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Whey protein is widely used in the food industry as an emulsion stabilizer because of its outstanding emulsifying
ability. Recent studies have shown that heat-induced whey protein aggregates may also have potential to sta
bilize emulsions. The interfacial behavior of whey protein and whey protein aggregates adsorbed at the milk fatwater interface has not been well investigated, especially not in the nonlinear regime, which is highly relevant
for the preparation of products such as recombined dairy cream.
In this study, the interfacial properties of milk fat-water interfaces stabilized by whey protein isolate (WPI) and
whey protein aggregates (WPA) at different bulk concentrations (0.1 wt% - 4.0 wt%) were studied by Large
Amplitude Oscillatory Dilatation (LAOD). Lissajous plots were used to analyse the nonlinear response of the
interfaces as a function of strain amplitude and frequency. The elastic modulus was quantified based on the
tangent modulus at zero instantaneous strain in expansion and in compression. Bulk stability of creams stabilized
with the mentioned proteins was studied by determining creaming rate, droplet size distribution, ζ-potential and
viscosity of the continuous phase.
At low concentrations (<2.0 wt%), WPI-stabilized cream had smaller oil droplets than WPA-stabilized cream,
indicating that at these concentrations WPI had better emulsifying ability. For concentrations higher than 2.0 wt
%, WPA was a better emulsifier in terms of creaming stability because of the higher viscosity of the continuous
phase of the emulsions. Both WPI and WPA could prevent coalescence equally well if the concentration was
higher than 0.5 wt%. LAOD measurements showed that at a protein concentration of 0.1 wt%, there was little
difference between WPI- and WPA-stabilized interfaces. At 4.0 wt%, WPI showed abrupt intra-cycle yielding
followed by a predominantly viscous behavior at large expansion. The WPA interfacial layer had a larger
maximum linear strain, and showed a more gradual softening in expansion and mild strain hardening in
compression. We hypothesize that WPI formed denser and more brittle (quasi-) 2d structures at the interface,
while the interfaces formed by WPA might have a thicker and more stretchable 3d structure. The WPA-stabilized
emulsion was less resistant to coalescence upon drastic stirring, which can be explained with its different large
deformation behavior, and is relevant for applications where the cream is subjected to large deformations
(whipping or stirring).

1. Introduction
Kinetic stability of oil-in-water (o/w) emulsions has been a topic of
considerable interest for a long time. A frequent aim of studies on this
subject is to link aspects like creaming rate, droplet size distribution and
viscosity of the continuous phase to the composition of the continuous
phase and/or properties of the interface between the two immiscible
phases. Low molecular weight surfactants or proteins are the most
frequently used stabilizers for food emulsions. For small surfactants, the

