidation products (see e.g., Alaiz et al., 1995; Zamora et
al., 1997; Yen et al., 2002). TBARS also measures other than secondary lipid oxidation
products, and therefore other measurements, such as hexanal and propanal, would be more
applicable (Díaz et al., 2003; Hu et al., 2004). In addition, the inhibition of lipid oxidation
has been determined by measuring the formation of different lipid hydroperoxides (Chen et
al., 1996; Zamora et al., 1997; Fomuso et al., 2002). It is important to measure both primary
(hydroperoxides) and secondary lipid oxidation products, since they both affect
significantly to the oxidative stability of foods. In addition, the inhibition of lipid oxidation
has also an effect on protein oxidation. Therefore, in some of the studies performed also
protein oxidation has been determined as measuring the tryptophan content or measuring
the formation of protein-carbonyl compounds (Zamora et al., 1997; Decker et al., 2001;
Yen et al., 2002). Due to different methods used for antioxidant activity measurements and
different food models, it is difficult to compare the antioxidant activity of different proteins
and amino acids.
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Table 2. Some studies of amino acids, peptides, and proteins antioxidant activity in
different model systems.

AMINO
COMPOUNDa CONCENTRATION MODELb ANALYSISc REFERENCE

Histidine, lysine 50-200 ppm Bulk soybean oil TBARS Alaiz et al., 1995a

Histidine,
lysine,
OLAARP

100 and 200 ppm Bulk soybean oil TBARS Alaiz et al., 1995b

Leu-Leu-Pro-
His-His
peptides

4.0 x 10-5M Linoleic acid
solution

Linoleic acid
hydroperoxides

Chen et al., 1996

OLAARP 50 µM Microsomal system TBARS, DNPH Zamora et al., 1997

WPI 0.02-0.2% o/w LH, TBARS Donnelly et al.,
1998

HMW o/w LH, TBARS, PR*,
iron chelation

Tong et al., 2000

Histidine,
carnosine

0-48 µM LDL, BSA Trp, LH, carbonyls Decker et al., 2001

WPI 1% Liposome TBARS Peña-Ramos and
Xiong, 2001

WPI, lecithin 0.25 and 1% o/w LH, TBARS Fomuso et al.,
2002

Carnosine 700-9800 µg/mL Liposome, BSA TBARS, carbonyls Yen et al., 2002

CPP 0-100 µM o/w LH, hexanal Díaz et al., 2003

WPI, α-La, β-
Lg, SW

0.2% o/w LH, propanal Hu et al., 2003a

BSA 10:1-3:1 LMe, LnMe TBARS, OLAARP,
colour, fluorescence

Zamora and
Hidalgo, 2003

WPI, SPI, CAS 0.25-1.5% o/w LH, propanal Faraji et al., 2004

aWPI, whey protein isolate; SPI, soy protein isolate; α-La, α-Lactalbumin; β-Lg, β-Lactoglobulin;
SW, sweet whey; CAS, sodium caseinate; CPP, caseinophosphopeptides; OLAARP, oxidized lipid-
amino acid reaction products;  HMW, high molecular weight fraction of whey; BSA, bovine serum
albumin
bo/w; oil-in-water emulsion; LDL, low-density lipoprotein; BSA, model system with bovine serum
albumin; LMe, methyl linoleate; LnMe, methyl linolenate
cLH, lipid hydroperoxides; TBARS, thiobarbituric acid reactive substances; Trp, loss of tryptophan
fluorescence; carbonyls, protein-carbonyl compounds; DNPH, protein-carbonyl compounds; PR*
scavenging of peroxyl radicals; OLAARP, oxidized lipid-amino acid reaction products.

2.3 Protein interactions with berry phenolics

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 protein
precipitation. Interaction can also affect on protein functionality (Sarker et al., 1995; Rawel
et al., 2001a). Polyphenols can interact non-covalently or covalently with proteins. Under
non-oxidizing conditions, non-covalent interactions including hydrogen bonds and
hydrophobic forces stabilize tannin-protein complexes (Chen and Hagerman, 2004). The
non-covalent interaction may occur due to the structure of polyphenols and many different
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functional groups in the 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 (Siebert et al., 1996; Hagerman et al., 1998; Sarni-Manchado
et al., 1999; Kroll et al., 2000; Suryaprakash et al., 2000; Rawel et al., 2003; Simon et al.,
2003). 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 (Ricardo da Silva et al., 1991a; Prigent
et al., 2003). Tannins can interact with proteins non-specifically such as bovine serum
albumin (BSA) and tannins, or specifically such as gelatin interaction with tannins (Frazier
et 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 et al., 2003).

In the situation in which the number of polyphenol ends equals the number of protein
binding sites should produce the largest network (Siebert et al., 1996). The complexation
between polyphenols and proteins can be reversible or irreversible leading to soluble and
insoluble complexes (Luck et al., 1994; de Freitas and Mateus, 2001a). In general, the
increase of polyphenol concentration favours the formation of the polyphenol-protein
insoluble aggregates (Mateus et al., 2004). Interaction will occur if the protein has a number
of binding sites for tannins and it also have some cross-linking activity for protein-tannin
complex formation (Sarker et al., 1995).

Berries  are  rich  of  different  phenolic  compounds  (Figure  7)  that  can  take  part  in  the
interaction phenomenon. The interaction between different phenolic compounds and
proteins has been concentrated mainly on salivary proline-rich proteins (PRPs), different
dairy proteins, and lysozyme as shown in Table 3. Protein-polyphenol interactions are
likely to modify bioavailability of both proteins and polyphenols. Moreover, the interaction
has  been  shown  to  cause  astringent  flavour  as  salivary  proteins  are  reacting  with
polyphenols (Baxter et al., 1997).
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Figure 7. Structure of some phenolic compounds from berries.
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Table 3. Some studies of protein-polyphenol interactions.
PROTEINa POLYPHENOLSb INTERACTION TYPE REFERENCE
BSA, PVP,
polyamino acids

Grape, quebracho and wattle
tannins

Hydrophobic and
hydrogen bonding

Oh et al., 1980

Gelatin, PRPs,
polyamino acids

Sorgum condensed tannins Hydrogen bonding Hagerman and Butler,
1981

Sunflower seed
protein

Chlorogenic acid Hydrogen bonding Shamanthaka Sastry and
Narasinga Rao, 1990

Casein, gelatin,
PRPs

PGG, 4GG, 3GG, tea polyphenols Hydrophobic and
hydrogen bonding

Luck et al., 1994

PRPs Tannic acid Hydrophobic and
hydrogen bonding

Murray et al., 1994

PRPs 3GG, 4GG, PGG, (-)-epicatechin Hydrophobic bonding Charlton et al., 1996

Different peptides Tannic acid, catechin Hydrophobic and
hydrogen bonding

Siebert et al., 1996

PRPs Tannins Hydrophobic bonding Baxter et al., 1997

BSA Red wine tannins Hydrogen bonding Serafini et al., 1997

BSA PGG, EC16-C Hydrophobic and
hydrogen bonding

Hagerman et al., 1998

PRPs Tannic acid, condensed tannin Non-covalent
interaction

Lu and Bennick, 1998

Salivary histatins EGCG, PGG, quebracho tannin Hydrophobic bonding Naurato et al., 1999

Myoglobin Chlorogenic, caffeic and quinic
acids, p-quinone

Covalent binding Kroll et al., 2000

Sunflower seed
protein

Caffeic and quinic acids Hydrophobic and
hydrogen/ionic bonding

Suryaprakash et al., 2000

Canola proteins Phenolic acids, condensed tannins
from canola

Ionic, hydrophobic,
hydrogen and covalent
bonding

Xu and Diosady, 2000

BSA, PRPs Procyanidin dimers B1-B8 and
trimer C1

Hydrophobic and
hydrogen bonding

De Freitas and Mateus,
2001a

WPI Ferulic, chlorogenic, caffeic, quinic
and gallic acids, p-quinone, coffee,
tea, potato and pear extracts

Covalent binding Rawel et al., 2001a

Lysozyme m-, o-, p-dihydroxybenzenes, ferulic
and gallic acids

Covalent binding Rawel et al., 2001b

PRPs and
peptides

EGCG, ECG, PGG, 3GG, 4GG Hydrophobic and
hydrogen bonding

Charlton et al., 2002ab

SG, STI Chlorogenic, caffeic and gallic acid,
flavone, apigenin, kaempferol,
quercetin, myricetin

Covalent binding Rawel et al., 2002a

BSA Chlorogenic acid Covalent binding Rawel et al., 2002b

BSA, lysozyme,
α-La

Chlorogenic acid Non-covalent
interactions

Prigent et al., 2003

WPI, β-Lg Quercetin, rutin Covalent binding Rawel et al., 2003

PRPs B3 procyanidin Hydrogen bonding Simon et al., 2003

BSA PGG, PGGox Hydrophobic, hydrogen
and covalent bonding

Chen and Hagerman, 2004

BSA Quercetin Covalent binding Rohn et al., 2004

HSA Quercetin Covalent binding Kaldas et al., 2005

HSA, BSA, SG,
lysozyme

Chlorogenic, ferulic and gallic acids,
Quercetin, rutin, isoquercetin

Non-covalent binding Rawel et al., 2005

aBSA, bovine serum albumin; PRPs, proline-rich proteins; PVP, polyvinylpyrrolidone; WPI, whey protein isolate;
SG, soy glycine; STI, soy trypsin inhibitor; α-La,  α-lactalbumin; β-Lg, β-lactoglobulin; HSA, human serum
albumin
bEGCG, epigallocatechin gallate; ECG, epicatechin gallate; PGG, pentagalloylglucose; 3GG, trigalloylglucose;
4GG, tetragalloylglucose; EC16-C, epicatechin16(4 8)catechin; PGGox, oxidized PGG
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2.3.1 Non-covalent interaction between proteins and phenolic compounds

Hydrogen bonding

During protein-polyphenol interaction, a strong hydrogen bond is formed between the
carbonyl  functions  of  the  amino  acids  or  peptide  backbone,  and  the  isolated  phenolic
hydroxyl group in the polyphenol (Van Buren and Robinson, 1969; Loomis, 1974;
Hagerman and Butler, 1981; Hagerman et al., 1998; de Freitas and Mateus, 2001).
Hydrogen bond is important in the complex formation because of its strength (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
before interaction occurs (Oh et al., 1980). 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 (Van Buren and Robinson, 1969; Kawamoto et al., 1995; Kawamoto et al., 1996;
Bacon and Rhodes, 1998; Kroll et al., 2000; De Freitas and Mateus, 2001; Rawel et al.,
2001a). In addition, the degree of the polymerization and esterification may affect on the
binding affinities (Bacon and Rhodes, 2000). Especially the phenolic hydroxyl groups on
both A- and B-rings in the polyphenol molecule play an important role in the protein-
phenol complex formation (Kawamoto et al., 1996; Simon et 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 them, 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 et al., 2002a).

The stability of the polyphenol-protein complexes are due to many groups present in the
amino acids, not only one (Vergé et al., 2002; Prigent et al., 2003). Frazier et 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. In addition proline residues in proteins, arginine can form hydrogen
bonds. Arginine has a long flexible hydrophobic sidechain with the hydrogen-bond-
donating guanido group situated at the terminus. The enhanced ability of the proline-rich
proteins to interact with the phenolic compounds is related to their 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
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hydrogen bond acceptor than the carbonyl group of primary or secondary amides (Loomis,
1974; Luck et al., 1994; Murray et al., 1994; O’Connell and Fox, 2001; Wróblewski et al.,
2001).

