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The antioxidant activities of anthocyanins and anthocyanin fractions isolated from blackcurrants,
raspberries, and lingonberries were investigated in whey protein-stabilized emulsion. The extent of
protein oxidation was measured by determining the loss of tryptophan fluorescence and formation of
protein carbonyl compounds and that of lipid oxidation by conjugated diene hydroperoxides and
hexanal analyses. The antioxidant activity of berry anthocyanins increased with an increase in
concentration. Blackcurrant anthocyanins were the most potent antioxidants toward both protein and
lipid oxidation at all concentrations due to the beneficial combination of delphinidin and cyanidin
glycosides. Most berry anthocyanins (69.4-72.8%) partitioned into the aqueous phase of the emulsion,
thus being located favorably for antioxidant action toward protein oxidation. The presence of the lipid
decreased the share of anthocyanin in the aqueous phase. Thus, the structure of food affects the
antioxidant activity by influencing the partitioning of the antioxidant.
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INTRODUCTION

Milk proteins are used in various food products because of
their excellent emulsifying and foaming properties. During
homogenization, proteins are able to absorb to the surface of
oil droplets. They lower interfacial tension and inhibit droplets’
coalescence by forming protective membranes around the oil
droplets. The stability of emulsion depends on noncovalent
interactions, hydrophobic and electrostatic interactions, and
hydrogen bonding between adsorbed proteins (1). In addition,
both intra- and intermolecular disulfide bonds play an important
role in protein-stabilized emulsions (2).

In food products, lipid oxidation can cause protein oxidation
due to close interactions between lipids and proteins. During
oxidation, whey proteins can cross-link and therefore affect the
texture of food, i.e., change the viscosity of a solution (3, 4).
Oxidation reactions affect the quality of food, but they also have
an impact on the charge and conformation of protein three-
dimensional structure (exposure of hydrophobic groups, changes
in secondary structure, and disulfide groups) and protein
functionality such as changes in food texture, decreases in
protein solubility (due to aggregation or complex formation),
color changes (browning reactions), loss of enzyme activity,
and changes in nutritive value (loss of essential amino acids)
(5, 6).

In â-casein- andâ-lactoglobulin-stabilized oil-in-water emul-
sions, more than 99% of the protein modification is supposed
to occur via Michael addition reactions (7, 8). The carbonyl
group of the aldehydes may subsequently participate in the
formation of intra- and possibly intermolecular cross-links with
amino acid residues via covalent bonding (via formation of
Schiff bases). The reactions between aldehydes and amino
groups can occur in emulsions 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 of modification increases and the
protein becomes more firmly anchored to the oil phase via
carbonyl groups. These modified proteins will have functional
properties different from those of their unmodified molecules;
their emulsifying, gelling, and water binding properties may be
affected (8). The physical stability of an emulsion depends also
on the concentration of protein in solution, pH, and temperature
(9-11).

Casein has been shown to stabilize emulsion more than whey
proteins, and both proteins have shown antioxidant activity as
measured by inhibition of formation of lipid oxidation products
(12-15). Casein, lactalbumin, and BSA (bovine serum albumin)
have also been shown to inhibit liposome oxidation (16). The
antioxidant activity of proteins is directly linked to the ability
of its amino acid residues to react with lipid free radicals and
hydroperoxides. The difference in the oxidative stabilities of
different emulsions stabilized by proteins is due to differences
in amino acid composition among proteins as well. Some amino
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acids bind more strongly to oil droplets, or chelate more
transition metals, and therefore inhibit more lipid oxidation (13,
14, 17).

Oxidation of proteins by lipid oxidation products can
furthermore lead to oxidation of amino acid residue side chains,
cleavage of peptide bonds, and formation of covalent protein-
protein cross-linked derivatives (18). Oxidative cleavage of the
peptide bond in the main chain leads to formation of peptide
fragments and the oxidation of the side chains of lysine, proline,
tryptophan, arginine, and threonine, yielding protein-carbonyl
compounds.