Gibbs-Marangoni effect is the main mechanism of stabilization of an
interface (Tadros, Izquierdo, Esquena, & Solans, 2004). Proteins adsorb
at the interface more slowly than low molecular weight surfactants
because of their larger molecular size and complex structure. After
emulsion formation, proteins form viscoelastic interfacial layers that,
apart from mechanical stabilization, can provide steric and electrostatic
repulsion among emulsions droplets. This way, several instability phe
nomena could be retarded (Damodaran, 2005; Dickinson, 1999; Dick
inson, 2001; Wilde, 2000). Different proteins contribute differently to
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emulsion properties, mainly because of differences in the interfacial
structures they form and in the interfacial composition (Dalgleish,
2006).
Milk fat based emulsions, such as recombined dairy cream and
recombined milk, are a group of emulsions of increasing economic in
terest. In the production of these emulsions, anhydrous milk fat is mixed
with a solution of non-fat milk solids, and subsequently homogenized.
Compared with other emulsions, milk fat based emulsions have some
potential differences, which mainly result from the complicated chem
ical composition of milk fat. Milk fat has a wide variety of triglycerides
containing fatty acids with varying levels of saturation, and bimodally
distributed in terms of carbon numbers (Yener & van Valenberg, 2019).
Because of the presence of short-chain fatty acids in the triglycerides, but
also of aldehydes, ketones and lactones, milk fat has a unique flavor and
cannot easily be replaced by other animal fats or plant oils (Mortensen,
2016).
In contrast to milk fat globules in natural milk, which have sub
stantial long-time stability imparted by the milk fat globule membranes,
the milk fat droplets in recombined dairy cream tend to be much less
stable, and additional stabilizers need to be added to improve emulsion
stability. Several stabilizers have been proposed for this purpose, such as
proteose-peptone, glycerol monostearate, tween 80, lecithin and
phospholipid-enriched dairy products. Most of the studies on the effect
of the mentioned components in recombined milk fat emulsions focused
on whipping properties (Fredrick et al., 2013; Han et al., 2018; Phan,
Moens, Le, Van der Meeren, & Dewettinck, 2014; van Lent, Le, Vanler
berghe, & Van der Meeren, 2008; Vanderghem, Danthine, Blecker, &
Deroanne, 2007) and little on the macroscopic stability of the system as
a function of composition (Fredrick et al., 2013; Vanderghem et al.,
2007; S.; Wu et al., 2016; Zhou et al., 2016). Studies on milk fat-water
interfaces are still scarce, in spite of the important role of interfacial
properties in milk fat emulsion stability, both under quiescent condi
tions and during whipping.
Whey protein is widely used in the food industry, not only because it
contains all essential amino acids and is well digestible (Hoffman &
Falvo, 2004), but also because of its good emulsifying ability. The
physicochemical properties of whey protein and its applications in
emulsion are clearly discussed in several reviews (Damodaran, 2005;
Nicolai, Britten, & Schmitt, 2011). Many studies have been devoted to
the interfacial properties of whey protein-stabilized interfaces (Davis &
Foegeding, 2004; Petkov, Gurkov, Campbell, & Borwankar, 2000;
~ o, & Sa
�nchez, 1999; Wooster &
Rodríguez Patino, Rodríguez Nin
Augustin, 2007). Most of these either focused on air-water interfaces or
on plant oil-water interfaces, and very few studies are available on the
interfacial properties in the large deformation (i.e. nonlinear response)
regime. However, during manufacturing (e.g. homogenization, pump
ing, whipping) the droplets in emulsions are routinely subjected to large
deformations. Consequently, studying the interfacial properties of
oil-water interfaces at large and fast dynamic strains is extremely rele
vant, and for the dynamic stability of emulsions, it is surely more rele
vant than small amplitude oscillatory deformations at low frequencies.
Lissajous plots are a powerful tool to study the interfacial properties of
protein-stabilized interfaces in the nonlinear regime and have already
been utilized in several studies. Schr€
oder, Berton-Carabin, Venema, and
Cornacchia (2017); Wan, Yang, and Sagis (2016); Chen et al. (2017)
have studied the interfacial properties of interfaces stabilized by whey
protein hydrolysates, soy protein fibrils and casein micelles, respec
tively, using large amplitude oscillatory dilatations. The anhydrous milk
fat-water interface has so far not been studied with this approach.
In recent decades, several studies have appeared in which the effects
of modifications of native whey proteins, such as (partial) hydro
lyzation, enzymatic modification, or heat induced aggregation, on the
emulsifying properties, were investigated. Some studies claim that after
heating between 60 and 90 � C, whey protein will lose its emulsifying
ability to a great extent (Dybowska, 2011; Millqvist-Fureby, Elofsson, &
Bergenståhl, 2001). However, according to Dybowska (2011); Nicolai