In general, the polyphenol-protein associations are thought to involve cross-linking of
separate 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 α-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 et al., 1998). Murray et al. (1994) reported that in solution the complex is
formed through electrostatic forces (for example phenylalanine residues), hydrophobic
stacking reinforced by hydrogen bonding (proline rings, arginine).

Largest  particles  are  formed  when  the  number  of  polyphenol  ends  equals  the  number  of
protein binding sites (Figure 8) (Siebert et al., 1996). In this figure polyphenols are depicted
as having two ends that can bind protein, and proteins as having 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 dimers
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
polyphenol concentration (de Freitas and Mateus, 2001b).
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[Polyphenol] = [Protein]

[Polyphenol] << [Protein]

[Polyphenol] >> [Protein]

Protein molecule with fixed number of polyphenol binding sites

Polyphenol molecule

Figure 8. Mechanism of the polyphenol-protein interaction (Siebert et al., 1996).

Larger polyphenol molecules bind more tightly to the proteins due to their increased
amount of phenolic hydroxyl groups compared to the smaller polyphenol molecules (Artz
et al., 1987; Sarni-Manchado et al., 1999; de Freitas and Mateus, 2001). However, the
smaller polyphenols can bind to proteins but they can not 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 et al., 1997; de Freitas and Mateus, 2001).
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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
(Ricardo da Silva et al., 1991a; Kawamoto and Nakatsubo, 1997; de Freitas and Mateus,
2001a; Prigent et al., 2003). Protein structure has an influence to which pH it can form
complexes with polyphenols through hydrogen bonding (Hagerman and Butler, 1981;
Naczk et al., 1996; Siebert et al., 1996; Hagerman et al., 1998; de Freitas and Mateus,
2001). 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).

Hydrophobic interactions

The formed hydrogen-bonded protein-polyphenol complexes are stabilized by hydrophobic
interactions. In hydrophobic bonding, the aliphatic (basic) and aromatic side chains
(hydrophobic regions) of the protein amino acids and the aromatic nuclei of the polyphenol
would possible stabilize the complexes formed in which proline residues play a key role
(Oh et al., 1980; Murray et al., 1994; Luck et al., 1994; Kawamoto et al., 1996; Siebert et
al., 1996; Baxter et al., 1997; Lu and Bennick, 1998; Hagerman et al., 1998; Wróblewski et
al., 2001). The proline residues (pyrrolidine rings) are good hydrophobic binding sites since
they provide an open, flat, rigid, hydrophobic surface favourable for association with other
flat, hydrophobic functions, such as aromatic rings in the polyphenols (Murray et al., 1994;
Luck et al., 1994; Charlton et al., 2002b). The hydrophobic interaction usually occurs
between the least sterically hindered amino acids and phenolic rings available for
intermolecular interaction (Oh et al., 1980; Murray et al., 1994). Besides proline residues,
histidine, arginine, phenylalanine, tryptophan, lysine, cysteine, and methionine can
participate in the interaction reaction (Baxter et al., 1997; Naurato et al., 1999;
Suryaprakash et al., 2000; Charlton et al., 2002b). In histidine residues, imidazole ring
interacts  with  aromatic  components  of  polyphenols  similar  way  than  pyrrolidine  rings  of
proline residues. 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
et 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 able
to associate with proteins. Polyphenols can bind more than one location at the same time,
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which may strengthen the interaction between the polyphenol and the protein (Charlton et
al., 2002b). The polyphenol should present sufficient size and adequate composition to be
able to bind 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 stabilised by
hydrogen bonds from the o-dihydroxyphenol group (de Freitas and Mateus, 2001b).
Especially the phenolic rings A and D are important for face-to-face stacking with proline
residues (Charlton et al., 2002b).

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., 2002b). The interaction phenomenon takes place in the beginning of
reactions leading to formation of stable complexes (Ricardo da Silva et al., 1991a). Figure 9
shows the mechanism of the protein-polyphenol interaction with the different protein and
polyphenol concentration through hydrophobic interactions (Siebert et al., 1996; de Freitas
and Mateus, 2001b; Charlton et al., 2002a). Initially added polyphenol bind to the protein,
and soluble complexes are formed. In general, several polyphenol molecules can bind to the
same protein. This continuous as more polyphenol is added, until the second stage is
reached, by which point there is enough polyphenol bound to the protein to act as a linker
between two protein molecules. 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 et
al., 1996; Charlton et al., 2002a). 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., 2002b). Therefore, some protein groups must be involved in intra- and intermolecular
cross-linking through hydrophobic interactions (Ittah, 1991; de Freitas and Mateus, 2001;
Rawel et al., 2002b).
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Protein (proline-rich)

Addition of polyphenol

a)

b)

c)

Figure 9. Protein-polyphenol interaction leading to the complex formation and
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; c) further aggregation (phase separation) of the insoluble
complexes occurs (Charlton et al., 2002a).

The specificity of procyanidins is due to asymmetries of the side groups imposed by the
chiral centers of pyranic rings, projections of phenolic hydroxyls, and the presence of
galloyl groups (de Freitas and Mateus, 2001). Especially the stereochemistry of pyranic
ring of flava-3-ols is important in their ability to interact with proteins. Charlton et al.
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(2002a) concluded that polyphenols bind through hydrophobic interactions reversible and
relatively weakly at each individual binding site.

Procyanidin interaction with proteins increased significantly with the degree of
polymerisation.  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 (Hagerman and Butler,
1981; de Freitas and Mateus, 2001b). In addition, it may also be due to the fact that
globular proteins lack proline (at least on their surface). The interaction with globular
proteins probably involves only surface-exposed aromatic rings, whereas face-to-face
stacking of aromatic rings with proline residues are involved with proline-rich proteins.

2.3.2 Covalent interaction between proteins and phenolic compounds

Oxidation alters the bonding in tannin-protein complexes yielding to insoluble aggregates
by covalent interactions. The covalent binding of the phenolic compounds to the proteins
occurs through oxidized phenolic substances (quinones). Quinones are formed when 1,2-
dihydroxy or 1,2,3-trihydroxy phenolic groups are oxidized (Loomis, 1974). Quinones can
bind covalently to the proteins nucleophilic functional groups, such as lysine, methionine,
histidine, cysteine, tyrosine, and tryptophan residues, limiting the digestibility of the protein
molecule (Hurrell et al., 1982; Carbonaro et al., 1996; Rawel et al., 2001a). The formation
of the quinone-protein complexes, as well as formation of the other polyphenol-protein
complexes, can lead to polymerisation (Loomis et al., 1974). 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 et al., 2001a; Rawel et 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 depend also on the
position of the hydroxyl groups (Rawel et al., 2001b; Rawel et al., 2002a). 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 10 (Rawel et al., 2002a; Rohn et al., 2004).
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Figure 10. Interaction reaction between tryptophan residues of the protein and
quinone form of polyphenol leading to polymerisation, complex formation (Rawel et
al., 2001b).

In addition, the quinones can react very efficiently with lysine residues in proteins (Figure
11) (Hurrell et al., 1982; Rawel et al., 2001b). 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 oxidize the functional groups of the
proteins  (Loomis,  1974)  or  semiquinone  radical  can  react  with  proteins  (Hagerman et  al.,
2003).

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 (Arts et al., 2001; Riedl and
Hagerman, 2001; Arts et al., 2002; Almajano and Gordon, 2004; Rohn et al., 2004).
However, the antioxidant activity of the quinone-protein complexes is less than the
antioxidant activity of free phenolic compounds (Rohn et al., 2004). The degree of masking
of antioxidant capacity depends on both the type of polyphenol and the type of protein. 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 and more involved in the protein-
phenolic-protein reactions. Otherwise, steric hindrance could also be responsible for the
decreased activity.
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Figure 11. Interaction reaction between lysine side chain of protein and quinone
form of polyphenol leading to polymerisation, complex formation (Rawel et al.,
2001b).

2.3.3 Effect of the protein-polyphenol interaction on protein functionality

Interactions of proteins with phenolic compounds lead to changes in the proteins solubility
(increasing the content of denatured proteins) and hydrophilic/hydrophobic nature. That can
affect on proteins functional properties such as emulsion formation and gelling properties
(Rubino et al., 1996; Rawel et al., 2001a; Rawel et al., 2001b). In turn, polyphenol
interactions with proteins influence the structure and the taste of foods. The interactions
between tannins and proteins have shown to cause astringent sensations (Baxter et al.,
1997; Horne et al., 2002). 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; Rawel et al.
2001a; Rawel et al., 2001b; Rawel et al., 2002a; Prigent et al., 2003). The influence of
phenolic compounds on the hydrophobicity of the proteins depends on phenolic compound
used  as  well  as  on  the  protein.  Due  to  cross-linking  and  complex  formation,  the
conformation of protein is changed which can furthermore increase the exposure of some
additional hydrophilic regions previously buried. 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 et al., 2002a, Rawel et al., 2002b). On the contrary, the
decrease in solubility and the increase in hydrophobicity is due to blocking of hydrophilic
amino groups of protein (such as lysine) (Kroll et al., 2000). In addition, due to interaction
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proteins isoelectric point is lowered to more acidic (Kroll et al., 2000; Rawel et al., 2001b,
Rawel et al., 2002b).

The interaction between proteins and phenolic compounds can also influence the
antioxidant activity of phenolic compounds. In addition, phenolic compounds 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; Siebert et al., 1996; Riedl and
Hagerman, 2001; Rohn et al., 2005). The exact antioxidant mechanism of phenol-protein
complexes is not known. Both protein binding activity and the chemical antioxidant activity
appear to be important to determine antioxidant activity of phenolic compounds (Wang and
Goodman, 1999). The interaction with protein decreases the ability of phenolic compounds
to quench free radicals (Riedl and Hagerman, 2001). Wang and Goodman (1999) showed
that phenolic compounds with no affinity to proteins might not be able to inhibit LDL
oxidation since they are hard to be transferred to the location where oxidation occurs.
According to Riedl and Hagerman (2001) the precipitated protein-phenol complexes are
more effective radical scavengers than soluble complexes. Phenolic compounds buried in
phenol-protein aggregate may scavenge radicals if oxidative damage to one phenolic site
can be transferred along the molecule to phenolic sites that are not directly accessible to
radicals. In addition, the partitioning of antioxidative phenolic compounds in different
phases (e.g. the hydrophobic lipid phase, the hydrophilic aqueous phase, and the interfacial
environment) may significantly influence their activity (Schwarz et al., 1996; Jacobsen et
al., 1999; Pekkarinen et al., 1999). Since lipid oxidation occurs in the lipid phase and its
surface, where proteins are forming aggregates, the proportion of antioxidants solubilized in
these environments is considered to be active as a radical chain-breaking antioxidant.