In foods, phenolic compounds also can bind to the proteins
by hydrogen bonding between the carbonyl group of the
protein-peptide bond and the phenolic hydroxyl group in tannin
(19-21). The formed complexes are stabilized by proline
residues and hydrophobic interactions. However, tryptophan,
lysine, and methionine can take part in the interaction reactions
which leads to the limited availability of the essential amino
acids. The reaction between phenolic compounds and protein
can also lead to a loss of protein solubility and changes in protein
hydrophobicity. In addition, the interaction reaction can affect
the protein isoelectric point, which is shifted to lower pH values
due to the introduction of carboxylic groups following the
covalent attachment of the phenolic acids and by the parallel
blocking of lysine residues in protein (21).

The aim of this study was to investigate berry anthocyanin
antioxidant activity and partition behavior between oil and
aqueous phases, and affinity for proteins in whey protein
emulsion. In earlier studies, anthocyanins and different berries
have been shown to inhibit both lipid and protein oxidation in
a liposome model system (16, 22, 23). In emulsions, the
proportions of antioxidants residing in different phases depend
on the relative polarity of the antioxidants and the lipid
substrates, surfactants, pH, and temperature as well as the
composition of the phases (24-26). The antioxidant activity in
emulsions was investigated by assessing both protein and lipid
oxidation.

EXPERIMENTAL PROCEDURES

Materials. Cyanidin (Cya), delphinidin (Del), pelargonidin (Pel),
and their glucosides were obtained from Extrasynthèse (Genay, France),
except for delphinidin 3-glucoside and delphinidin 3-rutinoside which
were from Polyphenols (Sandnes, Norway). Whey protein product (DSE
5323), containing 38%â-lactoglobulin, 9%R-lactalbumin, and 12%
other whey proteins, was obtained from a New Zealand milk product.
Copper(II) acetate and sulfosalisylic acid were from Merck (Darmstadt,
Germany). AAS-grade ethanol was from Primalco (Rajamäki, Finland),
and all other HPLC-grade solvents were from Rathburn (Walkerburn,
U.K.). The rapeseed oil (Kultasula, Mildola, Finland) was purified prior
to being used as described by Lampi et al. (27). The citrate buffer was
made of citric acid (Pharmia Ltd., Helsinki, Finland) and sodium
hydroxide (Dilut-it, J. T. Baker, Deventer, The Netherlands) adjusted
to pH 5.4. The water was purified by a Milli Q system (Millipore,
Bedford, MA). Amberlite XAD-7 nonionic polymeric adsorbent was
purchased from Sigma Chemical Co. (St. Louis, MO). All berries,
blackcurrant (Ribes nigrumvar. Öjebyn), raspberry (Rubus idaeus), and
lingonberry (VacciniumVitis-idaea), were purchased from a local
market. The leaves and branches were picked from berry samples, and
they were packed immediately into a vacuum and stored at-18 °C
until they were used.

Extraction and Isolation of Berry Anthocyanins. Anthocyanin
fractions from blackcurrants, raspberries, and lingonberries were isolated
as described by Kähkönen et al. (28). Extraction of phenolic compounds
was carried out by homogenization (Ultra-Turrax T25 mixer, Janke &
Kunkel) for 1 min with 2 g of berries with 20 mL of solvent [49.5:
0.5:50 (v/v/v) CH3CN/TFA/H2O] in a centrifuge tube. The homogenates

were centrifuged (4000 rpm for 15 min), and the clear supernatant was
collected. The procedure was repeated twice with another 20 mL of
solvent (berry phenolic extracts). The supernatants were combined and
dried. The solid residues were dissolved in 0.5% TFA (pH 1.5).

Berry anthocyanins were isolated by the method described by
Kähkönen et al. (28) by using Amberlite XAD-7 column chromatog-
raphy (diameter of 40 mm, length of 300 mm). First, free sugars, organic
acids, and phenolic acids were eluted from berry phenolic extracts with
6% CH3CN [6.0:0.5:93.5 (v/v/v) CH3CN/TFA/H2O]. Then the antho-
cyanin-containing fractions were eluted with 50% CH3CN [50:0.5:49.5
(v/v/v) CH3CN/TFA/H2O], and finally, the column was washed with
CH3CN [99.5:0.5 (v/v) CH3CN/TFA] to elute the remaining phenolics.
Anthocyanin fractions were further purified by using preparative HPLC,
and the anthocyanin composition was analyzed with HPLC as described
by Kähkönen et al. (28).

