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Food emulsions with a high omega-3 polyunsaturated fatty acid content are desirable from a nutritional point of
view. However, such products are particularly prone to lipid oxidation and have thus a limited shelf-life. The use
of natural antioxidants is a promising and consumer-oriented strategy to counteract lipid oxidation. The addition
of an excess of proteins to the continuous phase may be considered in that respect.
Starting emulsions were prepared with either Tween 20 (a nonionic surfactant) or whey protein isolate (WPI).
They were then supplemented with non-modified or dextran-glycated soy protein isolate (SPI) added to the
continuous phase. As controls, emulsions with excess WPI or unreacted SPI/dextran mixture were also prepared.
The addition of these compounds did not significantly affect the physical stability of emulsions, while the lipid
oxidation inhibition capacity was, starting from the highest, in the order glycated SPI mixture ≈ SPI/dextran
mixture > SPI > WPI. This suggests that SPI ingredients and dextran hold potential for mitigating lipid oxidation
in emulsions. The antioxidant mechanisms involved include iron-binding and free radical-scavenging activities;
the former effect is predominant by preventing transition metals from approaching the oil-water interface.
Furthermore, compared to WPI-stabilized emulsions, the antioxidant potential of excess proteins is boosted in
Tween 20-stabilized emulsions. Interaction of surfactants with proteins could lead to a conformational change of
proteins, which could increase their ability to bind molecules involved in the reaction cascade. This study shows
that it is possible to tune emulsions towards greater oxidative stability by adjusting protein localization and
continuous phase composition, which reduces the need for synthetic antioxidants.

1. Introduction
There is an increasing trend in fortifying food products with healthpromoting omega-3 polyunsaturated fatty acids (EFSA Panel on Dietetic
Products and Allergies (NDA), 2010). This is often challenging because
these components are highly sensitive to oxidation (McClements &
Decker, 2018). Lipid oxidation generates off-flavors and forms products
with questionable health effects, such as lipid peroxides or malondial
dehyde, and thus deteriorates the sensory and nutritional quality of
foods (Addis, 1986; Villière, Rousseau, Brossard, & Genot, 2007). A
feasible strategy to counteract lipid oxidation is to use antioxidants.
Several effective synthetic antioxidants (e.g., butylated hydroxytoluene
(BHT), ethylenediamine tetraacetic acid (EDTA)) have already been
employed, but this is less and less desired by consumers (McClements &
Decker, 2000; Pokorný, 2007) There is thus a strong incentive to use

natural antioxidants (e.g., tocopherols), although their efficiency is
often not optimal (Pokorný, 2007; Ragnarsson, Leick, & Labuza, 1977).
Other currently dominating trends in food formulation include the
clean-label trend, which strives for minimizing the use of food additives;
and the rising interest in plant-derived ingredients (Berton-Carabin &
Schroën, 2019).
In this framework, plant-based ingredients that are inherently part of
conventional food emulsion formulation would be ideal candidates.
Here, we focused on the use of proteins since they can inhibit lipid
oxidation by multiple mechanisms, including scavenging free radicals,
chelating transition metals, and inactivating reactive oxygen species
(Elias, Kellerby, & Decker, 2008). Protein antioxidant activity is affected
by multiple factors, such as molecular properties, charge, and location.
Some amino acids (e.g., histidine, tryptophan, methionine, and glutamic
acid) can act as metal chelators and/or free-radical scavengers;
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depending on the charge and localization of proteins, they may exhibit
different effects on lipid oxidation. For instance, negatively charged
proteins adsorbed at the interface may bring cationic metal ions in close
proximity to lipids, which favors lipid oxidation; while those remaining
in the continuous phase may bind metal ions and prevent them from
approaching the interface, which retards lipid oxidation (Gumus,
Decker, & McClements, 2017). Non-adsorbed proteins present in the
continuous phase of emulsions have been consistently reported to pre
vent or delay lipid oxidation (Dong, Wei, Chen, McClements, & Decker,
2011; Elias, McClements, & Decker, 2005; Faraji, McClements, &
Decker, 2004; Gumus et al., 2017; Shi et al., 2019). For instance, whey
protein isolate (WPI)-stabilized emulsions where the unadsorbed WPI
was removed were less oxidatively stable than those where unadsorbed
WPI was not removed (Faraji et al., 2004). Similarly, Elias and
co-workers reported that β-lactoglobulin in the continuous phase of
O/W emulsions, even a low concentration, could inhibit lipid oxidation.
This is probably due to the free radical scavenging activity of the free
cysteine and tryptophan residues in β-lactoglobulin (Elias et al., 2005).
Moreover, an interesting approach to improve protein antioxidant
activity is their derivatization via the Maillard reaction (MR). The latter
is a set of chemical reactions involving the condensation between amino
compounds and reducing sugars that occur during heat treatment of
products (Hodge, 1953). Glycated proteins have been shown to exhibit
higher antioxidant activity (such as reducing power and radical scav
enging activity) than initial proteins (Liu, Li, Kong, Li, & Xia, 2014). The
reasons for this can be (i) the electron donating ability of the exposed
amino groups (e.g., tryptophan, tyrosine, valine, and phenylalanine) as a
result of protein denaturation during glycation and (ii) the hydrogen
donating ability of some intermediate or final MRPs (e.g., reductones
and melanoidins) (Khadidja, Asma, Mahmoud, & Meriem, 2017; Q. Liu,
Li, Kong, Jia, & Li, 2014; Nasrollahzadeh, Varidi, Koocheki, & Hadiza
deh, 2017; Sproston & Akoh, 2016). Moreover, their use as emulsifiers
has been reported to better protect lipids against oxidation compared to
the original proteins, which might be attributed to their improved
antioxidant capacity and/or physical barrier properties (Cermeño et al.,
2019; Shi et al., 2019). Yet, the potential of glycated proteins to inhibit
lipid oxidation when present in the aqueous phase of emulsions is not
clear yet. For instance, Dong and co-workers observed that casein pep
tides glycated with glucose did not protect lipids against oxidation when
present in the continuous phase of emulsions (Dong et al., 2011, 2012).
The current research aimed to assess the ability of soy protein in
gredients, added to the continuous phase of pre-formed O/W emulsions,
to prevent lipid oxidation. The experiments were designed to disen
tangle any mixed effect of the continuous phase and interfacial protein
ingredients, and to understand the potential of such ingredients as
natural antioxidants. To achieve this, starting O/W emulsions stabilized
by common emulsifiers (Tween 20 or whey protein isolate (WPI)) were
prepared such that minimal amounts of excess emulsifier remained in
the continuous phase. They were supplemented with non-modified or
dextran-glycated soy protein isolate (SPI) added to the continuous
phase. Emulsions with excess WPI or unreacted SPI/dextran mixture
were also investigated. The emulsions’ physical stability and lipid
oxidation were monitored during storage.

