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Influence of Oxidized Oils on Digestibility of Caseins in
O/W Emulsions
M�onica Obando, Erika Soto, and Bruno De Meulenaer*
The impact of lipid oxidation on protein modifications in emulsions and the
consequences on protein digestibility remains unclear. In this study, this
impact is evaluated in casein (6mgmL�1) based emulsions containing
oxidized soybean or fish oil (3%) in presence (0.3%) or absence of the
emulsifier Tween 20. Emulsions are prepared using oils at three oxidation
levels and subsequently the impact on protein digestibility is evaluated after
24 h incubation at 4 �C. Remarkably, protein digestibility increases in
emulsions containing medium and highly oxidized fish oil: 70� 0.4% and
73� 0.4% of the proteins are digested, respectively, whereas protein
digestibility in emulsions containing low oxidized fish oil amounted to
63� 0.4%. Protein digestibility in emulsions containing soybean oil stabilized
by Tween 20 is not influenced by the oxidation level of the oil used. A
remarkable tendency is observed for the malondialdehyde content of the
emulsions depending on the presence of Tween 20. For soybean oil based
emulsions, malondialdehyde concentrations are consistently higher in the
presence of Tween 20. On the other hand, for the fish oil based emulsions
an opposite trend is observed, except at the highest oxidation level evaluated,
for which no significant differences can be detected. It is concluded that the
composition of the interface in emulsions depends strongly upon the degree
of oil oxidation and the presence of other emulsifiers. If the oil is more
oxidized, less protein is present in the interface restricting the impact of lipid
oxidation products on the proteins and hence their digestibility.
Practical Applications: This research was done to highlight the relevance of
the interfacial composition in food emulsions and its influence on dairy
protein digestibility. The food industry must be aware of the oil quality and
the presence of emulsifiers in foods emulsions that allow to preserve the
stability and nutritional characteristics of these food emulsions.
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1. Introduction

Lipid oxidation causes degradation of
foods, generating off-odors and off-flavors.
A great proportion of foods are in the form
of emulsions where proteins, such as milk
proteins, play an important role as an
emulsifier but also as a source of essential
nutrients. In protein stabilized emulsions,
lipid oxidation occurs simultaneously with
protein oxidation, a phenomenon called by
some authors “co-oxidation.”[1–3] Due to the
interaction between proteins and the lipid
oxidation process and the lipid oxidation
products, these biopolymers are substan-
tially modified.[4–6] The interfacial area is a
critical area in emulsions with regard to the
development of lipid oxidation because it is
the contact area between the lipid and the
aqueous phase, hence the emulsifier (type
and concentration) can greatly influence
the oxidation.[7] Dairy proteins are mostly
used such as emulsifiers, but the impact of
lipid-protein co-oxidation on protein di-
gestibility has been scarcely studied. Re-
cently some authors tried to elucidate the
impact of lipid oxidation products on
protein digestibility, protein modifications,
and even, toxicological consequences in
vivo.[3,8–9] In our previous research,[3]

protein stabilized emulsions, proteins
and lipids were subjected to a simultaneous
oxidation process, via respectively autoxi-
dation and photo-oxidation mechanisms.
For both mechanism protein digestibility
was considerably affected. Due to the particular experimental
setup chosen it could not be evaluated if the effects were
primarily due to the reaction of the generated lipid oxidation
products with proteins or if also the potential concomitant
protein oxidation was necessary. Therefore the aim of the current
study was to evaluate the impact of the reactions occurring
between lipid oxidation products and proteins in emulsions on
the protein digestibility. In that way it was intended to prioritize
the effects of lipid oxidation products over potential concomitant
protein oxidation using short time incubation at low tempera-
ture (4 �C, 24 h). Therefore, oxidized fish or soybean oil with
different oxidation levels were used to prepare casein based
emulsions in presence or absence of Tween 20 to modify the
interface. Casein was used in this experiment based on the
results of the previous research, in which was shown that casein
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proteins were more susceptible to changes in digestibility upon
their interaction with oxidizing lipids, as compared to whey
proteins.
2. Experimental Section

2.1. Materials

Sodium caseinate was provided by Arla Foods (Wageningen,
Netherlands). Food grade soybean oil was purchased from a local
store and fish oil was provided by Smit & Zoon (Weesp,
Netherlands). Chemicals of analytical grade were obtained from
Sigma–Aldrich (Bornem, Belgium), VWR (Leuven, Belgium),
Merck (Darmstadt, Germany) and Acros Organics (Geel,
Belgium). Gel and standards for SDS-PAGE were from Bio-
Rad (Nazareth, Belgium). Potassium phosphate buffer 0.1 M pH
7.4, consisted of K2HPO4 and KH2PO4. Polyethylene glycol
sorbitan monolaurate (Tween 20) from Sigma–Aldrich was used
as surfactant.
2.2. Oil Stripping