Preparation of Emulsions.The 10% (w/w) oil-in-water emulsions
were prepared by sonicating 1 g of purified rapeseed oil, 0.20 g of
whey protein concentrate, and 9 mL of citrate buffer (pH 5.4) for 3
min with a U 50Control Ikasonic Sonicator (Janke & Kunkel GmbH
& Co. KG, Staufen, Germany) in an ice bath. Purified rapeseed oil
was checked to be free of tocopherols before use with a HPLC method
described by Haila and Heinonen (29). Anthocyanins (at levels of 50
and 200µM corresponding to approximately 250 and 1000µg/g,
respectively) and anthocyanin fractions isolated from blackcurrants,
raspberries, and lingonberries (at levels of 50, 100, and 500µg/g) were
dissolved in ethanol and pipetted into glass vials (20 mL). The ethanolic
solution was evaporated with nitrogen, and the rapeseed oil/protein
emulsion (10 mL) and 3µM copper acetate solutions were added to
the vials. The emulsion in the sealed vials was oxidized in the dark at
37 °C for 4 days.

Lipid Oxidation. Lipid oxidation was evaluated by formation of
conjugated diene hydroperoxides and hexanal. Samples (25µL) were
dissolved in 5 mL of isooctane, and conjugated diene hydroperoxides
were analyzed spectrophotometrically at 234 nm (Lambda Bio UV/
VIS spectrophotometer, Perkin-Elmer). The amount of hexanal (250
µL samples) was measured using a static headspace gas chromatograph
(Autosystem XL gas chromatograph equipped with an HS40XL
headspace sampler, Perkin-Elmer, Shelton, CT; column NB-54, Nor-
dion) according to the method of Frankel et al. (30). The percent
inhibition against lipid oxidation was calculated on day 4 using the
same formula as for inhibition of protein carbonyls: [(Ct - St)/Ct] ×
100, whereCt is the amount of conjugated diene hydroperoxides or
hexanal in control sample at timet andSt is the amount of conjugated
diene hydroperoxides or hexanal in the antioxidant sample at timet.
The results are represented as the mean values of triplicate analysis.

Protein Oxidation. Protein oxidation was assessed by fluorescence
spectroscopy by following both the formation of protein carbonyls and
the loss of natural tryptophan fluorescence (16, 22, 31). Samples (100
µL) were dissolved in 1 mL of citrate buffer. Emission spectra of
tryptophan were recorded from 300 to 400 nm with the excitation
wavelength set at 283 nm (F-4010 Hitachi fluorescence spectropho-
tometer). In addition, emission spectra of latter products of oxidation
(protein carbonyls) were recorded from 400 to 500 nm with the
excitation wavelength set at 350 nm. The percent inhibition against
loss of tryptophan fluorescence was calculated at day 4 as [(C0 - Ct)
- (S0 - St)]/(C0 - Ct) × 100, whereC0 is the initial fluorescence of
the control sample,Ct is the fluorescence of the control sample at time
t, S0 is the initial fluorescence of the antioxidant sample, andSt is the
fluorescence of the antioxidant sample at timet. The percent inhibition
of protein carbonyls was calculated on day 4 as [(Ct - St)/Ct] × 100,
whereCt is the fluorescence of protein carbonyls in the control sample
at timet andSt is the fluorescence of protein carbonyls in the antioxidant
sample at timet. All results are represented as the mean values of
triplicate analysis.

Fourth derivatives of tryptophan spectra were calculated according
to the Stavitzky-Golay modified procedure to obtain the result of
tryptophan oxidation in different environments (hydrophobic and
hydrophilic). The ratio of intensities at 310 and 326 nm of the fourth-
derivative spectra (d4

310/d4
326) was calculated by applying the peak-

peak method (32).
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Partition of Anthocyanins in Emulsion. Three model systems were
used for assessing partitioning of blackcurrant, raspberry, and lingon-
berry anthocyanins between different phases: (a) 10% (w/w) rapeseed
oil/citrate buffer (pH 5.4) mixtures, (b) 2% (w/w) whey protein solutions
in citrate buffer (pH 5.4), and (c) 10% (w/w) oil-in-water emulsions
with 2% (w/w) whey protein concentrate as described previously. The
partition of the anthocyanins at the concentration of 500µg/g in three
model systems was assessed as described by Schwarz et al. (24) by
using ultrafiltration centrifuge tubes with a molecular weight cutoff of
3000 (Centricon YM-3, Millipore). The clear filtered sample (50µL)
was diluted to 1 M sulfosalisylic acid (108µL) before HPLC analysis.
The partition between different phases were calculated as [(E- S ×
C)/E] × 100, whereE is the amount of anthocyanins in the emulsion
sample,Sis the amount of anthocyanin in the permeate (aqueous phase)
after ultrafiltration, andC is the amount of oil and/or protein in the
sample. The results are given as the mean values of triplicate analysis.