The covalent interaction between polyphenols and proteins seems to slightly modify
secondary structure of proteins, but its conformational disorder appears to be reduced
(Rawel et al., 2002b; Rawel et al., 2003; Simon et al., 2003). In addition to covalent
binding, noncovalent binding of phenolic compounds to proteins has been shown to cause
changes in the tertiary structure of proteins (Rawel et al., 2005). In addition, chlorogenic
acid interaction with BSA is shown to have destructing effect on BSA structure (Rawel et
al., 2002b). Both inter- and intramolecular polymerisation occurs due to the interaction
between proteins and polyphenols. In addition, polymerisation leads to the formation of
insoluble complexes. The increasing degree of polymerisation and galloylation of
procyanidin have found to lead formation of more insoluble aggregates (de Freitas and
Mateus, 2001a). However, the formation of insoluble complexes and the effect of
interaction on the protein functionality depend on both protein and polyphenol as well as on
their structure (Kroll et al., 2000).
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3 OBJECTIVES OF THE STUDY

The main objective of this study was to investigate the antioxidant activity of different
berry phenolics toward protein and lipid oxidation in different food models (I-IV). The
studies were carried out to obtain information on the antioxidant action of anthocyanins,
ellagitannins, proanthocyanins, as well as other phenolic compounds present in berries. The
aim was also to investigate the partitioning of berry anthocyanins into different phases in
the oil-in-water emulsion and thus obtain information about interactions of phenolics with
proteins and lipids (III), and to compare the effect of different milk proteins (α-lactalbumin,
bovine serum albumin, casein) on liposome oxidation (I). The location of tryptophan
residues (III, IV), the loss of anthocyanin colour (IV), and the effect of berries on emulsion
turbidity  (physical  stability)  (IV) were measured during oxidation of the oil-in-water
emulsions.
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4 MATERIALS AND METHODS

General descriptions of the materials and methods used are presented here. More detailed
descriptions of the materials and methods used can be found in the original papers I-IV in
the appendix. All experimental conditions were chosen based on pretests.

4.1 Materials

4.1.1 Oxidation models

This thesis was based on the different lipid model systems: phosphatidylcholine liposomes
(I-II) and different oil-in-water emulsions (III-IV) (Table 4). Study I was done with different
milk proteins: lactalbumin, bovine serum albumin, and casein. On the basis of results
obtained in Study I, lactalbumin was chosen for further investigations with phenolic
compounds in liposome model. In the Study III purified rapeseed oil and in the Study IV
commercially available rapeseed oil was used as emulsified oil. In the Study IV, samples
were  modified  with  regard  to  fat  and  protein  content.  Fat  content  was  either  1  or  14%
(w/w), and protein content was 4, 6, or 34% (spread) (w/w). Cupric acetate (I-III) or copper
sulphate (IV) solution was used to start oxidation in the samples. The liposome model (I-II),
and the 1% and 14% oil-in-water emulsions (IV) contained some tocopherols originated
from phosphatidylcholine or rapeseed oil. All samples were stored in the dark at +37 oC (I-
III) or at +40 oC (IV) for several days.

4.1.2 Phenolic compounds

Figure 8, (page 28) presents the structures of phenolic compounds used in this study. All
papers (I-IV) used phenolic compounds originated from different berries such as raspberries
(Rubus idaeus), blackcurrants (Ribes nigrum), bilberries (Vaccinium myrtillus),
lingonberries (Vaccinium vitis-idaea), and blackberries (Rubus laciniatus). The antioxidant
activities  of  different  berry  phenolics  i.e.  berry  extracts  (II, III), anthocyanins (II, III),
ellagitannins (II), proanthocyanins (II), and berry juices (IV) as well as corresponding
standards (I, III) were studied in the lactalbumin-liposome model (I-II) and in the different
oil-in-water emulsions (III-IV). Different berry isolates and extracts were prepared as
described by Kähkönen et al. (2001). Phenolic profiles of berry materials were determined
using an analytical HPLC method described by Kähkönen et al. (2001). On the basis of
standard compounds and spectral identification, phenolics were quantified in seven
subclasses: anthocyanins, flavonols, hydroxycinnamic acids, hydroxybenzoic acids,
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flavonols, ellagitannins, and ellagic acid. In addition, the anthocyanin profile was
determined using an analytical HPLC method described by Kähkönen et al. (2003).

4.2 Methods

All experiments were repeated three times and the inhibition of both protein and lipid
oxidation was calculated by comparing the antioxidant samples to corresponding control
samples. Statistical differencies of three replicates among antioxidant activities were tested
by multivariance analysis using Statgraphics Plus, version 3.2 with the significance level of
P < 0.05 (I-IV). Correlations between different oxidation measurements in the liposome
samples containing lactalbumin were calculated from three replicates (I).

4.2.1 Lipid oxidation

Determination of conjugated dienes

The formation of lipid hydroperoxides was determined as conjugated dienes (CD) by the
spectrophotometric method (234 nm) (I-IV). Samples were diluted either methanol (50-100
µL/5 mL; I-II) or iso-octane (25 µL/5 mL; III). In the Study IV, samples (100 µL or 0.5 g)
were mixed with 1.5 mL of iso-octane-2-propanol (3:1, v/v), and vortexed (three times,
10s). The isolation of the organic solvent phase was done by centrifugation. After that 0.2
mL of upper layer was diluted to 5 mL of iso-octane. CD was calculated as millimole per
kilogram of fat. The percent inhibition of conjugated dienes was calculated in the liposomes
at day 6 (I-II), and in the oil-in-water emulsions at day 4 (III), at day 5 (IV), or at day 8 (IV).

Determination of hexanal

In the Studies I-III, the secondary lipid oxidation products were measured as relative
amounts of volatile hexanal in the headspaces of the samples using static-headspace gas
chromatography (Autosystem XL gas chromatograph, Perkin-Elmer; column NB54; 5%-
phenyl-1%-vinyl methylpolysiloxane –phase; 25 m x 32 µm). Samples were equilibrated at
80 oC for 18 minutes (HS40XL headspace sampler, Perkin-Elmer). The amount of samples
was 500 µL (I, II) or 250 µL (III). The peak areas were measured as a result and the percent
inhibition of hexanal formation was calculated at day 6 (I, II) or at day 4 (III).
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Determination of thiobarbituric acid reactive substances

In the Study IV, secondary lipid oxidation products were determined as thiobarbituric acid
reactive substances (TBARS) spectrophotometrically at 532 nm (hexanal measurement not
available). Samples (100 µL or 0.5g) were dissolved in Milli-Q water to obtain total volume
of 1 mL, and 2 mL of TBA-reagent was added. Samples were boiled for 15 min, cooled to
room temperature, and centrifuged 3500 rpm for 15 min. Concentrations of TBARS were
determined from a standard curve prepared using 1,1,3,3-tetraethoxypropane. The percent
inhibition of TBARS formation was calculated after 5 days (14% o/w emulsion) or 8 days
(1% o/w emulsion) of oxidation (IV).

4.2.2 Protein oxidation

Determination of tryptophan fluorescence

Loss of natural tryptophan fluorescence was measured by fluorescence spectroscopy (I-IV).
Loss of tryptophan fluorescence indicates tryptophan oxidation as well as modifications in
the environment of tryptophan residues. Samples were diluted to appropriate amount of
Milli-Q water. The emission spectra of tryptophan residues were recorded from 300 to 400
nm with the excitation wavelength set at 283 nm. The fluorescence intensities at the
maximum emission wavelength were used in all calculations. The percent inhibition of loss
of tryptophan fluorescence was calculated at day 6 (I, II), at day 4 (III), at day 5 (14% o/w
emulsion; IV), or at day 8 (1% o/w emulsion; IV).

The fourth derivatives of tryptophan spectra were calculated according to the Stavitzky-
Golay modified procedure to obtain results of tryptophan oxidation and modification in the
different environments (hydrophobic and aqueous environments) in the Studies III-IV. The
ration of the intensities at 310 nm (312 nm) and 326 nm of the fourth derivative spectra
(d4

310 (312) / d4
326) was calculated by applying the peak-peak method (Rampon et al., 2001).

The fourth derivatives of tryptophan spectra were measured at the several time points
during oxidation.

Determination of the protein-carbonyl compounds

Formation of the protein-carbonyl compounds was determined by fluorescence
spectroscopy (I-IV).  Samples  were  diluted  to  appropriate  amount  of  Milli-Q  water.  The
emission spectra of the protein-carbonyl compounds were recorded from 400 to 500 nm
with the excitation wavelength set at 350 nm. The fluorescence intensities at the maximum
emission wavelength of antioxidant samples were compared to corresponding control
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samples. The inhibition of the carbonyl compounds formation was calculated after 6 days
(I, II),  after  4  days  (III), after 5 days (14% o/w emulsion; IV), or after 8 days (1% o/w
emulsion; IV) of oxidation.

4.2.3 Partitioning of anthocyanins on different phases in the oil-in-water
emulsion

In the Study III, the partition of different berry anthocyanin isolates (at the concentration of
500 µg/mL)  in  the  different  phases  in  the  10%  oil-in-water  emulsion  samples  was
investigated as described by Schwarz et al. (1996). The partition of berry anthocyanins
between different phases were measured in three different model systems: (a) 10% (w/w)
oil/buffer mixture, (b) 2% (w/w) whey protein solutions in buffer, and (c) 10% (w/w) oil-
in-water emulsions with 2% (w/w) whey protein concentrate. The partition was done by
using ultrafiltration centrifuge tubes with a molecular cut-off of 3000 (Centricon YM-3,
Millipore). The clear filtered sample was diluted to 1M sulfosalisylic acid before HPLC
analysis as described by Kähkönen et al. (2003). The structure and the relative polarity of
antioxidants  affect  their  partition  to  the  different  phases.  In  emulsions  the  proportions  of
antioxidants residing in the different phases affects on their antioxidant activity.

4.2.4 Emulsion physical stability (turbidity)

In the Study IV, the physical stability of the 1% oil-in-water emulsions during oxidation
was investigated by measuring turbidity spectrophotometrically at 500 nm. Turbidity shows
the capacity of protein to adsorb to the oil-water interface and to stabilize emulsion.
Samples (0.5 mL) were diluted to 4.5 mL of Milli-Q water. Turbidity was measured after 0,
3, and 8 days of oxidation and calculated as explained in the Study IV.

4.2.5 Anthocyanin colour stability

In the Study IV, anthocyanin colour stability was measured spectrophotometrically at 520
nm. Samples (1 mL or 0.5 g) were dissolved in 2 mL of 30% trichloroasetic acid. Samples
were kept in the dark at 20 oC for one hour, and then centrifuged at 3000 rpm for 30 min.
Cyanidin-3-glucoside content was measured from the clear supernatant. The anthocyanin
content in the samples was calculated from a standard curve prepared using cyanidin-3-
glucoside. Cyanidin-3-glucoside concentration was measured at several time points during
oxidation. Results are given as milligrams cyanidin-3-glucoside per millilitre of emulsion.



Table 4. General design of the Studies I-IV.