The stripping of the oil was carried out following the procedure
outlied by Mariod et al.,[10] with modifications. First, oils were
purified by passing 50 g of oil was added to 50mL of hexane
through a chromatographic glass column (20mm internal
diameter) filled with 25 g of silica gel 60 (0.0063–0.100mm,
Merck) and hexane. The column was wrapped with aluminum
foil to prevent light-induced oxidation during the process and the
oil was also collected in an aluminum foil-wrapped flask. The
columnwas rinsed three times with 50mL of hexane and themix
of oil and solvent was collected and rota-evaporated at 35 �C
using a vacuum. The solvent traces were removed by flushing
with nitrogen. Subsequently the oil was mixed with 56mL
petroleum ether which was passed through a second glass
column filled with 100 g of activated aluminum oxide (activated
basic, 199443 Sigma–Aldrich) and petroleum ether. The column
was also wrapped with aluminum foil and finally, rinsed with
100mL of hexane and collected in an aluminum foil-wrapped
flask. The solvent in the eluent was rota-evaporated at 35 �C
using a vacuum and the solvent traces were removed by flushing
with nitrogen. The samples were kept in brown glass bottles with
a minimum headspace which was flushed under nitrogen and
stored at �80 �C until emulsion preparation.
2.3. Oxidation of the Oils Used in the Emulsions

Fish and soybean stripped oil subsamples of 70 g were oxidized
in an open petri dish using an oven at 60 �C for 2 and 4 h,
respectively. These oils were considered to have a high oxidation
level. Medium oxidized oils were obtained by mixing these oils
with the original non-oxidized stripped oils in a 1:1 ratio. The
oxidation status of the oils was determined by spectrophotomet-
ric determination of the peroxide value (POV)[11] and p-anisidine
value (p-AV)[12] as ameasure for the concentration of respectively
the primary and secondary oxidation products.
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2.4. Emulsion Preparation and Storage Conditions

Emulsions were prepared using fish and soybean oil, respec-
tively (using three levels of oxidation status for each oil as
described), in presence or absence of Tween 20 (0.3%).

Oil-in-water emulsions were prepared in 0.1 M potassium
phosphate buffer pH 7.4 containing 30mgmL�1 (3%) of
soybean or fish stripped oil, respectively, with 6mgmL�1 of
sodium caseinate. The protein isolate was dissolved and mixed
with 0.1 M potassium phosphate buffer pH 7.4 for 1 h at room
temperature. In case of emulsions with only protein, the stripped
oil was added to the protein solution (60 �C) and mixed with a
high speed blender (Janke and Kunkel, IKA-Werk, Staufeb,
Germany) for 2min at 11000 rpm to have a pre-emulsion. For
emulsions with the additional surfactant, a pre-emulsion with
Tween 20, stripped oil and 0.1 M potassium phosphate buffer was
made using the sonicator for 15min. After that, the protein
previously dissolved with 0.1 M potassium phosphate buffer was
added. All pre-emulsions were heated at 60 �C and blended with
a high speed blender (Janke and Kunkel, IKA-Werk, Staufeb) for
2min at 11000 rpm. Then, all pre-emulsions were homogenized
at 250 bar (first stage) and 50 bar (second stage) by high pressure
homogenizer APV Lab 1000 (APV Benelux NV/SA, Erpe Mere,
Belgium) for five passes. Duran bottles of 250mLwere filled with
100mL of emulsion, then, samples were cooled fast and
incubated at 4 �C for 24 h. All samples were prepared in
triplicate.
2.5. Lipid Characterisation

The lipids were characterized by their fatty acid profile. After
saponification of triacylglycerols with a methanolic NaOH
solution, the fatty acids were esterified with BF3/MeOH reagent
in presence of NaOH. The methyl esters were injected cold on-
column in a gas chromatograph (6890N, Agilent Technologies,
Diegem, Belgium) equipped with a capillary column CP-Sil 88
for FAME (60m� 0.25mm ID� 0.20mm film thickness) from
Varian (Sint-Katelijne-Waver, Belgium) and a flame ionization
detector operated at 300 �C. The oven was programmed as
follows: 50 �C for 4min, increasing to 120 �C (10 �Cmin�1) and
further to 163 �C (5 �Cmin�1) and holding at 163 �C for 19min.
Finally the temperature was increased to 225 �C (10 �Cmin�1)
and held for 16min. Helium was used as carrier (1mLmin�1)
and make up gas (20mLmin�1). Nonadecanoid acid was added
as an internal standard.[13]
2.6. Malondialdehyde (MDA) Determination

Malondialdehyde determination was performed following the
method described earlier by Papastergiadis et al.[14] Trichloro-
acetic acid was added to the samples until a final concentration of
15% to precipitate the proteins. Samples were then centrifuged
at 13000� g to get a clear supernatant. The top layer was
discarded and 1mL of supernatant was mixed with 3mL of TBA
reagent (40mM dissolved in 2M acetate buffer at pH 2.0) in a test
tube and heated in a boiling water bath for 40min. The reaction
mixture was cooled prior to the addition of 1mL of methanol,
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and 20mL of the sample was injected into a Varian C18 HPLC
column (5mm, 150� 4.6mm), held at 30 �C using an Agilent
1100 HPLC system (Agilent Technologies, Boblingen,
Germany). The mobile phase consisted of 50mM KH2PO4

buffer solution, methanol, and acetonitrile (72:17:11, v/v/v, pH
5.3), pumped isocratically at 1mLmin�1. Fluorometric detector
excitation and emission wavelengths were set at 525 and 560 nm,
respectively. For quantification, standard solutions of MDA in
7.5% TCA were prepared from 1,1,3,3-tetraethoxypropane (TEP)
and calibration curves were prepared at a concentration ranging
from 0.6 to 10mM.
2.7. Hexanal Determination