HPLC Analysis of Anthocyanins.The anthocyanins before and after
partitioning were analyzed by using a method described by Kähkönen
et al. (28). Emulsion samples (2 mL) were first centrifuged with 400
µL of 3 M sulfosalisylic acid for 15 min at 3500 rpm prior to
anthocyanin analysis of the clear supernatant by HPLC.

Statistical Analysis.Statistical differences among antioxidant activi-
ties were tested by multivariance analysis using Statgraphics Plus
(STCC Inc., Rockville, MD). The significance level wasp < 0.05.

RESULTS

Anthocyanin Composition of Different Berries. The total
amount of anthocyanins and the anthocyanin profile of raspber-
ries, blackcurrants, and lingonberries are shown inTable 1.
Raspberries and blackcurrants exhibited a more complex an-
thocyanin profile than lingonberries. Lingonberries contained
only different cyanidin glycosides, whereas raspberries also
contained pelargonidin glycosides and blackcurrant delphinidin
glycosides.

Effect of Anthocyanins on Lipid Oxidation. Anthocyanins
inhibited lipid oxidation at most with 76% inhibition of hexanal
formation (pelargonidin 3-glucoside) (Table 2). In general, the
antioxidant effect of anthocyanins in emulsions was only
moderate. Stronger inhibition was seen toward the formation
of hexanal compared to conjugated diene hydroperoxide forma-
tion. At concentration of 200µM, cyanidin 3-rutinoside and
pelargonidin 3-glucoside were the most potent antioxidants
toward formation of hexanal. At both tested concentrations (50
and 200µM), the rutinoside forms of anthocyanins inhibited
more formation of conjugated diene hydroperoxides than the
glucoside forms, although the differences were not always
significant.

Effect of Anthocyanins on Protein Oxidation.Anthocyanins
acted as weak antioxidants or prooxidants toward the loss of
tryptophan fluorescence (Table 3). The highest level of inhibi-
tion (14.7%) was reached by delphinidin aglycon at 200µM.
All anthocyanins were more potent antioxidants toward forma-
tion of protein carbonyl compounds than toward loss of
tryptophan fluorescence. Delphinidins were the best antioxidants
at concentrations of 50µM (rutinoside) and 200µM (glucoside)
toward formation of carbonyl compounds. Glycosylation in-
creased the antioxidant activity compared to respective aglycon
forms except for delphinidin 3-glucoside at 50µM and
perlargonidin 3-glucoside at 200µM. At both concentrations,
glucoside forms were more potent than rutinoside forms except
for delphinidins at 50µM.

Effect of Berry Anthocyanin Fractions on Lipid and
Protein Oxidation. Berry anthocyanins were potent antioxidants
toward both protein and lipid oxidation at high concentration
of 500µg/g (Table 4). The overall antioxidant activity of berry
anthocyanins decreased in the following order: blackcurrant>
lingonberry> raspberry. Blackcurrant anthocyanins were the
only anthocyanins that did not exhibit a prooxidant effect at a
concentration of 100µg/g, while at a concentration of 50µg/g,
all berry anthocyanin isolates promoted emulsion oxidation.
Raspberry and lingonberry anthocyanin isolates promoted whey
protein emulsion oxidation at concentrations of 50 and 100µg/
g; however, they at least to a moderate degree prevented both
protein and lipid oxidation at the highest tested concentration

Table 1. Anthocyanin Composition of Raspberry, Blackcurrant, and
Lingonberry Anthocyanin Fractions (Expressed as a Percentage of
Total Anthocyanins Measured Using HPLC)

anthocyanina raspberry blackcurrant lingonberry

Pel-3-glu 0.9
Pel-3-rut 0.7
Pel-3-soph 2.5
Cya-3-glu 15.6 7.0 78.6
Cya-3-rut 5.3 37.8
Cya-3-soph 59.4
Cya-3-gal 3.2
Cya-3-ara 18.2
Cya-3-glurut 15.6
Del-3-glu 15.8
Del-3-rut 38.9
Peo-3-rut 0.5

a Abbreviations: Pel, pelargonidin; Cya, cyanidin; Del, delphinidin; Peo, peonidin;
glu, glucoside; rut, rutinoside; soph, sophoriside; gal, galactoside; ara, arabinoside;
glurut, glucosylrutinoside.