STUDY OXIDATION MODEL EXPERIMENTAL CONDITIONSa ANTIOXIDANTS CONCENTRATIONS METHODSb

I Liposome model with
lactalbumin, BSA and
casein

+37 oC
6 days
3 µM CuAc
pH 6.6

Standard compounds of
proanthocyanins,
anthocyanins and their aglycons

10 and 20 µM CD
Hex
Trp
Carbonyls

II Lactalbumin-
liposome model

+37 oC
6 days
3 µM CuAc
pH 6.6

Raspberry, lingonberry, blackcurrant
and bilberry extracts, anthocyanins,
proanthocyanins and ellagitannins

1.4, 4.2 and 8.4 µg/mL of
liposome sample

CD
Hex
Trp
Carbonyls

III 10% oil-in-water
emulsion with purified
rapeseed oil and 2%
whey protein isolate

+37 oC
4 days
3 µM CuAc
pH 5.4

Raspberry, lingonberry and
blackcurrant anthocyanins and
corresponding standards

Standards:
50 and 200 µM
Berry anthocyanins:
50, 100 and 500 µg/g

CD
Hex
Trp + 4th D
Carbonyls
Partition

IV 1% oil-in-water
emulsion with
rapeseed oil and 4 or
6% whey protein
isolate

14% oil-in-water
emulsion with
rapeseed oil and
34% whey protein
isolate (spread)

+40 oC
8 days
10 µM CuSO4

+40 oC
5 days
10 µM CuSO4

Raspberry and blackberry juice

Raspberry and blackberry juice

0.5, 1, 2 and 5%

5 and 10%

CD
TBARS
Trp + 4th D
Carbonyls
Turbidity
Cya3glu

aCuAc, copper acetate; CuSO4, copper sulphate
bCD, conjugated dienes; Hex, hexanal; Trp; tryptophan fluorescence; 4th D, fourth derivative of tryptophan emission spectra; Carbonyls, protein-carbonyl
compounds; Partition, partition of anthocyanins on different phases; Turbidity, emulsion stability; Cya3glu, cyanidin-3-glucoside.
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5 RESULTS

5.1 Effect of proteins on the liposome oxidation (I)

All tested proteins, lactalbumin, casein and, bovine serum albumin (BSA), acted as
antioxidants toward liposome (conjugated dienes and hexanal) oxidation after the initial lag
phase  (I: Figure 2). The inhibition of conjugated dienes and hexanal formation was less
with lactalbumin than with casein and BSA after 6 days of oxidation. The liposomes with
and without incorporated proteins were not oxidized in the beginning (before day 3) of
incubation period due to natural tocopherols present in the phosphatidylcholine (1.6 µg/g in
the final liposome solution). Casein itself was the most stable protein in the liposome model
as determined by measuring the loss of natural tryptophan fluorescence or the formation of
protein-carbonyl compounds during oxidation.

The whey protein, lactalbumin, was less stable than BSA and casein. However, lactalbumin
was chosen for further investigations on protein-lipid interactions with added phenolic
compounds because its sensitivity toward oxidation and better applicability for the overall
purpose of developing dairy products with phenolic compounds present for example in
berries.

5.2 Effect of phenolic compounds on lipid and protein oxidation in the
different food models (I-IV)

The phenolic compounds tested, including berry phenolics as well as different standard
compounds of anthocyanins, ellagitannins, and proanthocyanins, inhibited both lipid and
protein oxidation in different food models (lactalbumin-liposomes and different oil-in-
water emulsions) (I: Table 2 and 3; II: Table 2 and 3; III: Table 2, 3 and 4; IV: Table 2). The
inhibition of lipid and protein oxidation depended on the structure of phenolic compounds
as  well  as  on  the  concentration  used.  In  general,  the  antioxidant  effect  toward  lipid
oxidation was more pronounced than the effect on protein oxidation in all food models
used.

The inhibition of protein and lipid oxidation by berry phenolics in all oxidation models was

calculated on the basis of pretests. The tryptophan fluorescence decreased during oxidation

as the formation of carbonyl compounds, conjugated dienes, and hexanal increased (Figure

12 and Figure 13). The inhibition of protein and lipid oxidation is different at all time

points measured in all oxidation models. As the oxidation proceeds, conjugated dienes
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(primary lipid oxidation products) start to decompose to secondary lipid oxidation products

such as hexanal. The liposomes were stable much longer than the 10% oil-in-water

emulsions. Since in the liposomes the amount of conjugated dienes decreased after 6 days

of oxidation, this time-point was used for all inhibition calculations in liposome model. The

10% oil-in-water emulsions started to be unstable after 5 days of oxidation, and therefore

day 4 results was used to calculated inhibition percents. In the study IV, the emulsions were

much more stable and therefore they were incubated longer time. In addition, the oxidation

of both proteins and lipids were measured in the presence and in the absence of phenolic

compounds at several time points in all food models (in liposomes at day 0, 1, 3, 6 and 7; in

10% o/w-emulsions at day 0, 2, 3 and 4; in 1% o/w-emulsions at day 0, 3, 4, 7, 8 and 11; in

14% o/w-emulsions at day 0, 1, 3 and 5). The stage of oxidation is different for conjugated

diene and hexanal measurement: formation of conjugated dienes is past the propagation

phase and formation of hexanal in the middle of propagation phase. Therefore, the

antioxidant activity of phenolic compounds is affected by the stage of oxidation. In

addition, some tested phenolic compounds acted as prooxidants at early stages of oxidation.
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Figure 12. Oxidation of the lactalbumin-liposomes (control, ) in the presence of
1.4 ( ), 4.2 (x) and 8.4 ( ) µg/mL of raspberry anthocyanins (Study II; inhibition
calculated at day 6). A) Loss of tryptophan fluorescence (—) and formation of protein-carbonyl
compounds (---); B) Formation of conjugated dienes (—) and hexanal (---).
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Figure 13. Oxidation of the 10% oil-in-water emulsions (control, ) in the presence
of 50 ( ), 100 (x) and 500 ( ) µg/g of raspberry anthocyanins (Study III; inhibition
calculated at day 4). A) Loss of tryptophan fluorescence (—) and formation of protein-carbonyl
compounds (---); B) Formation of conjugated dienes (—) and hexanal (---).

The concentration of berry phenolics affected on the antioxidant activity. The antioxidant
activity either increased or decreased with increasing concentration of berry phenolics (II,
from 1.4 to 8.4 µg/mL; III, from 50 to 500 µg/g; IV, from 0.5 to 10%). All anthocyanin
fractions isolated from berries were effective especially in inhibiting formation of both
hexanal and carbonyl compounds, however the antioxidant activity was more with
proanthocyanidin and ellagitannin isolates as shown in Figures 15-16 (II). The antioxidant
activity of anthocyanin and proanthocyanidin isolates were dose dependent as they were
more potent antioxidants at higher concentration than at lower concentration. On the
contrary, ellagitannins isolated from raspberries appeared equally active at all tested
concentrations. Bilberry and raspberry phenolics exhibited the best overall antioxidant
activity toward protein oxidation in lactalbumin-liposomes (II). The antioxidant protection
toward lipid oxidation in liposome model was more with lingonberry and bilberry phenolics
than with blackcurrant and raspberry phenolics (II: Table 2). In addition, berry anthocyanin
isolates were potent antioxidants toward both protein and lipid oxidation in the 10% oil-in-
water emulsion (III: Table 4).
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Different standard compounds of anthocyanins, ellagitannins, and proanthocyanins
inhibited protein and lipid oxidation more in the lactalbumin-liposome system than in the
10% oil-in-water emulsion (I, III).  The  presence  of  different  sugar  moieties  did  not  have
systematic effect on the antioxidant activity of anthocyanins toward lipid oxidation (I:
Table 2; III: Table 2). Proanthocyanidins B1 and B2, and ellagic acid were more effective
antioxidants in lactalbumin-liposome model compared to anthocyanins and their aglycons
(I).

Antioxidant activities of bilberries and blackcurrants in the different food models

Bilberry anthocyanins, as well as blackcurrant anthocyanins were very potential
antioxidants in liposomes (Figure 14) (II). The inhibition of protein and lipid oxidation was
equal with bilberry anthocyanins and bilberry phenolic extract. The antioxidant activity of
bilberry extract is mainly due to the anthocyanins present since 94.8% of bilberry phenolics
were anthocyanins (II: Table 1). In addition, the antioxidant activity of blackcurrant
phenolic extract is due to anthocyanins (92.3% of phenolic compounds). The antioxidant
activity of blackcurrant anthocyanin isolate was same in the liposome and in the 10% oil-
in-water emulsion at tested concentrations on the contrary to other berry anthocyanins
which were more potent antioxidants in the liposome model than in the 10% oil-in-water
emulsion (II, III). The good antioxidant activity (inhibition of hexanal and protein-carbonyl
compound formation over 80% and not acting as prooxidant toward loss of tryptophan
fluorescence) of blackcurrant anthocyanins is due to delphinidin- and cyanidin-3-
rutinosides which were good antioxidant also in the 10% oil-in-water emulsion (III).
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Figure 14. Antioxidant activity of bilberry and blackcurrant phenolics in different
food models (Inhibition % ± SD). CD, inhibition of formation of conjugated dienes; HEX,
inhibition of formation of hexanal; TRP, inhibition of loss of tryptophan fluorescence; CARBO,
inhibition of formation of carbonyl compounds.
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Antioxidant activity of raspberries and blackberries in the different food models

The antioxidant activity of raspberry extract in the liposomes was due to anthocyanins and
ellagitannins present (Figure 15) (II). Ellagitannin isolate inhibited slightly less protein and
lipid oxidation than anthocyanin isolate in the liposomes. Raspberry anthocyanins were also
potential antioxidants in the 10% oil-in-water emulsion (III). In addition, the juice prepared
from raspberries and blackberries inhibited effectively protein and lipid oxidation in the 1%
and 14% oil-in-water  emulsions  (IV). The inhibition was more when more whey proteins
where present in the 1% oil-in-water emulsions. In addition, the inhibition was more in the
1% oil-in-water emulsions than in the 14% oil-in-water emulsion. In general, raspberry
juice exhibited more antioxidant activity than blackberry juice in the 1% oil-in-water
emulsions  (IV). In the spread, blackberry juice showed better antioxidant activity toward
lipid oxidation than raspberry juice. The antioxidant activity of both raspberry and
blackberry juices increased with increasing concentration of berries used in all emulsion
models (IV).
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Figure 15. Antioxidant activity of raspberry phenolics and raspberry juice in
different food models (Inhibition % ± SD). CD, inhibition of formation of conjugated dienes;
HEX, inhibition of formation of hexanal; TRP, inhibition of loss of tryptophan fluorescence; CARBO,
inhibition of formation of carbonyl compounds. *TBARS were measured instead of hexanal.

Antioxidant activity of lingonberries in the different food models

Lingonberry proanthocyanidin isolates were among the most effective antioxidants toward
both lipid and protein oxidation in the liposome model (II: Table 3). The antioxidant
activity of phenolic extract of lingonberry is mainly due to monomeric and polymeric
proanthocyanidins as shown in Figure 16. Lingonberry anthocyanins inhibited less protein
and lipid oxidation in the 10% oil-in-water emulsion than in the liposomes (II, III).
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However, the inhibition of the conjugated diene hydroperoxide and carbonyl compound
formation was equal in the both food models. The difference in the antioxidant activity of
anthocyanin isolates in the different model systems corresponds to the antioxidant activity
of standard compounds of anthocyanins in the different food models (I, III). The main
anthocyanin in lingonberries, cyanidin-3-glucoside, was more potent antioxidant in the
liposome model than in the 10% oil-in-water emulsion toward both lipid and protein
oxidation.
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Figure 16. Antioxidant activity of lingonberry phenolics in different food models
(Inhibition % ± SD). CD, inhibition of formation of conjugated dienes; HEX, inhibition of
formation of hexanal; TRP, inhibition of loss of tryptophan fluorescence; CARBO, inhibition of
formation of carbonyl compounds.