Hexanal formation in emulsions was evaluated using headspace
solid-phase microextraction (HS-SPME) combined with gas
chromatography–mass spectrometry (GC–MS). A total of 1mL
of emulsion was placed in a glass headspace vial (size 10mL) and
mixed with 2mL of 0.02M buffer prepared with Na2HPO4 and
KH2PO4, pH 2.0 (adjusted with phosphoric acid). Butylated
hydroxyanisol (BHA)dissolved inmethanolwasaddedin thevial at
a final concentration of 2.8M and a known amount of hexanal–d12
in methanol was incorporated in the sample. The vial was sealed
with a PTFE septum cup and was subjected to HS- SPME
extraction. The SPME fiber (75mm Carboxen/PDMS, Supelco,
Bellefonte, PA) was inserted into the headspace of the vial and left
there for 30min at 75 �C. Volatile compounds were desorbed by
inserting the fiber into the injection port of an Agilent 7890A
chromatograph (Agilent Technologies, Palo Alto, CA) operated in
splitlessmode for10minat 240 �C.Heliumwasusedas carrier gas
with a constant flow rate of 1.3mLmin�1. The compounds were
separated on a DB-624 column (60m� 0.25mm� 1.4mm). The
oven temperatureprogrambeganat50 �Cfor5min, followedbyan
increase to 4 �Cmin�1 to 140 �C, then 30 �Cmin�1 to 240 �C for
10min. An Agilent 5975C inert XL mass spectrometry detector
was used and detection was carried out on the total ion current
obtained by electron impact at 70 eV. An external calibration curve
was prepared. The selected ions for quantification were 64 and 56
for hexanal–d12 and hexanal, respectively.
2.8. Protein-Bound Carbonyls

Protein carbonyls were determined after derivatisation with 2,4-
dinitrophenylhydrazine (DNPH).[15] Therefore, 0.4mL DNPH
(10mM in 2M HCl) was added to 0.3mL of emulsion and
subsequently incubated in the dark for 60min at room
temperature with constant stirring. Afterwards 0.7mL trichloro-
acetic acid (TCA) was added (10% m/v final concentration) and
the samples were incubated on ice during 10min and
centrifuged (9000� g) for 3min at 20 �C. The protein pellets
were washed three times with 1mL ethanol:ethylacetate (1:1, v/v)
to remove the excess DNPH. The final pellet was re-dissolved in
0.5mL 6M urea in 20mM potassium phosphate buffer (pH 2.3)
and the absorbance was measured at 370 nm using Bio-Rad
Benchmark Plus microplate spectrophotometer (Nazareth,
Belgium). The protein-bound carbonyl content was calculated
using a molar absorption coefficient of 22 000M�1 cm�1.
Eur. J. Lipid Sci. Technol. 2018, 1700331 1700331 (3
2.9. Tryptophan, N-Formylkynurenine (NFK), and
Lipid-Protein Adducts

The tryptophan, NFK content, and lipid-protein adducts were
measured fluorometrically (Spectramax Gemini XPS fluorime-
ter, Molecular Devices, Brussels, Belgium) on the emulsions. For
this, 50 μL of emulsion was diluted in 250 μL 6M urea in PBS
buffer (pH 7.4) to completely unfold the protein structure. For
tryptophan excitation and emission wavelengths were 280 and
330 nm. For NFK, 330 and 440 nm were used and for lipid-
protein adducts 350 nm and 440nm were applied.[16]
2.10. Available Lysine Determination

The loss of reactive lysine was monitored using derivatisation
with ortho-phthaldialdehyde (OPA) in the presence of 2-
mercaptoethanol which yielded a fluorescent product which
was measured at 340 nm (excitation) and 450 nm (emission).[17]

Samples (50 μL) containing 6mgmL�1 protein were incubated
with sodium dodecyl sulphate (SDS) 12% (50 μL) overnight at
4 �C. After sonication for 15min at 30 �C, 750 μL of OPA was
mixed with 25 μL of sample, vortexed, and incubated for 2min
and the relative fluorescence intensity was measured. β-casein
was used to prepare a calibration curve.
2.11. Electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was carried out by, mixing 10mL of diluted sample
(1mg proteinmL�1) with 10mL of Laemmli buffer (Bio-Rad,
Nazareth, Belgium) containing 0.05% mercaptoethanol. Sam-
ples were heated for 5min at 90 �C and centrifuged for 5min at
13 200 g. Subsequently, 10mL of solution was brought onto a
15% polyacrylamide Tris–HCl gel (Bio-Rad). Electrophoresis was
performed at a constant voltage of 160V. The gels were stained
with Biosafe Coomassie (Bio-Rad), and a precision plus protein
standard (Bio-Rad) was used as a molecular weight marker.
2.12. In Vitro Model Digestion