remove impurities and tocopherols (Berton, Genot, & Ropers, 2011).
The free fatty acid composition of the stripped rapeseed oil was
measured according to the method described earlier (Christie, 1989),
and the results are reported in Table S1. The hydroperoxide concen
tration and para-anisidine value of the stripped oil were very low, i.e.,
0.26 ± 0.08 meq/oil kg and 0.14 ± 0.07, respectively. For sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 12%
Mini-PROTEAN® TGX™ precast gels (10 well, 30 μl/well), 2 × Laemmli
sample buffer (#1610737), 10 × Tris/Glycine/SDS buffer (#1610772),
precision plus protein™ standards (dual color), and Bio-safe™ Coo
massie stain (#1610787) were obtained from Bio-Rad (Richmond, CA,
USA). For lipid oxidation analysis, iron(II) sulfate heptahydrate (FeS
O4⋅7H2O), cumene hydroperoxide solution (80%), n-hexane, sodium
chloride (NaCl), para-anisidine were purchased from Sigma-Aldrich
(Saint Louis, MO, USA); hydrochloric acid (37%), acetic acid (glacial),
barium chloride dihydrate (BaCl2⋅2H2O), ammonium thiocyanate
(NH4SCN), 2-propanol, 1-butanol were obtained from Merck Millipore
(Merck, Germany); methanol was purchased from Actu-All Chemicals B.
V. (Oss, The Netherlands). Dextran from Leuconostoc spp. (a branched
glucan composed of linear α (1 → 6) linked glucose units and α (1 → 3)
link initiated branches, MW ~70 kDa), Tween® 20, sodium phosphate
dibasic (Na2HPO4), sodium phosphate monobasic dihydrate (NaH2
PO4⋅2H2O), potassium sorbate, sodium dodecyl sulfate (SDS), 2,2-diphe
nyl-1-picrylhydrazyl (DPPH), L-ascorbic acid, 3-(2-pyridyl)-5,6-di
(2-furyl)-1,2,4-triazine-5′ ,5′′ -disulfonic acid disodium salt (ferene),
ammonium iron(II) sulfate hexahydrate, and 2-mercaptoethanol were
purchased from Sigma-Aldrich (Saint Louis, MO, USA). Ethanol (95%)
was obtained from Merck Millipore (Merck, Germany). Potassium bro
mide and sodium acetate were supplied by VMR (Radnor, PA, USA). The
chemicals used were all of at least of analytical grade. Ultrapure water
prepared by a Milli-Q system (Millipore Corporation, Billerica, Massa
chusetts, US) was used for all the experiments unless otherwise stated.
2.2. Preparation of glycated soy protein isolate mixture
SPI/dextran solution was prepared by mixing 5% (w/w) SPI and 5%
(w/w) dextran in a weight ratio of 1:1, following by hydration overnight
at 4 ◦ C. The solution was then freeze-dried. This dried sample was milled
using a Fritsch ball mill (Fritsch, Oberstein, Germany) and incubated at
60 ◦ C for 24 h in a desiccator with a relative humidity of 79% to prepare
glycated SPI mixture. The obtained glycated SPI mixture was subse
quently stored at − 20 ◦ C until further use.
The free amino group content (measured by the o-phthaldialdehyde
method), and furosine, Nε-(carboxymethyl)-L-lysine (CML), and Nε(carboxyethyl)-L-lysine (CEL) contents (measured by liquid chromatog
raphy/mass spectrometry) of the glycated SPI mixture were around
0.44 mol/g protein, 0.83 mg/g protein, 0.13 mg/g protein, and 0.06 mg/
g protein, respectively. Those contents for the starting SPI were around
0.77 mol/g protein, 0.08 mg/g protein, 0.07 mg/g protein, and 0.05 mg/
g protein, respectively. Detailed physical and chemical properties of the
glycated SPI mixture (and the starting SPI) can be found in our previous
work (Feng, Berton-Carabin, AtaçMogol, Schroën, & Fogliano, 2020).
2.3. Preparation of O/W emulsions

2. Materials and methods

A scheme of the emulsions prepared for this study is shown in Fig. 1.
To prepare stock emulsions, emulsifiers (Tween 20 and WPI) were
separately dispersed in sodium phosphate buffer (10 mM, pH 7.0) and
stirred overnight at 4 ◦ C to ensure complete solubilization. Stock O/W
emulsions were prepared by homogenizing 20 wt% rapeseed oil, 79 wt%
sodium phosphate buffer (10 mM, pH 7.0) and 1 wt% emulsifier (Tween
20 or WPI) using a rotor-stator homogenizer (Ultra-turrax IKA T18 basic,
Germany) operating at 11,000 rpm for 1 min, followed by further
droplet size reduction with a M-110Y Microfluidizer equipped with a
F12Y interaction chamber (Microfluidics, Massachusetts, USA), for five
passes at 800 bar. The thermostated tank of the instrument was filled