5.2.1 Impact of oxidation on the location of tryptophan residues in the oil-in-
water emulsions (III, IV)

The  fourth  derivatives  of  tryptophan  emission  spectra  showed  that  the  location  of
tryptophan residues in the emulsion was depending on emulsion composition and the used
berry material (III: Figure 1; IV: Figure 1). The composition of emulsion determined
whether more tryptophan residues were located in the hydrophobic (310 nm) or hydrophilic
(aqueous) (326 nm) environment as shown in Figure 17.

In all emulsion models the ratio, d4
310 (312) / d4

326, changed during oxidation (Figure 18). In
the beginning of oxidation in all oil-in-water emulsions more tryptophan residues were
located in hydrophobic (310 or 312 nm) than in aqueous environment. During oxidation, in
the 10% oil-in-water emulsion tryptophan residues in the hydrophobic environment were
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modified, since the ratio, d4
310 / d4

326, decreased when the oxidation proceeded. In addition,
in the 1% and 14% oil-in-water emulsions most of the tryptophan residues modified located
in the hydrophobic environment, with the exception of the 1% emulsion containing 6%
whey proteins where the tryptophan residues remained more stable in the aqueous
environment.
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Figure 17. Fourth derivative tryptophan emission spectra of the 1% oil-in-water
emulsion with 4% whey proteins in the beginning of oxidation.
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5.3 Partitioning of berry anthocyanins in the oil-in-water emulsion (III)

Most of the anthocyanins isolated from raspberries, lingonberries, and blackcurrants were
partitioned into the aqueous phase in the 10% oil-in-water emulsion (III: Table 5). In
samples containing 10% emulsified rapeseed oil there were no significant differencies (p <
0.05) in partitioning of different berry anthocyanin. In addition, in samples containing 2%
whey proteins most of the anthocyanins were in the aqueous phase. The partitioning into
the aqueous phase was less with raspberry anthocyanins than with lingonberry and
blackcurrant anthocyanins. Significantly more lingonberry anthocyanins were found in the
aqueous phase in samples containing only 2% whey proteins than in samples with 10%
emulsified rapeseed oil with 2% whey proteins. In a water/oil system consisting of 10%
rapeseed oil and 90% buffer (no emulsifiers used) all anthocyanins located in the water
phase and no anthocyanins were found incorporated into the oil droplets.

5.4 Stability of anthocyanin colour in the oil-in-water emulsions (IV)

Anthocyanin concentration (measured as cyanidin-3-glucoside) in the 1% and in the 14%
oil-in-water emulsions decreased during the oxidation (IV: Figure 3). The blackberry juice
anthocyanins were more stable than raspberry juice anthocyanins at juice concentrations of
1 and 2% for 8 days with 4% whey protein levels. However, raspberry juice anthocyanins
were more stable at the 6% whey protein emulsions. The berry juice anthocyanins were
more stable in the 35% whey proteins and 14% rapeseed oil containing spread than in the
emulsions containing 1% rapeseed oil and 4 or 6% whey proteins.

5.5 Effect of berries on the physical stability of the oil-in-water emulsion (IV)

Berry juices increased emulsion turbidity (IV: Figure 2). The turbidity (1/m) (emulsion
stability) increased with increasing berry concentration in both 4% and 6% whey protein
emulsions, and during oxidation. In addition, increasing concentration of whey proteins led
to better stabilization of the interface formed during emulsification which is shown as
increasing turbidity. The increase in turbidity may be due to proteins interactions with
phenolic compounds as well.
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6 DISCUSSION

6.1 Protein-lipid interactions during liposome oxidation (I)

Loss of tryptophan fluorescence is an early event of protein oxidation, whereas formation
of protein-carbonyl compounds is the second sign of protein oxidation due to proteins
interaction with secondary lipid oxidation products (Hidalgo and Kinsella, 1989; Gießauf et
al., 1995; Rampon et al., 2001). The oxidation of different milk proteins, lactalbumin,
casein, and BSA, was investigated by measuring both the loss of tryptophan fluorescence
and the formation of protein-carbonyl compounds. To investigate the protein-lipid
interaction, also the influence of proteins on oxidation of liposome phospholipids was
measured. The methods used to follow protein oxidation were found to correlate well (r >
0.95, p < 0.05) with methods used to follow formation of lipid oxidation products such as
conjugated dienes and hexanal. This finding reflects the timely interaction reactions of
proteins and lipid oxidation products. The loss of tryptophan fluorescence determination is
more reliable than the determination of protein-carbonyl compounds since the wavelengths
used are specific for tryptophan fluorescence (in some cases also tyrosine). At the
wavelengths used for protein-carbonyl formation also the carbonyl compounds (aldehydes)
formed from primary lipid oxidation products may fluorescent.

Casein,  BSA,  and  lactalbumin  all  had  a  stabilizing  effect  on  the  liposome oxidation.  The
three-dimensional structure of proteins affects how proteins can interact with lipids (Aynié
et al., 1992). Caseins are rather unique in having very little, if any, secondary structure,
because of high level of proline and low sulfuric amino acid content. Possibly it is due to
the random coil flexible structure of casein easily unfolding and compensating to the high
oxidizability of proline that it was the most stable protein incorporated to liposomes. In
addition, more tightly packed structure is less accessible to oxygen, which hinders initiation
of oxidation and decreases the rate of propagation (Bidlack and Tappel, 1973). Casein also
was the best inhibitor of liposome (lipid) oxidation. Caseins have earlier been reported to
inhibit emulsion oxidation partly because they bind copper (Díaz et al., 2003; Hu et al.,
2003b). Especially casein has been shown to inhibit effectively formation of
hydroperoxides and hexanal (Hu et al., 2003b). In the present study, casein itself resisted
oxidation seen as less oxidative damage to tryptophan residues and inhibited protein-lipid
interactions. Less lipid oxidation products resulting in carbonyl formation were available in
the presence of casein compared to BSA and especially to lactalbumin. BSA was a more
effective inhibitor of lipid oxidation than lactalbumin, although lactalbumin was
oxidatively more stable measured by the loss of tryptophan fluorescence. Earlier BSA has
been reported to have some antioxidant properties in emulsion systems (Lethuaut et al.,
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2002) and in liposomes, where in the presence of 20% BSA the rates of hydroperoxide and
hexanal formation were slower than in the absence of BSA (Heinonen et al., 1998b). BSA
is a relatively hydrophobic protein with 17 disulfide bonds adding to its structural stability.
In addition, some products of reaction between BSA and primary and secondary lipid
oxidation products, and some non-enzymatic browning products of BSA have shown
antioxidant activity (Alaiz et al., 1996; Alaiz et al., 1999). The antioxidant activity of BSA
and other tested proteins is also directly linked to the ability of its amino acid residues to
react with lipid oxidation products. As the amount of tryptophan remains low in all
proteins, the protein carbonyls formed also result from lysine, proline, tyrosine, or histidine
residues (Nielsen et al., 1985). Histidine has also been reported to exert antioxidative
properties for prevention of oxidation of tryptophan (Decker et al., 2001).

In whey proteins, tryptophan fluorescence has been shown to correlate well with the
tryptophan concentration (Puscasu and Birlouez-Aragon, 2002). Gießauf et al. (1995) and
Rampon et al. (2003a) reported that the maximum tryptophan emission wavelength
decreased during oxidation or with increasing protein concentration indicating that more of
the tryptophan residues are in the hydrophobic environments than in the aqueous
environment. Similarly, Burstein et al. (1973) reported that tryptophan maximum emission
wavelength at 331 nm indicates that most of the tryptophan residues are inside of the
protein molecule while at 350 nm the tryptophan residues are on the surface of the protein.
The tryptophan emission wavelength shifted with lactalbumin and BSA from 340 nm to
350-360 nm due to oxidation and with casein from 330 nm to around 345 nm. This could be
interpreted that most of the tryptophan residues in lactalbumin, casein, and BSA are in the
beginning of incubation period in the hydrophilic environment i.e. on the surface of the
protein molecule or in the aqueous phase, and thus exposed to protein-lipid and other
interaction reactions.

As to lipid oxidation, the mechanism does not change much in the presence of proteins
(Hidalgo and Zamora, 2002). In the present study, the liposome (lipid) oxidation began
after a lag phase of three days with or without the presence of proteins. This ‘unaltering’ of
the lag phase has also been reported previously with BSA (Heinonen et al., 1998b). It
seems  that  proteins  do  not  have  an  effect  on  the  initial  lag  period  of  liposome  oxidation
reaction. This may be due to natural tocopherols present in phosphatidylcholine (PC)
originating from soybean lipid fraction (1.6 µg/g total tocopherols in the final liposome
solution). It is also notable that all primary lipid oxidation products do not have to be
decomposed before the interaction reactions can take place with amino acid residues of
proteins resulting in formation of fluorescent protein-carbonyl compounds. For example, in
the presence of lactalbumin more lipid oxidation products were formed available for
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interaction reactions with protein oxidation products also formed in excess compared to the
presence of BSA and casein. The formation of carbonyl compounds coincided with
formation of lipid oxidation products at day 3. This is in accordance with earlier reports
with BSA and oxidation products of methyl linoleate (Hidalgo and Zamora, 2002).

Different milk proteins inhibited lipid oxidation in liposome model. In addition, different
milk proteins had different oxidative stability measured as loss of tryptophan fluorescence
and formation of protein-carbonyl compounds. The modified amino acids formed in
interaction between oxidized lipids and amino acids of proteins may play a significant role
in foods, since they are produced naturally during processing and they provide antioxidant
activity (Alaiz et al., 1995b; Ahmad et al., 1996). In addition, it is postulated that the
interaction between proteins and lipids has a significant effect on the progress of oxidative
reactions in foods. Especially in low-fat food products were excess of fat has often been
replaced with protein, the oxidation can travel from the lipid phase to the protein phase
(Chio and Tappel, 1969; Aynié et al., 1992; Gießauf et al., 1995).

6.2 Effect of antioxidative phenolic compounds on the lipid and protein
oxidation in the different food models (I-IV)

The amount of individual phenolics such as anthocyanins in berries varies greatly
depending on the berry material and variety (Heinonen et al., 1998b; Wang and Lin, 2000;
Moyer et al., 2002; Sellappan et al., 2002). The antioxidant activity of the berry phenolics
tested was concentration dependent. The activity either increased or decreased as the
amount of the berry phenolics increased. The berry phenolics composition and the
oxidation model used had also an effect on the antioxidant activity. Phenolic compounds
can act as antioxidants by retarding lipid/protein oxidation reaction or by binding to the
proteins. As phenolic compounds are binding to proteins they may cause protein
precipitation. These precipitates are more effective radical scavengers than soluble
complexes (Riedl and Hagerman, 2001). The antiradical mechanism in phenol-protein
aggregates may be due to ability of phenolic compounds to transfer oxidative damage from
one phenolic site to other phenolic sites that are not directly accessible to radicals.

Different berry phenolics such as anthocyanins, ellagitannins, and proanthocyanins as well
as phenolic extracts and berry juices acted as antioxidants toward both protein and lipid
oxidation in different food models. As to inhibition of lipid oxidation this result confirms
earlier findings by Kähkönen et al. (2001) who reported that bilberry, blackcurrant,
lingonberry, and raspberry extracts are effective antioxidants during oxidation of bulk lipids
such as methyl linoleate. Phenolic berry extracts, such as bilberry, raspberry, and
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strawberry, have earlier been reported to act as antioxidants also in LDL and liposome
oxidation models (Heinonen et al., 1998a; Kähkönen et al., 1999). In addition, raspberries,
bilberries, and lingonberries scavenge oxygen radicals (Prior et al., 1998; Wang and Lin,
2000; Liu et al., 2002; Wada and Ou, 2002; Zheng and Wang, 2003). Berry isolates and
different phenolic compounds from blackberries, raspberries, blackcurrants, and blueberries
have shown both prooxidant and antioxidant properties depending on the oxidation models
used (Cao et al. 1997; Fukumoto and Mazza, 2000; Matsumoto et al., 2002).