A static in vitro model digestion was applied for emulsions,
considering the oral phase as negligible due to fast swallowing.
For the gastric phase the pH of each sample (5mL) was adjusted
to 2.0 with 8M HCl. Pepsin (P6867 Sigma–Aldrich) was added at
an enzyme/protein ratio of 1/250 (w/w) in a solution of 10mg in
1mL water. Samples were incubated at 37 �C for 2 h with
constant shaking. After this, the duodenal phase was initiated by
increasing the pH to 6.5 with NaOH 8M. Lipase (100–400
unitsmg�1 L3126 Sigma–Aldrich) 1.6mgmL�1 and 5mgmL�1

of bile salts (B8631 Sigma–Aldrich) were diluted in 5mM

phosphate buffer with 1.7mgmL�1 CaCl2 and 400mL were
added to the sample. Trypsin (T0303 Sigma–Aldrich) at an
enzyme/protein ratio 1/250 (w/w) and α-chymotrypsin (C4129
Sigma–Aldrich) at an enzyme/protein ratio 1/250 (w/w) were
added using a solution of 10mg in 1mL 0.1 M HCl to each
sample. Incubation at 37 �C for 2.5 h was done with constant
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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shaking. At the end of the incubation, the pH was adjusted to 5.0
with 8 M HCl to stop the digestion.
g fatty acid/100 g fatty acids

Fatty acid Fish oil Soybean oil

C14:0 7.1 0.1

C16:0 15.0 10.6

C16:1 8.5 0.1

C18:0 2.9 3.9

C18:1c9 12.8 23.4

C18:1c11 3.3 1.7

C18:2 5.7 51.6

C18:3n-3 1.3 6.4

C18:3n-6 0.4 0.3

C18:4 2.8 0.1

C20:0 0.2 0.5
2.13. Digestibility

Protein extraction with 30% TCA (w/v) was done to get a 15%
TCA final concentration in each sample. Samples were kept on
ice during 10min to ensure total precipitation of undigested
proteins. Centrifugation at 13000� g for 10min was done and
the supernatant was discarded. The pellet was re-dissolved in
10% NaOH and the nitrogen content was determined by the
Kjeldahl method. Digestibility was calculated as follows:

% Digestibility ¼ 1�N mgð Þ digested samplesð
=N mgð Þ non digested samplesÞ � 100
C20:1 1.1 0.5

C20:2 0.3 –

C20:4 1.0 –

C20:5 EPA 18.4 –

C22:0 0.1 0.4

C22:1 0.6 –

C22:4 0.8 –

C22:6 DHA 7.9 –
2.14. Statistical Analysis

Three-way ANOVA test for statistical comparison among the
results was done, applying a sig-nificance level of p< 0.05 (Tukey
test). One-way ANOVAwas used to compare the treatments over
the oxidation level, using a significance level of p< 0.05. One-
way ANOVA was also applied to compare emulsions with and
without Tween 20 or emulsions with soybean oil versus fish oil.
Normality was checked with a Kolmogorov-Smirnov test and a
Levene test has applied to confirm the homogeneity of variances.
The SPSS 22 statistics package was used.
3. Results

From the statistics, it can be concluded that the studied variables
were significantly influenced by almost all factors considered
and by the interactions among them. Since this research aimed
to evaluate how protein digestibility has impacted emulsions, as
influenced by the degree of oxidation of emulsified oils, the
reported data were evaluated using a one-way ANOVA
considering the degree of oxidation as a factor. The interactions
among the factors were considered significant with respect to the
interpretation of the data observed.

Soybean and fish oils were characterized by their fatty acid
profile (Table 1), purified by removing their minor compounds
(i.e., phenolic compounds, tocopherols, and phytosterols), and
then subjected to accelerated auto-oxidation at 60 �C. The
oxidation levels of the oils, which were selected bymeasuring the
peroxide and p-anisidine values, were characterized by lipid
oxidation products (i.e., malondialdehyde and hexanal; Table 2).
These oils (3% concentration) were used to prepare casein-based
emulsions that were either stabilized by the addition of Tween 20
(0.3% concentration) or left without adding Tween 20. The
malondialdehyde and hexanal levels of these emulsions,
measured after 24 h of incubation at 4 �C, are shown in Table 3.
For emulsions containing low-oxidized soybean oil, malondial-
dehyde was not detected.

Malondialdehyde levels in emulsions increased upon the
progressive oxidation status of the oil used. Malondialdehyde
Eur. J. Lipid Sci. Technol. 2018, 1700331 1700331 (4
was detected in emulsions containing low-oxidized fish oil, and
its levels increased in parallel with the oxidation levels of this oil.
For all emulsions containing low-oxidized soybean or fish oil,
hexanal was detected below the limit of quantification (77 ng
mL�1). For soybean oil-based emulsions, the amount of hexanal
increased with the oil oxidation level. In soybean oil-based
emulsions without Tween 20, the amount of carbonyls increased
with greater oil oxidation levels (Figure 1). In the case of
emulsions containing soybean or fish oil stabilized by Tween 20,
the level of carbonyls increased at medium oil oxidation level but
did not increase any further in emulsions formulated with the
most oxidized oils. In the absence of Tween 20, the protein
carbonyl content was remarkably higher (4.0� 0.4mg g�1

protein) in emulsions containing fish oil compared to emulsions
containing soybean oil (2.1� 0.1mg g�1 protein). In general, the
samples containing oxidized oils stabilized by Tween 20 had a
lower carbonyl content for all samples studied.