and Durand (2013), whey protein aggregates prepared by controlled
heat treatment can improve emulsion stability. Dybowska (2011) hy
pothesized that the improved stability is the result of the formation of
thicker interfacial layers around the oil droplets. This opinion is sup
ported by transmission electron micrographs made by Foley and
O’Connell (1990). In summary, although the emulsifying ability of whey
protein aggregates is worse than that of native whey protein, aggregates
can apparently still stabilize emulsions, mainly because of the interfacial
structures they form. The mechanical properties of these interfacial
structures have not been well studied. Recently, the application of whey
protein microgel particles in emulsion stabilization has also attracted
much attention. Microgels are claimed to adsorb at the interface to form
Pickering emulsions, and efficiently prevent coalescence. Whey protein
microgels are made without cross-linking agents (Schmitt et al., 2010),
and are promising materials to encapsulate emulsions to delay lipid
digestion (Sarkar et al., 2016) or for drug delivery (Jiang, Chen, Deng,
Suuronen, & Zhong, 2014). A few studies have investigated the effects of
pH, ionic strength, protein concentration on the stability of emulsions
stabilized by whey protein microgels and on the microstructure of the
interfaces (Destribats, Rouvet, Gehin-Delval, Schmitt, & Binks, 2014; J.;
Wu et al., 2015). Again, the mechanical properties of these structures at
the interface have not been investigated in detail. In particular, data in
the nonlinear response regime are lacking, and the relation between
(nonlinear) interfacial properties and emulsion stability under quiescent
conditions and far from equilibrium conditions still needs to be
explored. Considering the application of plant protein is quickly gaining
interest nowadays, an accurate characterization of the properties of
dairy ingredients provides benchmarks for future studies on non-dairy
materials.
The aim of the present study was to investigate the interfacial
properties of anhydrous milk fat-water interfaces stabilized by native
whey protein (WPI) and heat-induced aggregates (WPA), and link these
properties and bulk properties of the continuous phase to the stability of
model milk fat emulsions at quiescent and dynamic conditions. The
interfacial properties of anhydrous oil-water interfaces were studied by
large amplitude oscillatory dilatation (LAOD). Lissajous plots were uti
lized to characterize the nonlinear response of WPI- and WPA-stabilized
interfaces at different bulk concentrations (0.1 wt% and 4.0 wt%). The
bulk stability of the milk fat emulsion was studied in terms of droplet
size distribution, viscosity of the continuous phase, creaming rate, and
ζ-potential. The stability of the milk fat emulsions in dynamic conditions
was also investigated by subjecting the emulsions to vigorous stirring,
and monitoring the effects of this processing step on emulsion stability.
2. Materials and methods
2.1. Materials
Anhydrous milk fat was kindly donated by FrieslandCampina
(Wageningen, Netherlands). Whey protein isolate (WPI, 88.8% protein
content) was purchased from Davisco (USA). According to the specifi
cation sheet provided by Davisco, the lactose and calcium content of
WPI were 0.2 wt% and 0.1 wt%, respectively. Florisil (60–100 mesh), 8anilino-1-naphtalenesulfonic acid ammonium salt (ANS), sodium
dodecyl sulfate (SDS) and sodium azide were purchased from Sigma
(Netherlands). The phosphate buffer (PB, 0.01M, pH 7.0) used to mea
sure protein hydrophobicity was made from sodium dihydrogen phos
phate monohydrate (NaH2PO4∙H2O) and di-sodium hydrogen
phosphate dihydrate (Na2HPO4∙2H2O) (Merck, Germany).
2.2. Methods
2.2.1. Sample preparation
2.2.1.1. Purification of anhydrous milk fat. Florisil was desiccated
2
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overnight at 120 � C in an oven, then cooled down to room temperature.
Anhydrous milk fat was melted at 60 � C and mixed with 10 wt% Florisil.
The mixture was stirred while being heated in water bath set at 60 � C.
Samples of anhydrous milk fat were taken every hour to measure the
interfacial tension of a milk fat - Milli-Q water interface, until a constant
value was obtained. Finally, Florisil was removed from the milk fat using
filter papers (Whatman, Grade 4, diam.90 mm, England). The purified
anhydrous milk fat was stored at 20 � C.

function of protein concentration was used to quantify the extent of
hydrophobicity. All measurements were made in triplicate.
2.2.3. Characterization of the milk fat emulsions
2.2.3.1. Creaming rate. A LUMiFuge (LUM LUMGmbH, Germany) was
used to test the creaming behavior of samples at a constant gravitational
acceleration value at room temperature (20 � C). The samples were
centrifuged at 1000 g for 2600 s, which is equivalent to approximately
one month of storage at 1 g. The light factor was set to 1.0. The mea
surement time interval was equal to 10 s. The creaming rate was
calculated using the LUMiFuge Front Tracking module, and the tracked
transmission value was 25%. The creaming rate is defined as:

2.2.1.2. Whey protein solutions and whey protein aggregate (WPA) sol
utions. WPI powder was dissolved in Milli-Q water overnight to obtain a
6.25 wt% WPI solution; 0.02 wt% sodium azide was added to prevent
spoilage. The WPI solution was centrifuged for 30 min at 104 g to remove
non-dissolved material (most likely insoluble aggregates). The super
natant was subsequently filtered by a syringe filter with pore size 0.45
μm and then stored as a WPI stock solution. The protein content of the
stock solution was 5.49 wt%, as determined by Dumas (conversion co
efficient: 6.25) and the pH was 6.8–7.0. Subsequently, the stock solution
was diluted with MilliQ water to make samples with protein concen
trations of 0.1, 0.2, 0.5, 1.0, 2.0 and 4.0 wt%.
The WPA aggregate dispersion was made from WPI stock solution.
The stock solution was poured into a glass 250 mL beaker, and subjected
to heat treatment in a water bath (80 � C, 30 min). During the heat
treatment, the solution was stirred (300 rpm) with a magnetic stirrer
(Framo, M20/1, Germany). The stirring bar had a length of 4 cm. Af
terwards, the sample was cooled down by ice water, and diluted by MilliQ water to obtain samples with protein concentrations of 0.1, 0.2, 0.5,
1.0, 2.0, and 4.0 wt%.