2.1. Materials
Soy protein isolate (SPI, 79.14 ± 0.66%, N × 5.71; SUPRO® 500E)
was supplied by Solae (St Louis, MO, USA). Whey protein isolate (WPI,
88.11 ± 1.15%, N × 6.25) was obtained from Davisco (Lancy,
Switzerland). Protein concentration was determined by Dumas (Inter
science Flash EA 1112 series, Thermo Scientific, Breda, The
Netherlands). Refined rapeseed oil was purchased from a local super
market (Wageningen, the Netherlands) and stripped using alumina
powder (Alumina N, Super I, EcoChrome™, MP Biomedicals, France) to
2
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Fig. 1. Scheme of preparation of different emulsions.

with an ice bath to minimize oxidation during the process.
Prior to adding excess protein compounds to the stock emulsion, a
pre-homogenization step was applied to breakup large protein aggre
gates and improve dispersibility. In brief, WPI, SPI, SPI/dextran mixture
(1:1, w/w) as well as glycated SPI mixture were dispersed in 10 mM
sodium phosphate buffer (pH 7.0) with a concentration of 0.50 wt% and
placed at 4 ◦ C overnight for full hydration. The suspensions were then
passed through a lab-scale colloid mill (IKA Magic Lab, Staufen, Ger
many) with a gap width of 0.32 mm (26,000 rpm, 2 × 1.5 min with 20 s
intervals). The molecular weight distribution of the obtained samples
was analyzed with SDS-PAGE (section 2.5).
A portion of the stock emulsions was diluted with buffer or afore
mentioned homogenized protein suspensions (WPI, SPI, SPI/dextran
mixture or glycated SPI mixture) to achieve the final desired concen
trations of 10 wt% rapeseed oil, 0.5 wt% emulsifiers (Tween 20 or WPI),
and 0.25 wt% excess protein compounds. To prevent microbial growth,
0.35 wt% and 0.225 wt% of potassium sorbate were added to the Tween
20- and WPI-stabilized emulsions, respectively.
Finally, Tween 20- or WPI-based emulsions were partitioned as 2-g
aliquots in capped glass tubes (KIMAX®, 16 × 125 mm) or poly
propylene tubes (Eppendorf®,15 × 120 mm), respectively. These tubes
were then rotated at 2 rpm in the dark at 40 ◦ C for 70 h (SB3 rotator,
Stuart, Staffordshire, UK).

assay kit (Thermo Scientific, Rockford, IL, USA). Mixtures of 0.2% (w/v)
protein sample and Laemmli sample buffer (containing 5% (v/v)
β-mercaptoethanol) at a volume ratio of 1:1 were heated at 95 ◦ C for 5
min on an Eppendorf ThermoMixer® C heating block (Eppendorf,
Hamburg, Germany). Then, pre-stained protein standard (10 μL) and
treated samples (20 μL) were loaded onto Mini-PROTEAN gels. Elec
trophoretic separation was carried out at a constant voltage of 200 V for
around 30 min. Subsequently, gels were stained using Coomassie G-250
for 1 h and de-stained with ultrapure water overnight. Finally, these gels
were scanned on a GS-900TM calibrated densitometer (Bio-rad, USA)
and analyzed with Image Lab 5.2.1 software (Bio-Rad, USA).
2.6. Physical properties of emulsions
Physical characterization of emulsions was performed immediately
after emulsification and after 70 h incubation.
2.6.1. Droplet size distribution
The droplet size distribution of emulsions was measured by static
light scattering (Mastersizer 3000, Malvern Instruments, Worcester
shire, UK). The refractive indices of rapeseed oil and water were set to
1.473 and 1.33, respectively. The absorption index was set to 0.01.
2.6.2. Light microscopy
The microstructure of emulsions was observed using an optical mi
croscope Carl Zeiss Axio Scope A1 (Oberkochen, Germany). Before the
analysis, the emulsions were gently mixed. A drop (5 μL) of sample was
carefully transferred onto a glass microscopy slide and covered with a
coverslip. The emulsions were observed at a magnification of 40 × .

2.4. Collection of interface components
Collection of proteins adsorbed at the interface in the emulsions was
performed according to the method described by Hinderink and coworkers (Hinderink, Münch, Sagis, Schroën, & Berton-Carabin, 2019).
In short, fresh emulsions were centrifuged at 15,000×g for 1.5 h to
separate the continuous phase from oil droplets. The cream phase (oil
droplets) was collected, re-dispersed in 1% SDS, and centrifuged again
as earlier. The interfacial proteins were displaced by SDS and therefore
present in the aqueous subnatant obtained after this second centrifu
gation. The subnatant was then collected for protein composition anal
ysis (section 2.5).

2.6.3. Droplet surface charge
The droplet surface charge of emulsions was determined using dy
namic light scattering (Zetasizer Ultra, Malvern Instruments, Worces
tershire, UK). Emulsions were diluted 1000 times in sodium phosphate
buffer (10 mM, pH 7.0) prior to the measurement to minimize multiple
scattering effects. The samples were placed in a disposable cuvette (DTS
1080) and analyzed at 20 ◦ C. ζ-Potential was automatically calculated
by using ZS Xplorer software according to the Smoluchowski model.