Protein-lipid adducts, as assessed by their fluorescence
(Figure 2), increased with the oil oxidation level in soybean
oil-based emulsion. In emulsions containing soybean oil
stabilized by Tween 20, protein-lipid adducts increased at a
medium oil oxidation level but did not increase any further in the
emulsions formulated with the most oxidized oils. In fish oil-
based emulsions at medium and high oil oxidation levels that
were stabilized by Tween 20, protein-lipid adducts were
significantly lower (305 and 342, respectively) than in emulsions
containing fish oil in absence of Tween 20 (379 and 389,
respectively). Protein-lipid adducts were higher in emulsions
containing fish oil than in those containing soybean oil.
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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Table 2. Characterisation of stripped oils at three oxidation levels.

Oil Oxidation levels POV [meq O2 kg Oil] p-AV [–] Malondialdehyde [ng g�1] Hexanal [ng g�1]

Soybean Low 0.5� 0.0 1.1� 0.3 <LOD 164� 8

Medium 7.8� 0.4 4.0� 0.1 631� 37 2860� 280

High 15.5� 1.5 10.1� 0.3 1373� 57 8903� 588

Fish Low 2.9� 0.1 1.7� 0.4 2360� 200 164� 10

Medium 17.4� 0.3 5.2� 0.4 5576� 54 330� 20

High 28.9� 1.0 7.4� 0.3 9254� 90 521� 30

Data are presented as mean of triplicates� standard deviation. LOD¼ 0.03mg MDAmL�1.

www.advancedsciencenews.com www.ejlst.com
Other amino acid modification markers, such as tryptophan,
N-formylkynurenine (NFK), and available lysine, are shown in
Table 4. In all emulsions studied, the tryptophan content
decreased when the oil oxidation level increased. In all soybean
oil-based emulsions, NFK levels increased at medium oil
oxidation but decreased again at a high oil oxidation. In fish
oil-based emulsions, the NFK content increased and remained
stable at a high oil oxidation, while in emulsions containing fish
oil stabilized by Tween 20, NFK further increased at a high oil
oxidation level.

As for the lysine available, a decrease was only observed at a
high oil oxidation level in both types of soybean-based
emulsions. In both types of fish oil emulsions, the lysine
content decreased at a medium oil oxidation level; however, the
amount of lysine available returned to its initial value at a high
level of oil oxidation.

Protein digestibility was calculated by determining the non-
protein to total nitrogen ratio after digestion, and it was also
monitored using electrophoresis (SDS-PAGE). Protein digestibil-
ity of the basic control (casein solution, 73.59� 0.44%) and
emulsions containing low- andmedium-oxidized soybean oil was
69.4% and 68.2%, respectively, and it increased significantly (to
72.4%) at a high oil oxidation level (Figure 3). Figure 4 shows the
electrophoreticpatternof thecontrol (caseinsolution) compared to
the emulsions before and after digestion. In casein solution after
digestion (lane 3) can be observed a complete digestion of the
original proteins, even without bands at 10 KDa or bands in the
stacking gel, in contrast to the emulsions containing oxidized oil
after digetion (lanes 5, 7, and 9) in which bands remains at 250
Table 3. Lipid oxidation parameters (Malondialdehyde and hexanal) in case
at three levels of oxidation, stabilized or not by Tween 20 (After 24 h incub

Malondialdehyde (ngmL�1

Emulsions Low Medium

Casein soybean oil emulsion <LODa 65� 2.5b

Casein soybean oil and Tween 20 <LODa 95� 0.0b

Casein fish oil 178� 28a 446� 28b

Casein fish oil and Tween 20 144� 12a 320� 7.4b

Experimental data are presented asmeans of three independent replicates� standard de
in rows for respectively malondialdehyde and hexanal. ND: non detected. LOD¼ 30 n
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KDa. In emulsions containing soybean oil stabilized by Tween 20,
proteindigestibilitywasnot influencedby theoxidation level of the
oil. In the case of fish oil-based emulsions, the lowest digestibility
rate (63%) was determined to exist in emulsions containing low-
oxidized fish oil, and digestibility increased in parallel with the oil
oxidation level. For emulsions containing fish oil stabilized by
Tween20,proteindigestibility increasedwith amediumlevel of oil
oxidation, but it did not increase any further in emulsions
formulated with the most oxidized oils.

Figures 4 and 5 show the electrophoretic patterns of
emulsions containing soybean or fish oils that were stabilized
by or without Tween 20. As shown in Figure 4A, big aggregates
(lane 6) were present in emulsions containing high-oxidized
soybean oil before digestion, but these aggregates disappeared
after digestion (lane 7). In Figure 4B, similar electrophoretic
patterns are shown for various levels of oil oxidation in
emulsions containing soybean oil stabilized by Tween 20. In
Figures 5A and 5B, aggregates O can be observed for emulsions
containing low-oxidized fish oil (lane 3) after gastrointestinal
digestion. The intensity of peptides between 6 and 10 kDa was
higher in emulsions stabilized by Tween 20.
4. Discussion

Lipid oxidation generally occurs simultaneously with protein
oxidation in complexmatrices. In previous research, we reported
the impact of the co-oxidation of lipids and proteins on reduced
protein digestibility in oil-in-water emulsions subjected to auto-
in based emulsions containing stripped soybean oil or stripped fish oil
ation at 4 �C).