Table 2. Inhibition of Conjugated Diene Hydroperoxides and Hexanal
Formation by Anthocyanins Tested in a Whey Protein Emulsion
System after Oxidation for 4 Days (Percent Inhibition, Mean ±
Standard Deviation)a

conjugated dienes hexanal

compoundb 50 µM 200 µM 50 µM 200 µM

Cya 20.1 ± 0.5 bc 41.8 ± 0.5 a 39.3 ± 0.7 c 44.1 ± 1.0 cd
Cya-3-glu 21.2 ± 3.4 abc −2.1 ± 0.2 d 72.1 ± 0.9 a 68.2 ± 0.2 ab
Cya-3-rut 30.4 ± 7.8 abc 31.1 ± 0.9 ab 58.1 ± 0.9 b 75.2 ± 3.9 a
Del 15.0 ± 3.7 c 25.3 ± 1.7 bc 65.1 ± 7.9 ab 29.8 ± 5.1 e
Del-3-glu 19.5 ± 3.3 abc 21.0 ± 9.7 bc 54.7 ± 7.6 b −0.3 ± 5.4 f
Del-3-rut 30.8 ± 3.7 ab 29.5 ± 1.8 ab 65.5 ± 3.0 ab 38.7 ± 0.3 de
Pel 33.2 ± 4.0 ab 11.5 ± 11.1 d 67.6 ± 5.9 ab 56.0 ± 1.4 bc
Pel-3-glu 36.5 ± 1.2 a 12.3 ± 3.0 cd 67.9 ± 3.2 ab 76.1 ± 1.8 a

a Values in the same column at the same concentration followed by different
letters are significantly different (p < 0.05). Negative values indicate prooxidant
activity. b Abbreviations: Cya, cyanidin; Del, delphinidin; Pel, pelargonidin; glu,
glucoside; rut, rutinoside.

Table 3. Inhibition of Tryptophan Loss and Carbonyl Formation (after
Oxidation for 4 Days) by Anthocyanins Tested in a Whey Protein
Emulsion System (Percent Inhibition, Mean ± Standard Deviation)a

tryptophan loss carbonyl gain

compoundb 50 µM 200 µM 50 µM 200 µM

Cya 3.2 ± 0.3 bc 8.7 ± 2.2 b 28.4 ± 0.4 e 35.4 ± 2.5 d
Cya-3-glu 7.5 ± 2.2 ab 2.2 ± 1.8 bc 59.7 ± 1.5 ab 90.0 ± 1.0 a
Cya-3-rut 13.3 ± 2.6 a −7.4 ± 0.5 d 56.2 ± 3.2 b 55.1 ± 4.2 bc
Del 0.7 ± 1.6 bc 14.7 ± 3.1 a 50.2 ± 2.6 bc 50.9 ± 6.4 bc
Del-3-glu −1.2 ± 1.3 cd 9.4 ± 5.5 b 43.0 ± 1.1 cd 94.0 ± 0.2 a
Del-3-rut 1.7 ± 1.3 bc 7.5 ± 0.4 bc 68.8 ± 1.4 a 69.1 ± 6.5 b
Pel −7.0 ± 1.8 d 13.3 ± 1.0 a 48.8 ± 1.1 c 67.4 ± 1.6 b
Pel-3-glu 6.5 ± 0.2 ab 4.4 ± 1.5 bc 50.5 ± 2.1 bc 59.3 ± 0.5 bc

a Values in the same column at the same concentration followed by different
letters are significantly different (p < 0.05). Negative values indicate prooxidant
activity. b Abbreviations: Cya, cyanidin; Del, delphinidin; Pel, pelargonidin; glu,
glucoside; rut, rutinoside.
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of 500 µg/g. Compared to that of the standard compound,
R-tocopherol (50 µg/g), the antioxidant activity of berry
anthocyanins was only moderate.