2.5. SDS-PAGE
Proteins present in the excess dispersions and at the interface (ob
tained from sections 2.3 and 2.4,respectively) were analyzed by SDSPAGE using a Mini-PROTEANe Tetra system (Bio-Rad, Richmond, CA,
USA) under reducing conditions. Prior to analysis, the protein concen
tration of these samples was measured using a Pierce™ BCA protein

2.7. Lipid oxidation in emulsions
The oxidative stability of emulsions was analyzed by measuring the
primary (lipid hydroperoxides) and secondary (aldehydes) reaction
products over incubation.
3
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mixed solutions was measured at 593 nm. The Fe2+ concentration was
determined using a calibration curve based on ferrous sulfate hexahy
drate solutions (1–10 mg/L). The amount of bound iron (μg per mg of
protein) was calculated by subtraction of the amount of unbound iron to
the total amount of iron added.

2.7.1. Lipid hydroperoxides
Lipid hydroperoxides were measured according to a method adapted
from Shanta and Decker (1994). First, 0.3 mL emulsion was mixed with
1.5 mL n-hexane/2-propanol (3:1, v/v). Then, this mixture was vortexed
3 × 10 s with 20 s intervals and centrifuged at 14,600 rpm for 2 min.
Subsequently, 0.2 mL of the upper organic phase was added to 2.8 mL of
the methanol/1-butanol (2:1, v/v), followed by reacting with 3.94 M
ammonium thiocyanate/ferrous iron solution (1:1, v/v; 30 μL). The
solution was vortexed and reacted for 20 min, and the absorbance
measured at 510 nm using a DU 720 UV–visible spectrophotometer
(Beckman Coulter, Woerden, the Netherlands). The lipid hydroperoxide
concentration was calculated using a cumene hydroperoxide standard
curve.

2.9. Experimental design and statistical analysis
All measurements were performed on at least two independent
samples of which each was analyzed at least three times. The data re
ported herein are mean values ± standard deviation of all the mea
surements. Statistical analysis was conducted on IBM SPSS statistics
23.0.0.2 (SPSS Inc, Chicago, Illinois, USA) using student’s t-test and oneway analysis of variance (ANOVA) with Tukey’s post-hoc test. Differ
ences at P < 0.05 were considered significant unless otherwise stated.

2.7.2. Aldehydes
Total aldehydes as measured by the para-anisidine value (pAV) were
quantified using the AOCS Official Method CD 18–90 (AOCS, 1998).
Briefly, 2.1 mL emulsion were mixed with 1 mL saturated sodium
chloride solution and 5 mL n-hexane/2-propanol (3:1, v/v). The mixture
was vortexed 3 × 10 s with 20 s intervals and centrifuged at 2000×g for
8 min. The absorbance of 1 mL of the clear upper hexane layer (Ab) was
measured at 350 nm using hexane as a blank. One milliliter of this upper
layer or hexane was mixed with 0.2 mL of 2.5 g/L para-anisidine in
acetic acid solution. After exactly 10 min, the absorbance (As) was
measured at 350 nm, using hexane with para-anisidine solution as a
blank. The pAV was calculated using Eq. (1):
pAV =

1.2 × As − Ab
m

3. Results and discussion
3.1. Protein composition of the continuous phase proteins
Commercial protein isolates often contain aggregates; therefore, a
pre-homogenization step was applied to improve dispersibility and hy
dration. The resulting size distribution and composition can be found in
Fig. 2. Before homogenization, the WPI solution had a monomodal size
distribution with an average diameter (D[3,2]) around 0.66 μm
(Fig. 2A), which is considerably larger than the individual proteins
present, that are typically in the 1–5 nm range (Zhang, Hsieh, & Var
dhanabhuti, 2014). This indicates that aggregates are present. The SPI
solution showed a bimodal size distribution, whereas glycated SPI
mixture solution had only a larger peak (Fig. 2A). Upon homogeniza
tion, there was a considerable size reduction for all samples (Fig. 2A).
The D[3,2] values of WPI, SPI, and glycated SPI mixture decreased from
0.66, 87, and 173 μm, to 0.14, 0.089, and 0.38 μm, respectively.
The protein composition of the samples after homogenization is
given in Fig. 2B. WPI was mostly composed of β-lactoglobulin (β-Lg),
α-lactalbumin (α-Lac), and bovine serum albumin (BSA) (Fig. 2B; lane
2). SPI-based samples consisted of α, α′ , and β subunits from β-con
glycinin and acidic (A) and basic (B) subunits from glycinin (Fig. 2B;
lanes 3–5). Moreover, a broad band with high molecular weights around
250 kDa was observed for the glycated SPI mixture (Fig. 2B; red arrow)
suggesting the formation of large protein aggregates as a consequence of
the MR (de Oliveira et al., 2016).

(1)

where m is the mass of oil per milliliter hexane (g/mL).
2.8. Antioxidant activity of protein samples
To investigate the possible antioxidant mechanisms of the tested
protein materials, their capacities for radical scavenging and iron
binding were investigated.
2.8.1. DPPH radical scavenging activity
The DPPH radical scavenging activity of the continuous phase pro
teins was determined according to the methodology described by Yen &
Hsieh with some modifications (Yen & Hsieh, 1995). An aliquot (1 mL)
of 2.5 g/L protein-based compounds or dextran was mixed with 1 mL of
200 μM DPPH in ethanol. The mixture was vortexed vigorously and
incubated in the dark at room temperature for 30 min, followed by
filtration using syringe filters (PVDF, 0.45 Millipore, Billerica, MA,
USA). The absorbance of the filtrate (As) was measured at 517 nm using
ethanol as the blank. The percentage of DPPH radical scavenging ac
tivity (%) was calculated according to Equation (2):
(
)
As − Ab
DPPH radical scavenging activity(%) = 1 −
× 100%
(2)
Ac