) Hexanal (ngmL�1)

High Low Medium High

106� 0.0c 40� 2.0a,� 148� 1.2b 481� 3.8c

232� 16c 41� 0.8a,
�

137� 2.0b 438� 5.5c

576� 19c 55� 2.1a,
�

55� 1.8a,
�

78� 0.9b

558� 45c 58� 0.2a,
�

49� 0.3b,
�

70� 1.8c,
�

viation. Means with different superscript letters are significantly different (p< 0.05)
g MDA/mL. � Samples <LOQ (77 ngmL�1).
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Figure 1. Carbonyls in casein based emulsions containing stripped
soybean oil or stripped fish oil at three levels of oxidation, stabilized or not
by Tween 20 (After incubation 24 h at 4 �C).
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and photo-oxidation processes, respectively.[3] From this previ-
ous study, it could not be concluded whether the co-oxidation
process itself, or the interactions of the generated lipid oxidation
products with proteins, or both phenomena were responsible for
the observed impact on protein digestibility. Therefore, in this
current study, we aimed at maximizing the latter interactions
between lipid oxidation products and proteins by emulsifying
oils with varying levels of oxidation with protein solutions.
Comparing the secondary oxidation products (malondialdehyde
and hexanal) in oils and emulsions (Tables 2 and 3), an increase
in the levels of these products (in oil bases) was observed upon
making the emulsions. Therefore, although reactions between
those selected lipid oxidation products and proteins are likely to
have occurred, an overall increase in their concentration was
observed due to further lipid oxidation.

Consequently, it cannot be ruled out that, in parallel, this lipid
oxidationmay have induced protein oxidation even though it was
intended to be minimized using the chosen experimental set up.
Moreover, the impact of specific lipid oxidation products on
proteins has already been described.[18]

Despite the fact that protein co-oxidation could not be
excluded from the experimental set up, it is obvious that
reactions between lipid oxidation products and proteins have
occurred, as intended. Comparing the malondialdehyde and
hexanal levels in the emulsion (0.06–0.57 μgmL�1 and 0.08–
0.48 μgmL�1, respectively) with those observed in previous
research,[3] in which casein emulsions were subjected to auto-
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Figure 2. Protein-lipid adducts in casein based emulsions containing
stripped soybean oil or stripped fish oil at three levels of oxidation,
stabilized or not by Tween 20 (After incubation 24 h at 4 �C).

Eur. J. Lipid Sci. Technol. 2018, 1700331 1700331 (6
and photo-oxidation (0.05–2.1 μgmL�1 of malondialdehyde and
0.1–22 μgmL�1 of hexanal, respectively), it is obvious that these
levels were lower in the current study. Of course, the oxidation
conditions in both studies were different. An important
difference which could be particularly relevant for malondialde-
hyde is that in the current study, the oil was oxidized prior to
emulsification. We recently showed[18] that the degradation of
malondialdehyde in oil can be significant, especially at higher
temperatures. In this respect, it is relevant to report that, in our
study, upon oxidizing the fish oil at 60 �C for a longer period than
6h, a drop in malondialdehyde concentration was observed (not
shown). Thus, it seems that the degradation of malondialdehyde
generated throughout lipid oxidation in an emulsified system
could be further restricted. As for hexanal, further oxidation or
evaporation cannot be excluded, as suggested earlier.[19]

A remarkable tendency is observed for the malondialdehyde
content of emulsions, depending on the presence of Tween 20.
For soybean oil-based emulsions, malondialdehyde concentra-
tions were consistently higher in the presence of Tween 20
(p< 0.05). In contrast, an opposite trend was observed for fish
oil-based emulsions (p< 0.05), except at the highest oxidation
level evaluated, for which no significant differences could be
detected. To understand these and other phenomena, a number
of parallel phenomena should be considered as outlined below.

The first relevant mechanism to consider is the competitive
displacement of adsorbed casein from interfaces in emulsions by
Tween 20, as demonstrated by previous studies.[20–22] Second,
Tween 20 micelles in the aqueous phase could absorb lipid
oxidation products.[23] A third phenomenon that should be
considered is the binding of Tween 20 to hydrophobic amino
acids in proteins, making the interaction between malondialde-
hyde and proteins more diffcult to produce.[24,25] The polarity of
the oil is also likely to affect the Tween 20 adsorption at the
interface.[26–28] Thus, the interface in emulsions containing
more oxidized lipids stabilized by Tween 20 can be considered to
be less compact and tightly packed than an interface solely
composed of Tween 20. This phenomenon is suggested to
increase the oxygen permeability of the interfacial membrane
because of lower Tween 20 adsorption. As it has been shown in
the current study that the lipid oxidation reaction proceeded at a
significant rate during the preparation and subsequent short
storage of the emulsion at cold temperatures, this aspect should
also be considered.