Fourth Derivatives of Tryptophan Emission Spectra.The
fourth derivatives of tryptophan emission spectra show that more
tryptophan residues are located in a hydrophobic environment
(310 nm) than in an aqueous environment (326 nm). The ratio
d4

310/d4
326 decreases during oxidation (Figure 1), indicating that

more tryptophan residues were found in the aqueous environ-
ment than in the hydrophobic environment. There were no
significant differences between the control sample and antioxi-
dant samples with respect to thed4

310/d4
326 ratio after oxidation

for 4 days.
Partitioning of Berry Anthocyanins in Different Phases.

Partitioning of berry anthocyanins between different phases of
emulsion is shown inTable 5. In samples containing 2% whey
proteins, 73.3-79.9% of the anthocyanins were in the water
phase. The partitioning into the water phase was weaker with

raspberry anthocyanins than with lingonberry and blackcurrant
anthocyanins. In samples containing 10% emulsified rapeseed
oil, there were no significant differences (p < 0.05) in
partitioning between different phases of different berry antho-
cyanin fractions. Significantly more lingonberry anthocyanins
were found in the water 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
1 part rapeseed oil and 9 parts water, all anthocyanins located
in the water phase (data not shown) and no anthocyanins were
found to be incorporated into oil droplets.

DISCUSSION

Berry extracts and different phenolic fractions from blackber-
ries, raspberries, blackcurrants, and blueberries have exhibited
both prooxidant and antioxidant properties depending on the
oxidation models that were used (23, 33, 34). Anthocyanins,
ellagitannins, and procyanidins isolated from lingonberries,
raspberries, bilberries, and blackcurrants have been shown to
inhibit both protein and lipid oxidation (23). In this study, the
antioxidant activity of berry anthocyanins increased with an
increase in concentration. All anthocyanins isolated from
blackcurrants, raspberries, and lingonberries inhibited both
protein and lipid oxidation at the highest tested concentration
of 500 µg/g, whereas some berry anthocyanins acted as
prooxidants at lower tested concentrations toward either protein
or lipid oxidation.

The partitioning behavior of anthocyanins shows that the
major part is present in the aqueous phase and approximately
20% is associated with the proteins, i.e., in the interfacial oil/
water environment as whey proteins act as emulsifiers forming

Table 4. Inhibition of Protein and Lipid Oxidation by Anthocyanin Fractions Isolated from Berries Tested in a Whey Protein Emulsion after Oxidation
for 4 Days (Percent Inhibition, Mean ± Standard Deviation)a

µg/g tryptophan loss carbonyl gain hydroperoxides hexanal

blackcurrant 50 9.9 ± 0.7 b 45.7 ± 1.5 d −2.1 ± 2.3 c 22.8 ± 0.9 e
100 5.7 ± 0.8 c 65.3 ± 0.4 c 40.7 ± 6.8 b 67.5 ± 1.9 b
500 12.2 ± 0.5 bc 82.1 ± 0.4 a 52.4 ± 1.1 a 93.5 ± 0.1 a

raspberry 50 −3.1 ± 0.2 d 15.5 ± 0.6 e −12.9 ± 2.9 cd −18.1 ± 2.3 f
100 −1.9 ± 0.1 d 14.4 ± 0.1 e −5.4 ± 1.7 c −37.5 ± 1.2 g
500 9.8 ± 0.1 b 71.4 ± 0.2 b 50.9 ± 0.9 ab 40.0 ± 1.2 d

lingonberry 50 −2.3 ± 0.2 d 7.5 ± 2.2 f −17.8 ± 4.7 d −50.4 ± 0.9 h
100 −0.9 ± 0.1 b 13.5 ± 0.4 e −2.5 ± 4.0 c −38.6 ± 0.8 g
500 6.8 ± 0.5 bc 82.5 ± 0.5 a 45.3 ± 0.4 ab 49.3 ± 0.6 c

R-tocopherol 50 24.0 ± 1.9 a 68.2 ± 1.1 c 46.0 ± 0.8 ab 74.1 ± 0.8 b

a Values in the same column followed by different letters are significantly different (p < 0.05). Negative values indicate prooxidant activity.

Figure 1. Ratio of fourth-derivative tryptophan emission spectra at 310 and 326 nm during oxidation of emulsions in the absence or presence of 500
µg of blackcurrant, raspberry, and lingonberry anthocyanins per gram or 50 µg of R-tocopherol per gram.