3.2. Physical properties of emulsions
3.2.1. Droplet size distribution
The effect of emulsifier (Tween 20 or WPI) concentration on the
droplet size of the stock emulsions was preliminarily adjusted to limit
the fraction of unadsorbed emulsifiers in the continuous phase, while
warranting physical stability (Fig. S1). Based on these adjustments,
stock emulsions stabilized with 1 wt% of Tween 20 or WPI were selected
to further investigate the effect of adding an excess of proteins post
homogenization. Subsequently, droplet size distribution, microstruc
ture, droplet surface charge, and lipid oxidation were monitored
throughout storage.
All freshly prepared emulsions had a mean droplet size (D[3,2]) of
0.1–0.2 μm, with WPI-stabilized emulsions showing a slightly broader
size distribution than Tween 20-stabilized ones (Fig. 3). Tween 20-stabi
lized emulsions remained fully stable after 3 days of storage (Fig. 3),
whereas WPI-stabilized emulsions used in combination with SPI-based
samples showed a tailed signal corresponding to particles between 1
and 100 μm (Fig. 3H–J) which is probably due to the continuous phase
SPI or glycated SPI mixture aggregates as discussed before (Fig. 2).
Nonetheless, no appreciable differences were observed for all emulsions
upon storage, indicating they were physically stable. This is important to
later compare lipid oxidation among different emulsifiers without a

where Ac is the absorbance of the solution containing 1 mL of ultrapure
water and 1 mL of DPPH in ethanol solution, and Ab is the absorbance
measured for the protein-based compounds mixed with ethanol in the
same ratio as used for As.
2.8.2. Iron binding capacity
Iron binding capacity was determined based on the method of
Hennessy, Reid, Smith, and Thompson (1984). Protein or dextran sam
ples (2.5 g/L) were added to known amounts of 5 g/L ferrous iron so
lution. The solutions were left for 24 h at 20 ◦ C, followed by filtration
using ultracentrifugation tubes (cut-off 10 kDa). Five hundred microli
ters of the filtrate were mixed with 0.5 mL dissociating agent (containing
0.5 M L-ascorbic acid and 1.4 M acetic acid buffer (pH 4.5); 1:1, v/v) and
0.1 mL of 6 mM ferene solution. After 5 min, the absorbance of the
4
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Fig. 2. (A) Size distribution of protein suspensions before and after homogenization. (B) SDS-PAGE patterns (reducing conditions) of continuous phase protein-based
compounds. Lanes: 1, protein marker; 2, homogenized WPI; 3, homogenized SPI; 4, homogenized SPI/dextran mixture; 5, homogenized glycated SPI mixture.

surface area bias.

indicates that Tween 20 fully dominates the interface and prevents
continuous phase proteins from adsorbing post-emulsification.
In WPI-stabilized emulsions, β-Lg and α-Lac dominated the interface,
and the presence of a small proportion of BSA can be detected (Fig. 5B).
This observation is consistent with previous findings (Hinderink et al.,
2019). Upon addition of SPI-based compounds to the continuous phase,
faint bands of soy proteins (α, α′ , β and A subunits) could be detected
(Fig. 5B; lanes 2–4), indicating that a relatively small amount of soy
proteins adsorbed, or at least became bound to the interface. Moreover,
smeared bands with high molecular weight could be seen when glycated
protein mixture was added to the aqueous phase (Fig. 5B, lane 4),
implying the presence of glycated protein mixture at the interface. It is
worth noting that some continuous phase proteins may be captured
between the droplets in the creamed phase during the centrifugation
step. However, since the same method was applied for Tween 20-stabi
lized emulsions where we hardly detected proteins at the interface, the
amount of continuous phase proteins captured between the droplets in
the cream of WPI-stabilized emulsions should be limited. We thus
concluded that a limited yet existing fraction of SPI components were
able to co-locate at WPI-based interfaces.

3.2.2. Droplet surface charge
All emulsions in this study have a negative charge (Fig. 4), which was
expected for WPI-stabilized emulsions because the pH (7.0) was higher
than the isoelectric point of whey proteins (~5.1). The reason why
Tween 20-stabilized emulsions exhibited a negative surface charge is
less obvious, since Tween 20 is a non-ionic surfactant. Nevertheless,
similar behavior was previously found by others (Cengiz, Schroën, &
Berton-Carabin, 2019; Noon, Mills, & Norton, 2020), which was
attributed to several factors. First, hydroxyl ions (OH− ) formed by
autoprotolysis of water could preferentially locate near the polar head
groups of Tween 20, i.e., in the droplets’ Stern layer (McClements,
2005). Second, free fatty acids present as impurities in Tween 20 or
rapeseed oil could locate at the oil-water interface and are negatively
charged at neutral pH (Hsu & Nacu, 2003; Waraho, Mcclements, &
Decker, 2011). Third, phosphate ions may also locate in the Stern layer
of the Tween 20-coated droplets (Cengiz, Kahyaoglu, Schröen, &
Berton-Carabin, 2019). We will not investigate this in detail, but it is
important to point out that the negative charge of all Tween 20-based
emulsions reduced further upon incubation, irrespective of whether
excess protein was added or not. The decrease in ζ-potential at day 3 was
similar in all Tween 20-stabilized emulsions, leading us to conclude that
we could not distinguish any significant effect of excess proteins on top
of the effects related to the ‘Tween 20-base case’. The decrease in
ζ-potential could be related to surface-active fatty acids that may be
present in the oil, or formed upon triglyceride hydrolysis (Chen,
Mcclements, & Decker, 2011; St. Angelo, 1996). Alternatively, organic
acids formed through lipid oxidation could cause similar effects (Chen
et al., 2011; St. Angelo, 1996). In all emulsions, we observed a small
reduction of pH (Fig. S2) but this cannot explain the large changes in
ζ-potential.