Considering all of these phenomena, it is likely that in the case
of soybean oil-based emulsions containing Tween 20, fewer
protein molecules will be present at the interface, thus reducing
the interaction between proteins and lipid oxidation products. As
malondialdehyde is known to react irreversibly with proteins, its
concentration in Tween 20 containing emulsions is expected to
be higher, as was observed in our experiment. For the fish oil-
based emulsions, however, this hypothesis cannot be corrobo-
rated. It could be hypothesized that for fish oil-based emulsions,
the impact of newly generated malondialdehyde on the
malondialdehyde levels observed during the ongoing oxidation
process could be more important than previously assumed.
Moreover, the presence of proteins at the emulsion interface is
reported to favor oxidation reactions,[2] which could potentially
explain the higher levels of malondialdehyde found in casein-
based fish oil emulsions without Tween 20.
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Table 4. Amino acid modification markers (Tryptophan, NFK and available lysine) in casein based emulsions containing stripped soybean oil or
stripped fish oil at three levels of oxidation, stabilized or not by Tween 20 (After incubation 24 h at 4 �C).

Oxidation level

Tryptophan (μgmg�1 protein) NFK (Fluorescence) Lysine (mg g�1 protein)

Emulsions Low Medium High Low Medium High Low Medium High

Casein containing soybean oil 23.5� 0.3a 20.8� 0.4b 17.3� 0.1c 85.8� 2.8a 183.9� 5.8b 157.4� 5.4c 35.3� 1.7a 33.3� 1.0a 30.0� 1.4b

Casein containing soybean oil and Tween 20 22.0� 0.4a 21.6� 0.3a 20.3� 0.1b 85.3� 1.8a 161.6� 1.2b 123.2� 1.6c 36.1� 1.3a 36.7� 0.7a 32.1� 0.1b

Casein containing fish oil 20.1� 0.1a 13.6� 0.1b 16.8� 0.1c 616.4� 2.2a 886.4� 13.1b 905.8� 14.5b 33.3� 0.7a 30.9� 0.6b 33.0� 1.4a

Casein containing fish oil and Tween 20 19.8� 0.2a 17.5� 0.4b 16.3� 0.8c 598.7� 19.7a 822.1� 10.9b 904.1� 25.2c 35.2� 0.7a 32.0� 1.0b 34.6� 0.8a

Experimental data are presented asmeans of three independent replicates� standard deviation. Means with different superscript letters are significantly different (p< 0.05)
in rows. Tryptophan and NFK in PBS pH 7.4.
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With respect to the hexanal data, only emulsions containing
soybean oil can be considered relevant in view of its low levels in
fish oil-based emulsions. Soybean oil contains linoleic and
linolenic acids that are precursors of hexanal, but this is not the
case for fish oil, which contains comparatively more polyunsat-
urated fatty acids with two or more methylene interrupted
double bonds (Table 1); consequently, more malondialdehyde is
formed. As other authors have shown that the covalent
modifications of proteins are quite restricted, the observed data
could be explained by the impact of proteins in the interface on
the lipid oxidation process.[29] Slightly but significantly higher
hexanal levels were observed in emulsions to which no Tween 20
was added (p< 0.05).

The presence of Tween 20 and its impact on the displacement
of proteins at the interface, as well as its potential role in
protecting proteins from reacting with lipid oxidation products,
are confirmed by the data reported in Table 4. The level of protein
modification markers is consistently lower for emulsions
containing Tween 20 for all oils at all oxidation levels evaluated,
except for a fresh soybean oil-based emulsion with casein
(p< 0.05), but for NFK, this trend could not be statistically
supported. This is also the case for the losses of lysine. In
addition, a normal trend was observed among generic protein
modification markers as a function of oxidation level. This was
not the case for NFK formation, which decreased in soybean-
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Figure 3. Protein digestibility (%) in casein based emulsions containing
stripped soybean oil or stripped fish oil at three levels of oxidation,
stabilized or not by Tween 20. Incubation 24 h at 4 �C. The digestibility of
casein solution (control without lipid) is 73.59%� 0.44.
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based emulsions at the highest oxidation level evaluated. It is also
notable that at the highest oxidation level offish oil tested, the lysine
content in the proteins was comparable to that in emulsions made
from fish oil at the lowest oxidation level, although it should be
mentioned that the fluctuations in lysine content were low. It could
be hypothesized that as oil polarity increases, less and less protein is
expected to be present at the interface. In the aqueous, phase,
however, caseinproteinscanreassemble intomicelles.[30,31]κ-casein
covers the surface of micelles because it is the least hydrophobic
casein compared toα- andβ-caseins.[32] In the case of caseinate, sub-
micellesare formedbecausecolloidalcalciumphosphate is removed
and sub-micelles, composed of a mixture of individual casein
molecules, are formed in the aqueous phase. β-casein and κ-casein
formsphericalmicelles in anaqueous solution.[33]κ-casein contains
less tryptophan and lysine in the primary structure than α- and β-
caseins,[34] and, thus, it may protect the degradation of amino acids
that are dominantly present inside themicelles. For the tryptophan
data, again, a consistent drop in concentration was observed as a
function of the degree of oxidation in the oils used.