Table 5. Partitioning of Berry Anthocyanins in Emulsion and in a 2%
Protein Solution at a Concentration of 500 µg/g (Percent Mean in
Water Phase ± Standard Deviation)a

anthocyanin
fraction

10% emulsified
rapeseed oil with
2% whey proteins

2% whey protein
solution

blackcurrant 72.8 ± 1.7b 80.2 ± 1.3 ab

raspberry 70.8 ± 1.8 71.9 ± 1.6 b
lingonberry 69.4 ± 1.1b 78.1 ± 0.2 ab

a Values in the same column followed by different letters are significantly different
(p < 0.05). b Partition is significantly different between different models (p < 0.05).
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viscoelastic layers surrounding the oil droplets. The fourth
derivative of tryptophan emission spectra indicates that the
tryptophan residues in the aqueous environment are more stable
than tryptophan residues in the hydrophobic environment. The
reaction between aldehydes and the amino groups of proteins
occurs in emulsion at the oil-water interface where most of
the proteins form viscoelastic layers around the oil droplets.
The more the anthocyanins are associated with the proteins, the
more they can inhibit formation of carbonyl compounds. Also,
the initial site of modification is located in the hydrophobic
regions of the protein molecule, as the fourth-derivative tryp-
tophan spectra show. Thus, it can be concluded that anthocya-
nins in the aqueous phase inhibit protein and especially
tryptophan oxidation. However, the total loss of tryptophan
fluorescence indicates that more anthocyanins should be as-
sociated with proteins in the interfacial environment and with
the oil droplets for better antioxidant activity. It is also possible
that some anthocyanins complex copper that is used to initiate
oxidation (35), and therefore, their antioxidant activity is less
toward protein and lipid oxidation.

Blackcurrant anthocyanins were the most potent antioxidants
at all tested concentrations compared to raspberry and lingon-
berry anthocyanins toward oxidation of emulsion. Blackcurrant
and raspberry anthocyanins have been reported to exhibit
superior antioxidant activity toward oxidation of lactalbumin
liposomes (23) and oxidation of emulsified methyl linoleate (28).
Blackcurrant contains delphinidin and cyanidin 3-glucosides and
3-rutinosides, which were shown in this study to be very potent
antioxidants in inhibiting both protein and lipid oxidation. In
addition, pelargonidin 3-glucoside, present in raspberries, was
one of the most efficient anthocyanins toward lipid oxidation.
Lingonberry anthocyanins are composed of only different
cyanidin glycosides. Obviously, the combination of cyanidin
glycosides with either pelargonidin (raspberry) or delphinidin
glycosides (blackcurrant) enhanced the antioxidant activity
toward both protein and lipid oxidation, although cyanidin
glycosides alone were very potent antioxidants at a concentration
of 200 µM. Most anthocyanins more strongly inhibited the
formation of secondary oxidation products, hexanal and protein
carbonyl compounds, than primary oxidation products, conju-
gated diene hydroperoxides, and loss of tryptophan fluorescence.

The antioxidant activity of berry anthocyanin fractions toward
oxidation of emulsion was lower than the antioxidant activity
of the control antioxidant sample,R-tocopherol (50µg/g). This
contradicts our earlier findings where anthocyanins have shown
to be as potent antioxidants toward protein and lipid oxidation
in lactalbumin/liposome model system thanR-tocopherol (23).
However, in liposomes, there are some tocopherols (1.6 ppm)
present, and thus, the antioxidant activity may in fact be due to
a synergistic effect of tocopherols and anthocyanins. Berry
anthocyanins also inhibited protein and lipid oxidation to a
greater extent in liposomes (23) than in emulsions as shown in
this study. It may also be that in liposomes anthocyanins are
more closely associated with the site of oxidation compared to
their partitioning behavior in whey protein emulsions.

In conclusion, berries rich in antioxidative compounds would
have a beneficial impact on the oxidative stability of lipid- and
protein-containing food products. However, when berries are
added in foods, the total effect of phenolic compounds should
be considered because at some concentrations phenolic com-
pounds may not act beneficial. The composition of a food
product contributes to the antioxidant activity by affecting of
the partitioning of the anthocyanins. Blackcurrant anthocyanins

exhibited antioxidant potential most likely due to the presence
of cyanidin and delphinidin glycosides.
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