3.4. Lipid oxidation in emulsions
3.4.1. Antioxidant activity of continuous phase proteins
Proteins are known to act as antioxidants through multiple pathways
including the scavenging of free radicals and the chelation of prooxidant
transition metals. Therefore, these properties were assessed for the
proteins considered in the present work. As shown in Fig. 6A, WPI
exhibited a significantly higher DPPH radical scavenging activity than
any of the SPI-based compounds, among which no significant difference
was found (P > 0.05). Besides, dextran showed low DPPH radical
scavenging activity. The free radical scavenging ability of WPI has been
related to surface-exposed sulfhydryl groups that possess hydrogendonating abilities (Faraji et al., 2004). Compared to the starting SPI,
we did not observe an enhanced antioxidant capacity of glycated protein
mixture, which may be due to the limited affinity of the DPPH radicals
for proteins grafted with a large carbohydrate moiety (Dean, Hunt,
Grant, Yamamoto, & Niki, 1991; Liu et al., 2014). Another possibility is
related to the loss of free amino groups that can scavenge radicals or
chelate irons determined by the glycation reaction (Pan et al., 2020;
Ruiz-Roca, Navarro, & Seiquer, 2008). Tween 20 showed a low inherent
ability to scavenge DPPH radicals, but boosted the scavenging ability of
proteins, which may be due to the ability of Tween 20 to alter proteins

3.3. Protein composition of the oil-water interface
In general, the interfacial composition of emulsions is dominated by
the emulsifiers present during emulsification (Berton-Carabin, Ropers,
& Genot, 2014), although proteins added to the continuous phase may
compete for adsorption to the interface, and eventually partly replace, or
adsorb on top of initially adsorbed molecules (Dalgleish, Euston, Hunt,
& Dickinson, 1991). To characterize this, the interfacial proteins were
collected and analyzed with SDS-PAGE (Fig. 5). The interfacial film in
Tween 20-stabilized emulsions is almost protein-free (Fig. 5A), which
5
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Fig. 3. Droplet size distribution of Tween 20-stabilized emulsions (A–E) and WPI-stabilized emulsions (F–J) freshly prepared (solid line) or at the end of the in
cubation period (40 ◦ C, 70 h) (dotted line).
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Fig. 4. ζ-Potential of Tween 20-stabilized emulsions (A) and WPI-stabilized emulsions (B) before (Day 0) and after (Day 3) incubation (40 ◦ C, 70 h). The lowercase
letter is for comparison among the emulsions containing different excess protein ingredients on the same day. Different letters indicate significant differences (P <
0.05). Asterisks indicate a significant difference between day 0 and day 3 (* represents P < 0.05, and ** represents P < 0.01).

Fig. 5. SDS-PAGE determination of the proteins present in the creamed phase of freshly prepared Tween 20-stabilized (A) and WPI-stabilized emulsions (B), with SPI
(lane 2), SPI/dextran mixture (lane 3), glycated SPI mixture (lane 4) or WPI (lane 5) added to the continuous phase post-homogenization. Lanes 1: protein marker.

conformation and therefore increase the accessibility of free radicals
(Donnelly, Decker, & McClements, 1998).
WPI was able to bind less iron than SPI-based compounds (P < 0.05),
which is in line with the results of Faraji et al. (2004). No significant
differences were observed among the different SPI-based compounds
(Fig. 6B). The greater iron chelating ability of SPI compared to WPI
could be due to the higher content of acidic amino acids (aspartic acid,
glutamic acid) in SPI (Kaushik et al., 2016), since the carboxyl groups in
the side chains can act as metal chelators (Sarmadi & Ismail, 2010). In
addition, the higher content of histidine in SPI than in WPI (Kaushik
et al., 2016) could also account for the higher iron chelating activity of
SPI. In fact, two or three histidine residues are capable of chelating one
divalent metal ion (Esfandi, Walters, & Tsopmo, 2019). Furthermore,
SPI typically contains 0.12–0.35% phytic acid (a strong metal chelator),
which may also contribute to the fairly high iron binding capacity of SPI
(Reddy, Sathe, & Salunkhe, 1982). However, unlike DPPH scavenging