The nature of the phenolic compounds in berries has an impact on their antioxidant activity.
The oxidation model system of choice as well as the oxidation products monitored affects
on the antioxidant activity. In the Studies II-IV,  the  antioxidant  effect  of  berry  phenolics
was more pronounced toward lipid oxidation, especially inhibiting of formation of hexanal
or TBARS, than toward protein oxidation. Inhibition of formation of lipid aldehydes, such
as hexanal, generally resulted in inhibition of protein-carbonyl compound formation due to
reduced lipid-protein interaction. The reduced lipid-protein interactions are due to less
secondary lipid oxidation products, such as hexanal, available for carbonyl compound
formation. Most berry phenolics inhibited the formation of secondary oxidation products,
hexanal and protein-carbonyl compounds, more than primary oxidation products,
conjugated dienes, and loss of tryptophan fluorescence. Fukumoto and Mazza (2000)
showed that blackberry and blackcurrant phenolics exhibited some prooxidant activity at
low concentrations. The faster decomposition of lipid hydroperoxides caused by phenolic
compounds may lead to an increased formation of secondary oxidation products. That
explains why some phenolic compounds inhibited formation of the conjugated dienes only
at  moderate  level  while  they  were  excellent  antioxidants  toward  formation  of  hexanal.  In
addition, phenolic compounds may have changed the partitioning of volatiles (secondary
lipid oxidation products) between different phases in model systems and thus impacted the
appearance/profile of volatiles.

In general, berry phenolics prevented the formation of protein-carbonyl compounds more
efficiently than the loss of tryptophan fluorescence. The decrease of tryptophan
fluorescence can be also due to other changes in the protein molecule than oxidation such
as other conformational changes due to the interaction with lipids and phenolic compounds.
It has been also postulated that the interaction of aromatic ring of the polyphenol with
aromatic residues of protein, such as tyrosine and tryptophan, may be responsible for
quenching of fluorescence intensity based on tryptophan fluorescence experiments
(Suryaprakash et al., 2000; Rawel et al., 2001a; Rawel et al., 2002a; Rawel et al., 2002b;
Rawel et al., 2003; Rawel et al., 2004; Papadopoulou et al., 2005). The masking of
tryptophan fluorescence seems to depend on both the protein as well as on the phenol
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applied. The interaction between flavonoids and BSA showed that tryptophan residues were
quenched with similar affinities suggesting two simultaneous modes of interaction: the
flavonoid molecule bind within the hydrophobic pockets of BSA and they surround the
protein molecule (Papadopoulou et al., 2005). The interaction lead no other changes in the
immediate environment of the tryptophan residues except the fact that the flavonoids are
situated at close proximity to the tryptophan residue for the quenching effect to occur.
Papadopoulou et al. (2005) found out that more hydrophobic phenolic compounds have
stronger affinity to complex formation with BSA. This may be due to the steric hindrance
and orientation of different side chains in both protein and flavonoid molecules. In the
Studies (I-IV) reported here, the bearing or quenching of tryptophan fluorescence by berry
phenolics was studied measuring the tryptophan fluorescence at several time points during
oxidation. In the beginning of the oxidation (at day 0 and day 1) the tryptophan
fluorescence was same in all samples (in the control sample and in the samples containing
berry phenolics), and no quenching or additional fluorescence occurred. The interaction
between proteins and phenolic compounds may occur through covalent and non-covalent
interactions (Hagerman and Butler, 1981; Siebert et al., 1996; Rawel et al., 2002a; Rawel et
al., 2002b). Covalent interaction mainly takes place when oxidation of the phenolic
compounds is possible (Rawel et al., 2002a; Rawel et al., 2002b; Rohn et al., 2004). In the
conditions used in these studies (I-IV) also the phenolic compounds may be oxidized,
leading to covalent reaction with the proteins. This may in addition lead to decrease on
phenolic compound antioxidant activity. The quenching has been shown to be more with
hydrophobic phenolic compounds which have stronger affinity toward proteins
(Papadopoulou et al., 2005). In addition, the presence of sugar moieties in phenolic
compounds  may  have  effect  on  the  orientation  of  phenolic  compounds  in  relation  to
tryptophan residues and cause steric hindrance.

In foods the antioxidant activity of phenolic compounds can be masked by interactions with
different proteins (Heinonen et al., 1998a; Arts et al., 2002; Frazier et al., 2003). The
masking is usually more pronounced with proteins containing more proline residues such as
caseins and human saliva proteins. On the contrary, BSA-phenolic acids complexes have
shown to inhibit protein oxidation more than BSA and phenolic acids alone (Almajano and
Gordon, 2004). Through this protein-phenol complex formation phenols may inhibit protein
oxidation (Hagerman and Butler, 1981; Siebert et al., 1996; Wang and Goodman, 1999).
Kähkönen et al. (2003) reported that blackcurrant, bilberry, and lingonberry anthocyanin
isolates inhibited formation of lipid hydroperoxides over 75% after 3 days of oxidation. In
the Study III, blackcurrant and lingonberry anthocyanin isolates inhibited formation of
conjugated dienes only 50% after oxidation of 4 days. In the conditions used here, also a
covalent binding between proteins and phenolic compounds may occur. The covalent
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binding of phenolic compound to the protein leaves free phenolic hydroxyl groups, which
can act as antioxidants (Almajano and Gordon, 2004). Moreover, it is likely that even if the
hydroxyl groups on one of the phenolic rings are involved in binding to protein, the
hydroxyl groups on the second ring are still free to allow the molecule to act as antioxidant.
In this Study I, more complex standard compounds such as procyanidin B1 and B2
inhibited more protein and lipid oxidation than smaller anthocyanins. In addition,
ellagitannins isolated from raspberries and proanthocyanidins from lingonberries were very
potential antioxidants. The ability of higher molecular weight phenols to act as more potent
antioxidants than their monomeric counterparts may be due to the fact, that larger
molecular weight phenols may bind to the proteins more efficiently and thus increased
association of antioxidants at the surface of the emulsion droplets (Sarni-Manchado et al.,
1999; Hu et al., 2004).

The  antioxidant  activity  of  berry  phenolics  in  different  food  models  was  different.  Berry
anthocyanins inhibited protein and lipid oxidation to a greater extent in liposomes than in
emulsion.  One  explanation  is  that  in  liposomes  there  are  some  tocopherols  (1.6 µg/g)
present, and thus the antioxidant activity is in fact due to synergistic effect of tocopherols
and anthocyanins. It may also be that in liposomes anthocyanins are associated closer to the
site of oxidation compared to their partitioning behaviour in whey protein emulsions.

Antioxidant activity of bilberries in the liposome model

Bilberry extract as well as anthocyanin isolate acted as potential antioxidants toward lipid
and protein oxidation in the lactalbumin-liposome model. Earlier Kähkönen et al. (2003)
reported that bilberry anthocyanin isolate inhibited lipid hydroperoxide formation and LDL
oxidation as well as they scavenged radicals (2,2-diphenyl-1-picrylhydrazyl, DPPH). In
addition, bilberry extract has been shown to inhibit formation of lipid hydroperoxides
(Kähkönen et al., 2001). Skrede et al. (2004) reported that bilberry extract improved milk
products oxygen radical scavenging ability.

The antioxidant activity of bilberry extract was mainly due to anthocyanins since bilberries
contained 94.8% anthocyanins. The anthocyanin composition of bilberry is complex but
delphinidin-, cyanidin- and petunidin-3-glucoside, -3-galactoside and -3-arabinoside are the
most dominant (Kähkönen et al., 2003). Most likely synergism exists between bilberry
anthocyanins because the typical delphinidin glycosides were not as potent antioxidants
toward oxidation of lactalbumin compared to other anthocyanins such as cyanidin
glycosides.
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Antioxidant activity of blackcurrants in the different food models

Blackcurrant anthocyanins as well as blackcurrant extract inhibited both protein and lipid
oxidation in the lactalbumin-liposome model and in the 10% oil-in-water emulsion.
Blackcurrant phenolics consisted mainly on anthocyanins (92.3%) indicating that
anthocyanins are the main antioxidative constituents in blackcurrants. Blackcurrant
anthocyanin isolate contains delphinidin- and cyanidin-3-glucosides and -3-rutinosides
(Kähkönen et al., 2003; Wu et al., 2005), which showed to be very effective antioxidants in
inhibiting both protein and lipid oxidation. In addition, blackcurrant anthocyanins have
been reported to exhibit superior antioxidant activity toward oxidation of emulsified methyl
linoleate (Kähkönen et al., 2003). The current results showed that the antioxidant activity of
blackcurrant anthocyanins was same in both food models tested.

Antioxidant activity of lingonberries in the different food models

Compared to anthocyanins other phenolic constituents such as proanthocyanidins in
lingonberries were mainly responsible for the inhibition of protein and lipid oxidation in the
lactalbumin-liposome model. Especially the dimeric and trimeric proanthocyanidin isolates
were efficient in inhibiting loss of tryptophan fluorescence. This confirms earlier finding in
Study I, which showed that dimeric proanthocyanidins B1 and B2 were potent antioxidants
toward protein oxidation. Lingonberry anthocyanins are composed mainly of different
cyanidin glycosides (Kähkönen et al., 2003; Zheng and Wang, 2003), which also have been
shown to act as antioxidants in the lactalbumin-liposomes and in the oil-in-water emulsion
(I, III). In addition, lingonberry juice has been shown to scavenge peroxyl radicals
(Lichtenthäler and Marx, 2005).

Proanthocyanidin fractions isolated from lingonberries have been shown to inhibit LDL and
methyl-linoleate emulsion oxidation (Määttä-Riihinen et al., 2005). Lingonberry
proanthocyanidins have also been shown to scavenge free radicals (DPPH) (Määttä-
Riihinen et al., 2005). In addition, cocoa and grape seed proanthocyanidins have been
reported to be very effective antioxidants toward liposome and oil-in-water emulsion
oxidation, as well as to scavenge oxygen free radicals (O2

-, ·OH), and the antioxidant
activity is dependent on the proanthocyanidin chain length (Ricardo da Silva et al., 1991b;
Lotito et al., 2000; Verstraeten et al., 2003; Hu et al., 2004). Hu et al. (2004) suggested that
larger phenolic compounds might be lipid-soluble or surface active and thus promote more
lipid oxidation in the oil-in-water emulsion. On the contrary, Lotito et al. (2000) suggested
that the antioxidant activity of smaller procyanidins is due to their ability to chelate metals
at the surface of membranes (such as liposomes). The long chain procyanidins lack the
capacity to chelate metals, and thus are acting only as radical scavengers. Therefore, the
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combination of lingonberry anthocyanins and proanthocyanins provided good protection
toward protein and lipid oxidation in lactalbumin-liposome model.