With respect to the impact of co-oxidation on protein
digestibility, this study showed quite surprising results consid-
ering our previously reported observations,[3] in which we
showed that the co-oxidation of proteins and lipids resulted in a
significant drop in protein digestibility for a casein-based
emulsion (down to only 44% upon 30 days of light-induced
oxidation at 4 �C). In fact, the main effects are exerted by the
oxidation level and emulsifier (Table 1), not by the type of oil. For
soybean oil-based emulsions without Tween 20 that used the
most oxidized oil, an impact on protein digestibility, which
showed unexpected improvement, was observed. This observa-
tion was most consistent for fish oil-based emulsions, especially
in the absence of Tween 20. Figures 5A and 5B, confirmed the
results mentioned before. So, although we have shown in our
previous research that the co-oxidation of proteins and lipids
significantly affected protein digestibility, it seems that when
oxidized lipids are emulsified in the presence of proteins, this
impact was not observed and, on the contrary, better protein
digestibility was obtained. This discrepancy suggests that apart
from the impact of the interaction between lipid oxidation
products and proteins, interfacial phenomena also play a role in
the digestion of proteins in the models studied. These interfacial
phenomena not only have an impact on the interactions of lipid
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 10)
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Figure 4. SDS-PAGE of casein based emulsions containing fish oil with different levels of oil oxidation stabilized or not by Tween 20 incubated for 24 h at
4 �C. Samples pre and post in vitro gastrointestinal digestion. a) Casein based emulsions containing fish oil. b) Casein based emulsions containing fish
oil stabilized by Tween 20. Lane 1: Standard Bio-Rad; lanes 2 and 3: emulsions containing low oxidized fish oil pre and post digestion, respectively; lanes
4 and 5: emulsions containing medium oxidized fish oil pre and post digestion, respectively; lanes 6 and 7: emulsions containing high oxidized fish oil
pre and post digestion, respectively; lane 8: blank with phosphate buffer, digestive enzymes and bile salts.
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oxidation products with proteins, as outlined above, but also have
an impact on the accessibility of proteins for proteases. Indeed,
introducing a polar oil to an emulsion will result in a changed
interfacial composition.

By the addition of Tween 20 and due to the presence of
oxidized lipid species at the interface, it can be supposed that the
protein content at the interface is reduced. If Tween 20 is also
present, the proteins are likely to be displaced even more
Figure 5. SDS-PAGE of casein based emulsions containing soybean oil with d
for 24 h at 4 �C. Samples pre and post in vitro gastrointestinal digestion. a) Ca
containing soybean oil stabilized by Tween 20. Lane 1: Standard Bio-Rad; lane
digestion, respectively; lanes 4 and 5: emulsions containing medium oxidized
containing high oxidized soybean oil pre and post digestion, respectively; l
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completely, even if their protein digestibility is very close to the
control (casein solution; 73.5� 0.44%). Figure 6 confirms the
mentioned above, showing a complete digestion of casein
solution compare to fish oil emulsions with oils with different
oxidation level. This implies that the molecular changes in the
proteins are induced due to a transfer of lipid oxidation products
in the aqueous phase, which was confirmed by[18] and is also in
line with the markers for protein changes and lipid oxidation
ifferent levels of oil oxidation and stabilized or not by Tween 20, incubated
sein based emulsions containing soybean oil. b) Casein based emulsions
s 2 and 3: emulsions containing low oxidized soybean oil pre and after post
soybean oil pre and post digestion, respectively; lanes 6 and 7: emulsions
ane 8: blank with phosphate buffer, digestive enzymes and bile salts.
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Figure 6. SDS-PAGE of casein solution (control without lipid) and fish oil based emulsion with
different oxidation level, incubated for 24 h at 4 �C. Samples pre and post in vitro
gastrointestinal digestion. Lane 1: Standard Bio-Rad; lane 2 and 3: casein solution pre and post
digestion, respectively; lane 4 and 5: emulsions containing low oxidized fish oil pre and post
digestion, respectively; lane 6 and 7: emulsions containing medium oxidized fish oil pre and
post digestion, respectively; lane 8 and 9: emulsions containing high oxidized fish oil pre and
post digestion, respectively; lane 10: phosphate buffer.
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products reported earlier in this study. However, the impact of
these molecular changes – that is, the changes in proteins that
are present in the aqueous phase – on protein digestibility seems
to remain restricted.

Thus, there are two opposite effects of lipid oxidation on
protein digestibility in the studied emulsions. On the one hand,
a higher degree of oxidation in the oil used will affect the
protein as well as its digestibility, but on the other hand, if
multiple polar lipids are present, the adsorption of proteins at
the interface will be restricted because of the decreased
hydrophobic effect. These conflicting effects could also explain
the differences observed in protein digestibility for fish oil- and
soybean oil-based emulsions at the lowest oxidation level
studied.
5. Conclusion

The present study demonstrated that oxidizing lipids have a
particular impact on proteins if both proteins and oils are
emulsified together and are subsequently subjected to an
oxidation process. This scenario is, obviously, the most relevant
for real foods. The potential mechanisms behind this phenome-
non are likely to be a combination of protein modifications and
restricted protein availability because modified proteins are
attached to the interface. If proteins are emulsified in the
presence of oxidized lipids, the results can differ because the
interface is not yet formed, and the composition of the interface
Eur. J. Lipid Sci. Technol. 2018, 1700331 1700331 (9 of 10)
will depend upon the degree of oil oxidation (as
well as the presence of other amphiphilic
compounds). If the oil is more oxidized, fewer
proteins will be present at the interface,
restricting the impact of lipid oxidation
products on proteins.
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