activity, the iron binding capacities of the proteins did not change
significantly after adding Tween 20 (Fig. 6B). This could be because of
the hydrophilic properties of the amino acids that are capable of
chelating metal ions (e.g., aspartic acid, glutamic acid, and histidine).
Therefore, the conformational change of proteins as a result of inter
acting with Tween 20 would not largely affect the metal binding ca
pacity of proteins.
3.4.2. Lipid oxidation
Hydroperoxide concentration and para-anisidine value (pAV) were
used to assess the formation of primary and secondary lipid oxidation
products, respectively. Considerable differences regarding the extent of
lipid oxidation were found for the various compositions (Figs. 7 and 8).
In Tween 20-stabilized emulsions (Fig. 7A), hydroperoxides devel
oped earlier, faster and to a greater extent in the control sample (Tween
20 + buffer) than in the other Tween 20-stabilized emulsions. The
7
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presence of continuous phase protein was thus effective at inhibiting
hydroperoxide formation in Tween 20-stabilized emulsions. In that
respect, SPI components showed a stronger ability to prevent hydro
peroxide formation than WPI. The secondary lipid oxidation products
(pAV) exhibited similar tends as hydroperoxides (Fig. 7B): the formation
of aldehydes decreased in the order control (Tween 20 + buffer) >
Tween 20 + WPI > Tween 20 + SPI-based compounds. After 3 days of
storage, aldehydes were 1.3-, 6.2-, 8.2-, and 12.3-fold higher for the
control emulsion than for emulsions containing WPI, SPI, SPI-dextran
mixture, and glycated SPI mixture, respectively.
WPI-stabilized emulsions displayed lipid oxidation kinetics that were
fairly similar to their Tween 20-stabilized counterparts (Fig. 8). The
control emulsions (no excess protein added) had significantly higher
hydroperoxides and aldehydes concentrations than the emulsions added
with WPI, which themselves had consistently higher values than SPIadded emulsions. At the end of storage, the aldehyde contents were
1.0-, 1.8-, 3.7-, and 4.2-fold higher for the control emulsion than
emulsions containing excess WPI, SPI, SPI-dextran mixture, and gly
cated SPI mixture, respectively.
Taking into consideration that (i) the droplet size of all emulsions
was stable in time, (ii) the surfactant concentration in Tween 20-stabi
lized emulsions was optimized to avoid excess in the continuous
phase, and (iii) the WPI-stabilized emulsions had only very small
amounts of SPI components located at the interface, we can conclude
that the observed effects can be largely attributed to the proteins present
in the continuous phase of emulsions.
The ability of proteins in the continuous phase of emulsions to pro
tect lipids against oxidation can be attributed to their free radical
scavenging and iron-binding abilities (Fig. 6), as discussed before for
both proteins tested herein. In the present case, where WPI is better
capable of scavenging radicals, SPI has a higher iron binding capacity.
When it comes to lipid oxidation in emulsions, a higher antioxidant
activity was observed for added SPI-based components, i.e., proteins
with relatively low DPPH scavenging activity, but high iron binding
capacity. This shows that in the present systems, lipid oxidation is
strongly dependent on transition metal availability, and thus the pro
teins’ iron chelating capacity is the most relevant property for the pre
vention of lipid oxidation. This capacity could inhibit the decomposition
of lipid hydroperoxides by preventing transition metals from
approaching the oil-water interface, where lipid oxidation primarily
occurs, and/or by decreasing the activity of transition metals (Kellerby,
McClements, & Decker, 2006). In addition, according to the literature,
the improved antioxidant activity of SPI may also be ascribed to the
presence of isoflavones. The ring B that is at the 3-position of hetero
cyclic ring as well as the 5,7-dihydroxy structure in ring A in isoflavones
can effectively scavenge peroxyl radicals (Pietta, 2000). Moreover,

Fig. 6. DPPH radical scavenging activity (A) and iron-chelating capacity (B) of
the different protein suspensions. The lowercase letter is for comparison among
the proteins. The uppercase letter is for comparison between before and after
adding Tween 20. Different letters indicate significant differences (P < 0.05).

Fig. 7. Hydroperoxide concentrations (A) and para-anisidine values (B) in Tween 20-stabilized emulsions over the incubation period (40 ◦ C, 70 h).
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Fig. 8. Hydroperoxide concentrations (A) and para-anisidine values (B) in WPI-stabilized emulsions over the incubation period (40 ◦ C, 70 h).

genistein (a class of isoflavone), though less effectively, could also
chelate metal due to the hydroxyl groups at the C-4′ , C-5, and C-7 po
sitions (Arora, Nair, & Strasburg, 1998).
Maillard reaction products as emulsifiers have been reported to
exhibit better protection against lipid oxidation than the corresponding
non-glycated proteins (Hu et al., 2020; Hwang, Kim, Woo, Lee, & Jeong,
2011; Zha, Yang, Rao, & Chen, 2019), which was ascribed to the anti
oxidant potential of some Maillard reaction products (e.g., reductone
compounds) and to their ability to form a dense physical barrier at the
oil-water interface. Given our experimental design, where glycated
protein mixture is almost only present in the continuous phase, the
former effect can be specifically assessed. In the present work, we
observed a protective effect against lipid oxidation not only when add
ing glycated SPI, but also when adding a non-reacted mixture of SPI and
dextran. This suggests that the chemical conjugation of soy proteins with
dextran did not play a major role in improving the oxidative stability of
the emulsion, but that the presence of dextran had in itself a protective
effect (Figs. 7 and 8). It is possible that the dextran molecules in the
continuous phase slow down the mobility of pro-oxidants and thus delay
lipid oxidation. For example, Shimada and co-workers found that adding
polysaccharides (xanthan, pectin, guar gum, or tragacanth gum) in
emulsions was able to suppress lipid oxidation (as measured with oxy
gen consumption) by increasing the viscosity of emulsions (Shimada,
Okada, Matsuo, & Yoshioka, 1996). However, the exact mode of action
of dextran would need to be further proven. Additionally, in previous
work, glycated hydrolyzed β-lactoglobulin showed antioxidant activity
in Tween 20-stabilized fish O/W emulsions, but it was also found that
prolonged heating times (>4 h) applied to form the Maillard reaction
products led to a decrease in oxidative stability compared to the
non-reacted and short-time heated hydrolyzed β-lactoglobulin-glucose
mixture (Dong et al., 2012).
Interestingly, in the presence of continuous phase proteins, all Tween
20-stabilized emulsions exhibited very low lipid oxidation levels, which
means that the antioxidant potential of excess proteins is boosted in
surfactant-stabilized emulsions. Even if the Tween 20 concentration was
optimized, there was still some Tween 20 in the continuous phase, which
is expected to interact with the nonpolar segments of proteins via hy
drophobic interactions, leading to partial unfolding of proteins (Dick
inson & Hong, 1995; Otzen, Sehgal, & Westh, 2009). To explore the
possible conformational change of proteins, Fourier-transform infrared
spectroscopy was conducted. As can be seen from the second derivation
of amide I spectra (Fig. S3), SPI exhibited more α-helices (~1655 cm− 1)
and intramolecular β-sheets (~1635 cm− 1) structures after the addition
of Tween 20. Enrichment of α-helices in the presence of a surfactant was
also observed by others (Deep & Ahluwalia, 2001; Li, Wang, & Wang,
2006; Vermeer & Norde, 2000). The formation of this highly ordered