Antioxidant activity of raspberries in the different food models

In raspberries ellagitannins are mostly responsible of the antioxidant activity. Raspberry
anthocyanins constitutes of cyanidin and pelargonidin glycosides with different sugar
substituents (Mullen et al., 2002a; Kähkönen et al., 2003), which were efficient
antioxidants in the lactalbumin-liposome model system toward both lipid and protein
oxidation (I). In raspberries the coexistence of anthocyanins (30.8%) and ellagitannins
(50.6%) may not be the best combination for inhibition of lipid oxidation in the
lactalbumin-liposomes as raspberry extract were among the least potential antioxidants. In
addition to anthocyanins, ellagitannins and extract have been shown to scavenge radicals
(DPPH) (Yokozawa et al., 1998; Pellegrini et al., 2003; Kähkönen et al., 2005). Raspberry
ellagitannins were equally active or more potent antioxidants than anthocyanins, except in
inhibiting formation of hexanal at concentration of 8.4 µg/mL. Compared to anthocyanin
structures, ellagitannins are larger molecules with considerably more hydroxyl groups
readily interacting with proteins and lipids (Hagerman and Butler, 1981; Artz et al., 1987;
Charlton et al., 1996; Naczk et al., 1996; Charlton et al., 2002b). Earlier Hagerman et al.
(1998) suggested that tannins might be much more potent antioxidants than are simple
monomeric phenolics. The higher antioxidative potency of ellagitannins is due to proximity
of many aromatic rings and hydroxyl groups. The ellagitannin fraction isolated from
raspberry is a mixture of monomeric (Mw ~ 936 g/mol), dimeric (including sanguiin H6 and
lambertianin C), and polymeric ellagitannins and the purity of the fraction was 94%
(Kähkönen et al., 2005). Earlier Mullen et al. (2002a) have reported that sanguiin H6 is a
major contributor to the antioxidant capacity assessed by electron spin resonance
spectroscopy (ability to reduce Fremy’s salt (potassium nitrosodisulfonate)) of raspberries
together  with  vitamin  C  and  anthocyanins.  Raspberry  anthocyanins  on  the  contrary
consisted of cyanidin-3-sophoroside (59%), cyanidin-3-glucoside (16%), cyanidin-3-
glucosylrutinoside (16%), cyanidin-3-rutinoside (5%), and different pelargonidin
glucosides  (4%).  In  addition,  pelargonidin-3-glucoside,  present  in  raspberries  was  one  of
the most efficient anthocyanin toward lipid oxidation (II, III). The interaction between
proteins and tannins are important since tannins such as hydrolyzable ellagitannins and
proanthocyanidins (condensed tannins) are known to interact with proteins resulting in
complex formation responsible for the astringent character of foods and beverages rich in
tannins (Haslam, 1998). In addition, the interaction has been shown to reduce phenolic
compounds antioxidant activity (Artz et al., 2002; Frazier et al., 2003). In some cases, the
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phenol-protein complex was better antioxidant than protein or phenol alone (Almajano and
Gordon, 2004).

The raspberry juice inhibited both protein and lipid oxidation in the different oil-in-water
emulsions. The inhibition was more pronounced when more whey proteins were present in
the 1% oil-in-water emulsion. In addition, the inhibition of both protein and lipid oxidation
in the spread with 14% oil and 35% whey proteins was more at higher raspberry juice
concentration. Raspberry juice used in the current study contained mainly anthocyanins
(86.3%) and only little ellagitannins (1.8%). Daniel et al. (1989) have shown that 88% of
both ellagitannins and free ellagic acid reside in the raspberry seeds. In the Study IV, most
of the seeds, and ellagitannins, remained in the by-product of the berry juice processing.

Antioxidant activity of blackberries in the oil-in-water emulsions

Blackberries have been shown to be rich of anthocyanins and ellagitannins. The blackberry
juice applied here contained 76.9% anthocyanins and only 2.5% ellagitannins. Siriwoharn
and Wrolstad (2004) showed that in the blackberries most of the proanthocyanins and
ellagic acid derivatives are mostly in the berry seeds. In the Study IV, only some
ellagitannins were present in the berry juices because the seeds remained in the by-product
of the berry juice processing.

Both the inhibition of protein and lipid oxidation was dependent on the amount of berry
juice in emulsions. In the spread with 14% lipids and 35% whey proteins, the antioxidant
activity of blackberry juice was less than in the 1% oil-in-water emulsions. Both the lipid
and protein oxidation was more in the spread samples (data not shown) than in the 1% oil-
in-water emulsions, indicating that different amounts of berry juices is needed to obtain
better inhibition. The formation of the secondary oxidation products (TBARS and carbonyl
compounds) was slightly less in the 1% oil-in-water emulsions containing 6% whey
proteins than 4% whey protein samples. Therefore, lower concentration of berry juices
provided better antioxidant activity in 6% whey protein emulsions than in 4% whey protein
emulsions.

Blackberry anthocyanins are reported to consist of over 80% cyanidin-3-glucoside and 13%
cyanidin-3-rutinoside (Dugo et al., 2001; Stintzing et al., 2002; Wada and Ou, 2002;
Siriwoharn et al., 2004). Cyanidin-3-glucoside, the main anthocyanin of blackberries, was
good inhibitor of lipid oxidation in the lactalbumin-liposome model and in the 10% oil-in-
water emulsion (I, III), which may explain the good antioxidant activity of blackberry juice
toward lipid oxidation in the spread model. Earlier blackberries have shown to be effective
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antioxidants toward TBARS formation in phosphatidylcholine liposome model (García-
Alonso et al., 2004). In addition, blackberry juice has been shown to scavenge free radicals
(OH·, O2·-) (Wang and Jiao, 2000). At lower blackberry juice concentrations (0.5 and 1%)
the inhibition of loss of tryptophan fluorescence was significantly more than the inhibition
of formation of carbonyl compounds. On the contrary, in all whey protein emulsion
samples higher berry juice concentration inhibited more formation of carbonyl compounds
than loss of natural tryptophan fluorescence.

Jacobsen et al. (2001) concluded that the addition of emulsifier did not affect the formation
of free radicals, but it significantly reduced the formation of lipid hydroperoxides and
changed the profile of volatiles. In the oil-in-water emulsions, proteins bind the
antioxidants, and transport them to the oil-water interface, where they are highly effective
at reducing the rate of oxidation (Almajano and Gordon, 2004). That may explain why
increasing concentration of whey proteins led to lower lipid oxidation.

6.2.1 Impact of oxidation on the location of tryptophan residues in emulsions
(III, IV)

In the beginning of oxidation tryptophan residues located in the aqueous environment were
more stable than tryptophan residues in the hydrophobic environment. As the oxidation
proceeded, more tryptophan residues were located in the hydrophobic environment, which
means that the tryptophan residues in the aqueous environment were modified. The
modification may be due to oxidation as well as the other conformational changes on the
environment of tryptophan residues during oxidation (Rampon et al., 2001; Meynier et al.,
2004).

Phenolic compounds can interact covalently and non-covalently with proteins (Hagerman
and Butler, 1981; Siebert et al., 1996; Rawel et al., 2002a; Rawel et al., 2002b). In
hydrophobic environment non-covalent interactions (hydrophobic binding) are preferred
whereas in the aqueous environment covalent interactions are more favoured, because of
the easier oxidation of phenolic compounds resulting in the reaction with tryptophan
residues. The tryptophan residues in the hydrophobic environment were well protected by
berry phenolics and the tryptophan residues in the aqueous environment were prone to
oxidation. Therefore, the non-covalent interaction between proteins and phenolic
compounds may protect tryptophan residues better than the covalent interactions occurring
between the oxidized phenolic compounds (quinones) and proteins in the aqueous
environment. In addition, the stability of tryptophan residues in the aqueous environment in
the beginning of oxidation may be due to the fact that only a certain amount of proteins is
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required to form stable emulsions, rendering the excess of whey proteins (and tryptophan
residues) to remain in the aqueous phase. In addition to the storage conditions, the emulsion
composition has an effect which tryptophan residues are stable. In the 10% oil-in-water
emulsions (III) the pH (5.4) was close to isoelectric point of whey proteins which may cause
greater interaction between proteins and phenolic compounds. In addition, the emulsion
droplets have very little charge if any. This may lead to creaming of the emulsion and
furthermore to the loss of tryptophan fluorescence. The interaction between phenolic
compounds and oxidized proteins could also lead to loss of protein solubility removing
them from analysis leading to changes in tryptophan fluorescence and misinterpretation of
antioxidant activity of the phenolics toward protein oxidation.

The increasing amount of tryptophan residues in the hydrophobic environment is in
accordance with the antioxidant activity of berry phenolics as measured by inhibiting loss
of natural tryptophan fluorescence. The more the anthocyanins are associated with the
proteins the more they can inhibit formation of protein-carbonyl compounds. As well, the
initial site of modification is located in the hydrophobic regions of the protein molecule,
like the fourth derivative tryptophan spectra shows. Thus, the location of berry phenolics in
the hydrophobic environment of emulsion is important.

6.3 Partition behaviour and colour stability of berry anthocyanins in the oil-
in-water emulsions (III, IV)

The polarity and thereby the partitioning properties of an antioxidant appear to influence its
activity in the oil-in-water emulsions. In heterophasic food systems, antioxidants may
partition into three different phases: the oil phase, the aqueous phase, and the oil-water
interface. Usually polar antioxidants are concentrated in the aqueous phase, for example
80% of gallic acid was partitioned in the aqueous phase of mayonnaise, and 20% of gallic
acid was distributed into the interface (Jacobsen et al., 1999). Similarly Pekkarinen et al.
(1999) reported that in the oil-in-water emulsion 30-50% of phenolic acids were partitioned
into lipid phase. In this study, similar result were obtained since most of the anthocyanins
were partitioned into the aqueous phase and approximately 20% was associated with the
proteins, i.e. in the interfacial oil/water environment as whey proteins acted as emulsifiers
forming viscoelastic layers surrounding the oil droplets.

Since the interaction between proteins and lipid oxidation products occur in the emulsion at
the oil-water interface, the amount of anthocyanins associated with proteins in the
interfacial layer is important. The proportion of phenolic compounds located at the oil-
water interface is important, since these phenolic compounds may interact with metal ions
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and thus inhibit the oxidation of proteins and lipids (Jacobsen et al., 2001). In addition,
interfacial phenolic compounds can prevent destructive protein-lipid interactions (formation
of protein-carbonyl compounds). Richards et al. (2002) reported that the presence of excess
surfactant (protein) in the aqueous phase of the oil-in-water emulsion could have dramatic
effect on the location of phenolic antioxidants. Excess of protein is able to partition
antioxidant out of the emulsion droplets with increasing surfactant increasing the amount of
phenolics in the aqueous phase. In addition, the initial site of modification was located in
the hydrophobic regions of the protein molecule as the fourth derivative tryptophan
spectrum showed. Thus, the anthocyanins in the aqueous phase inhibited protein and
especially tryptophan oxidation. However, the total loss of tryptophan fluorescence
indicated that more anthocyanins should be associated with proteins in the interfacial
environment  and  with  the  oil  droplets  to  obtain  better  antioxidant  activity.  It  can  also  be
possible that some anthocyanins complex copper that is used to initiate oxidation (Satué-
Gracia et al., 1997), and therefore their antioxidant activity may be less toward protein and
lipid oxidation.

The stability of anthocyanin colour in the 1% and 14% oil-in-water emulsions during
oxidation depends on both the berry material used and on the composition of the emulsion.
The blackberry anthocyanins were more stable in the 4% whey protein emulsions with 1%
rapeseed oil, and raspberry anthocyanins were more stable in the 6% whey protein
emulsions with 1% rapeseed oil. The fat content has been shown to have an effect on colour
(Giusti and Wrolstad, 2003). The stability of berry juice anthocyanins increased
significantly as the concentration of rapeseed oil increased from 1% to 14%. In addition,
the increasing concentration of whey proteins may affect on colour stability.

The phenolic compounds that are interacting with proteins at the hydrophobic environment
are better protected than the phenolic compounds at the aqueous environment (Rohn et al.,
2004). In the aqueous environment phenolic compounds are easily oxidized to quinones
and thus, the colour is decreased. This means that in the 35% whey protein emulsions there
are more proteins available for phenolic compounds interaction, and since the oil
concentration is higher there are also more proteins located at the oil-water interface. The
increased anthocyanin concentration promotes higher colour stability (Giusti and Wrolstad,
2003). In all emulsions the increased concentration of berry juices lead to higher colour
stability. However, the stability of anthocyanin colour in 35% whey proteins containing
dairy spread was same with 10% berry juices and with 5% berry juices. The colour depends
also on pH and anthocyanin structure (Torskangerpoll and Andersen, 2004). In this study
IV, the pH was not controlled throughout experiment, which may have an effect on the
results.
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6.4 Effect of berry juices on emulsion physical stability (IV)

Milk proteins were used in various food models because of their excellent emulsifying
properties. During homogenization proteins are able to adsorb to the surface of the oil
droplets. They lower interfacial tension and inhibit droplets’ coalescence by forming
protective membranes around the oil droplets. The physical stability of emulsion depends
on the non-covalent interactions, hydrophobic and electrostatic interactions, and hydrogen
bonding between adsorbed proteins (Damodaran et al., 1997). In addition, both intra- and
intermolecular disulfide bonds play an important role in the protein stabilized emulsions
(Monahan et al., 1993). Changes in the structure of the 1% oil-in-water emulsion were
measured as turbidity. Turbidity is a quality parameter that has an important role in food
liquid acceptance. The turbidity measurements rely on the light that has been propagated
through an  emulsion.  As  the  scattering  efficiency  of  the  droplet  increases  above  a  certain
level, the fraction of the light waves that can penetrate through the emulsion falls below a
detectable level (Chantrapornchai et al., 1998). The turbidity increased as the whey protein
concentration increased from 4% to 6%. Thus, the higher emulsifier (whey protein)
concentration favoured the quick stabilization of the oil interface and reduced the re-
coalescence of the oil droplets formed during homogenization process (Britten and Giroux,
1993; Einhorn-Stoll et al., 2002; Rampon et al., 2003b). In addition, the greater degree of
homogenization increased turbidity, since the oil droplets became smaller upon repeated
homogenization (Pearce and Kinsella, 1978). In addition, the type of fat and protein used,
as well as the ratio of oil and aqueous phases, has also effect on emulsion physical stability
(Chantrapornchai et al., 2001; Granger et al., 2003).

The increasing concentration of the berry juices and the oxidation of emulsions increased
turbidity. This means that some phenolic compounds from the berry juices are interacting
with the proteins by stabilizing the emulsion structure, and that some oxidized lipids and
proteins are also stabilizing the emulsion structure. In emulsions both inter- and intrafilm
protein polymerization could occur (Damodaran and Anand, 1997). Intrafilm protein
polymerization may contribute the storage stability of emulsions. Oxidation, as well as
interactions with berry phenolics, is modifying proteins functional properties and that is
seen as increased turbidity. Decrease in the turbidity indicates that some protein aggregates
were formed. The aggregation at heated emulsions is usually more extensive, and proceeds
more rapidly as the concentration of whey protein in the emulsions increases (Euston et al.,
2000). In this Study IV, no aggregates were formed on the bottom of the sample bottles,
since the heat-treatment was only moderate (+40 oC).
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When proteins are used to stabilize the oil-in-water emulsions, only a portion of them
actually adsorb to the emulsion droplets, with the rest remaining in the continuous phase
(Castelain and Genot, 1996; Faraji et al., 2004). Increasing the concentration of whey
proteins used to prepare the emulsion may result in a reduction of emulsion droplet size.
The optical properties (turbidity) of the emulsions are strongly influenced by the droplet
size and the concentration (Chantrapornchai et al., 1998). Emulsion with larger droplets has
lower turbidity than smaller droplets. The increased whey protein concentration from 4% to
6% increased turbidity (IV: Figure 2), which is probably due to the more proteins in the
aqueous phase. In addition, the polymerisation of proteins may increase turbidity. It may
occur between the proteins absorbed on the same droplet surface (intra-droplet) or between
the proteins absorbed on different droplets (inter-droplet). In the inter-droplet
polymerisation, some time-dependent changes in the physical properties of the emulsion,
such as viscosity, creaming rate, or degree of aggregation, would be expected (McClements
et al., 1993). In this study, no visible protein polymerisation or aggregation was observed in
the sample. However, that does not indicate that no aggregation occurred, since it was not
measured. In addition, the presence of calcium ions increased stability of casein emulsions
(Dickinson and Golding, 1998). The whey protein concentrate used in this study contained
some calcium as well as other minerals which may have an impact on emulsion physical
stability.

The turbidity of the solution may also result from the formation of the tannin-protein
aggregates (Oh et al., 1980; de Freitas and Mateus, 2001b; Wróblewski et al. 2001; Horne
et al., 2002; Mateus et al., 2004). This means that in the Study IV presented here, the
increase in the turbidity may also be due to the protein interactions with phenolic
compounds present in the berry juices. Turbidity measurements have suggested that pyranic
ring stereochemistry influences interactions with proteins, as does the esterification with
gallic acid, which may facilitate increased binding through the hydrophobic bonding (de
Freitas and Mateus, 2001b). Small variations of pH may induce significantly differences in
the  turbidity  of  the  solution.  In  this  study,  the  pH  was  not  controlled  throughout  the
oxidation, which may affect on the results. For a high polyphenol-protein molar ratio, only
few polyphenol molecules should be able to bind the small number of protein molecules
present, thus resulting in small aggregates and lower turbidity (Carvalho et al., 2004). With
the increase in protein concentration, tannins that bind onto the protein surface can act as
polydentate ligands forming large networks of protein-tannin complexes, resulting in a
maximum turbidity. In this study, the berry juice concentration was not too high to cause
lower turbidity. For a large excess of protein, the polyphenols would be surrounded by
several protein molecules, reducing the probability of forming cross-links between
aggregates, thereby changing the stoichiometry of the complex yielding smaller particles
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and lower turbidity (Carvalho et al., 2004). In this study, the higher whey protein
concentration did not lead significantly higher turbidity in the presence of higher
concentrations (2% and 5%) of berry juices.

Proteins interaction with phenolic compounds has been shown to affect on proteins
functionality. Sarker et al. (1995) reported that β-lactoglobulin interaction with (+)-catechin
improved emulsion (foam) stability. Hu et al. (2004) reported that grape seed extract acted
as antioxidant in the whey protein stabilized oil-in-water emulsion, and that the presence of
the antioxidant material did not decreased the physical stability of the emulsions. In
addition, phenolic acids interaction with proteins have been shown to stabilize protein
structure (Suryaprakash et al., 2000). Tannin-peptide complexes are much less soluble than
tannin-protein complexes, which mean that the solubility depends on the physical
properties of the ligands (size, conformation, chemical substitution, etc.) (Asquith et al.,
1987). The extent of protein structural changes at the oil/water interface depends also on the
conformational stability of the protein involved, as well as the temperature, pH, ionic
strength, etc. Thus, in the 1% oil-in-water emulsion samples, the increased turbidity may be
due to increased association between proteins and oil droplets, or increased complex
formation between proteins and phenolic compounds. The emulsion formulation, i.e. the fat
type and the protein, affects on the overall antioxidant mechanism and stability. Some fatty
acids are more easily oxidizable than others, different proteins can act as antioxidants, and
water concentration may alter the oxidation process. The exact mechanism how proteins are
interacting with lipids and phenolic compounds is important since it may have dramatic
effect on emulsion stability.
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7 CONCLUSIONS

Berries, rich in antioxidative phenolic compounds, showed to increase oxidative stability of
lipid and protein containing food products. Berry phenolics from bilberries, blackberries,
blackcurrants, lingonberries, and raspberries inhibited both protein and lipid oxidation. The
antioxidative effect was, however, strongly dependent on the choice of berry raw material
as the antioxidant activity differs between the individual berry phenolic constituents,
including anthocyanins, ellagitannins, and proanthocyanins. In addition, the antioxidant
activity depends on the environment as well as the oxidation products monitored. The total
antioxidant effect of berry phenolic compounds should be considered because at some
concentrations phenolic compounds may not act beneficial.

Emulsion stability (turbidity) increased due to the interaction between proteins and berry
phenolic. The tryptophan fluorescence was same in control samples and in samples
containing berry phenolics in the beginning of oxidation. This indicates that the interaction
between proteins and phenolic compounds might be covalent in nature. Interaction with
proteins has been shown to change the antioxidant activity of phenolic compounds.
However, the phenolic compounds acted as potential antioxidants regardless of the
interaction with proteins. In addition, partition studies further confirmed that proteins were
interacting with berry phenolics in the oil-in-water emulsions. Approximately 20% of berry
anthocyanins were associated with proteins in the interfacial oil/water environment while
rest of the anthocyanins remained in the aqueous phase. The more anthocyanins are
associated with the proteins the more they can inhibit formation of protein-carbonyl
compounds. In addition, the anthocyanin colour intensity decreased during oxidation,
which may be due to the covalent interaction between anthocyanins and proteins as well as
due to oxidation reactions.

The fourth derivative tryptophan emission spectra showed that the location of tryptophan
residues in the oil-in-water emulsion affected their stability during oxidation. In the
beginning of oxidation more residues were located in the aqueous environment, which were
modified during oxidation due to interactions with lipid oxidation products. Modification
may be also due to covalent interaction between tryptophan residues and oxidized phenolic
compounds (quinones). In hydrophobic environment non-covalent interactions between
tryptophan residues and phenolic compounds are more favourable, and they may provide
better protection toward oxidation. In addition to storage conditions, the emulsion
composition has an effect which tryptophan residues are stable. The increasing amount of
tryptophan residues in the hydrophobic environment is in accordance with the antioxidant
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activity of berry phenolics as measured by inhibiting loss of natural tryptophan
fluorescence.

In this study, different proteins (lactalbumin, casein, bovine serum albumin) were
interacting with lipids and acting as antioxidants toward liposome oxidation. In addition,
different milk proteins had different oxidative stability measured as loss of tryptophan
fluorescence and formation of protein-carbonyl compounds. Different milk proteins
prevented lipid oxidation at various degrees due to the differencies in amino acid
composition. In addition, the modified amino acids formed in interaction between oxidized
lipids and amino acids of proteins may play a significant role in foods.

The current results may be of use in improving the oxidative stability of milk products
containing berries and in the development of new functional food products with bioactive
berry phenolics. In addition, the exact mechanism of how berry phenolics interact with
proteins during oxidation and inhibit protein oxidation should be further investigated. For
example  it  is  not  clear  how  the  affinity  of  the  phenolic  compounds  to  the  protein  or  the
protein-phenolic complex formed affect antioxidant activity during oxidation.
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