(α-helix and intramolecular β-sheet) non-native secondary structure has
been reported as a result of exposure and reorientation of the non-polar
residues of proteins towards the hydrophobic materials (Herrero, Car
mona, Pintado, Jiménez-Colmenero, & Ruíz-Capillas, 2011; Lee, Lefè
vre, Subirade, & Paquin, 2007; Zhai et al., 2011, 2012). On the other
hand, the conformational changes for WPI were less significant; there
was only a slight decrease of α-helices and a slight increase of β-sheets
after adding Tween 20. This may indicate that there were few in
teractions of proteins with Tween 20 (Lee, Lefèvre, Subirade, & Paquin,
2009). Such partial conformational changes of proteins could lead to the
exposure of certain hydrophobic amino acids. Particularly, the aromatic
amino acids have been reported to have antioxidant properties because
of their electron-donating properties that allow for converting radicals
to stable molecules (Sarmadi & Ismail, 2010). As previously described,
the DPPH scavenging activity of the protein increased after mixing with
Tween 20 (Fig. 6A), which supports this explanation. In addition,
changes in protein conformation were also described by others as
markedly increasing the proteins’ ability to bind lipid molecules, and
notably lipid hydroperoxides (YAMAMOTO, KATO, & ANDO, 1996).
This might also slow down the physical propagation of lipid oxidation
reactions, for which the segregation/transport of intermediate products
is possibly instrumental (Laguerre et al., 2017, 2020).
4. Conclusion
The addition of WPI, SPI, SPI/dextran mixture and glycated SPI
mixture to the continuous phase of emulsions stabilized by Tween 20 or
WPI did not significantly affect the physical stability of emulsions. The
tested continuous phase proteins are all capable of inhibiting lipid
oxidation in emulsions, and the inhibition capacity was, starting from
the highest, in the order glycated SPI mixture ≈ SPI/dextran mixture >
SPI > WPI. Iron chelating ability was proposed as a potentially impor
tant mechanism in that respect, since metal catalyzed decomposition of
hydroperoxides is a dominant oxidation pathway in emulsions. Both
non-reacted SPI/dextran mixture and glycated SPI mixture showed a
better protective effect against lipid oxidation than SPI. This suggests
that the chemical conjugation of soy proteins with dextran did not play a
major role in improving the oxidative stability of the emulsion, but that
the presence of dextran had in itself a protective effect. In addition, the
antioxidant potential of excess proteins is boosted in Tween 20-stabi
lized emulsions, as compared to WPI-stabilized emulsions. Interaction
of surfactants with proteins may lead to the changes in protein confor
mation, which could increase the ability of proteins to bind molecules
involved in the lipid oxidation reaction cascade.
Using soy proteins in the continuous phase of emulsions may
therefore constitute a promising route to engineer oxidatively stable
9
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food emulsions, which could reduce or eliminate the need for artificial
antioxidants. Protein glycation may potentiate this effect, although to a
rather limited extent. Further research is needed to elucidate if later
stage of Maillard reaction products, which are reported to have strong
antioxidant activity, can also be applied for this purpose.
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zation. Karin Schroën: Conceptualization, Methodology, Writing - re
view & editing, Visualization, Supervision. Vincenzo Fogliano:
Conceptualization, Writing - review & editing, Visualization, Supervi
sion. Claire Berton-Carabin: Conceptualization, Methodology, Writing
- review & editing, Visualization, Supervision.
Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgments
Jilu Feng would like to thank the Chinese Scholarship Council (CSC)
for funding. The authors would like to thank Dr. Julia Keppler for her
assistance with FTIR measurement and analysis.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foodhyd.2020.106564.
References
Addis, P. B. (1986). Occurrence of lipid oxidation products in foods. Food and Chemical
Toxicology, 24(10–11), 1021–1030. https://doi.org/10.1016/0278-6915(86)902838
AOCS. (1998). p-Anisidine value - Official method CD 18-90. Official methods and
recommended practices of the American oil chemists. Champaign (USA): AOCS Press.
Arora, A., Nair, M. G., & Strasburg, G. M. (1998). Antioxidant activities of isoflavones
and their biological metabolites in a liposomal system. Archives of Biochemistry and
Biophysics, 356(2), 133–141. https://doi.org/10.1006/abbi.1998.0783
Berton-Carabin, C. C., Ropers, M. H., & Genot, C. (2014). Lipid oxidation in oil-in-water
emulsions: Involvement of the interfacial layer. Comprehensive Reviews in Food
Science and Food Safety, 13(5), 945–977. https://doi.org/10.1111/1541-4337.12097
Berton-Carabin, C., & Schroën, K. (2019). Towards new food emulsions: Designing the
interface and beyond. Current Opinion in Food Science, 27, 74–81. https://doi.org/
10.1016/j.cofs.2019.06.006
Berton, C., Genot, C., & Ropers, M. (2011). Quantification of unadsorbed protein and
surfactant emulsifiers in oil-in-water emulsions. Journal of Colloid and Interface
Science, 354(2), 739–748. https://doi.org/10.1016/j.jcis.2010.11.055
Cengiz, A., Kahyaoglu, T., Schröen, K., & Berton-Carabin, C. (2019). Oxidative stability of
emulsions fortified with iron: The role of liposomal phospholipids. Journal of the
Science of Food and Agriculture, 99(6), 2957–2965. https://doi.org/10.1002/
jsfa.9509
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