Creaming rate ¼

jΔLj
Δt

(1)

where ΔL is the change of position of the layer with 25% transmission in
the time period Δt. Only the linear part of the curve of layer position
versus time was considered.
In order to analyse the degree of coalescence or aggregation during
centrifugation, samples were carefully taken from the tubes with a sy
ringe, and their droplet size distribution was measured as described here
below.
2.2.3.2. Oil droplet size distribution. The oil droplet size distribution of
the emulsions was tested using a MasterSizer 2000 (Malvern In
struments Ltd., UK) with static light scattering. The cream was dispersed
in distilled water until the obscuration was 15%. The refractive indices
used for the dispersed phase (anhydrous milk fat) and dispersant were
1.461 and 1.330, respectively. The absorption index was 0.01. The
weight-volume mean oil droplet diameter d4,3 (μm) was calculated with
Eq. (2).
P
ni di 4
d4;3 ¼ P
(2)
ni di 3

2.2.1.3. Cream preparation. Cream samples with different stabilizer
concentrations, both WPI and WPA, were prepared. The anhydrous milk
fat was melted at 60 � C, then poured into the protein solutions to pro
duce a mixture with 20 wt% fat. The mixture was kept at 60 � C in a water
bath for 15 min. Subsequently, it was pre-homogenized using an UltraTurrax (IKA T25, Germany) at 6000 rpm, and finally homogenized by
two-steps homogenization (Delta Instruments, Netherlands). Pressure
was set at 100 bar for the first step and 40 bar for the second step.
Samples were sealed in blue cap bottles and stored overnight at room
temperature before analysis.

where ni is the number of particles with the same diameter, and di is the
particle diameter.
For checking the degree of aggregation of droplets, the oil droplet
size distribution of emulsion samples with added SDS was also tested.
Samples were mixed in a 1:1 vol ratio with 1.0 wt% SDS solution, and
then 100 times diluted by distilled water, before measuring the droplet
size distribution.

2.2.2. Characterization of the protein samples
2.2.2.1. Particle size distribution. The particle size distribution of WPI or
WPA was determined using a Malvern Zetasizer Nano-ZS (Malvern In
struments Ltd, United Kingdom) at 20 � C, with cell type DTS0012.
Protein solutions were filtered by syringe filter with pore size 0.45 μm
and subsequently diluted to 0.4 wt% with Milli-Q water. The refractive
and absorption indices were 1.450 and 0.001 respectively. The refrac
tive index of dispersant (water) was 1.330. Before each test, samples
were equilibrated for 2 min.

2.2.3.3. Viscosity of continuous phase. The viscosity of continuous phase
was tested with an Ubbelodhe capillary viscometer with constant
0.01078 mm2⋅s 2 (SI Analytics GmbH, Germany) at 20 � C. The dynamic
viscosity η (mPa∙s) can be calculated with Eq. (3).

η ¼ Ctρ ⋅ 10

3

(3)

where C is the constant of the Ubbelodhe capillary viscometer
(mm2∙s 2), t is the time taken by the liquid front to pass from the upper
to lower marks (s); ρ is the density of protein solution (kg∙m3).

2.2.2.2. Hydrophobicity. Protein surface hydrophobicity was measured
with methods described by Lam and Nickerson (2015). WPI solutions
were diluted with PB buffer (0.01 M, pH 7.0) to obtain a concentration
range from 0.02 wt% to 0.1 wt%. WPA solutions were diluted to a range
from 0.005 wt% to 0.04 wt%. For each protein sample, 1 mL was added
in a cuvette (10 � 10 � 45 mm, SARSTEDT, Germany) and mixed with
10 μL of 8 mmol/L 8-anilino-1-naphtalenesulfonic acid ammonium salt
(ANS) solution (in 10 mM PB, pH 7.0). The mixture was incubated in the
dark, while being shaken for 1 h. PB-ANSA without protein was used as a
blank, and PB-protein was the control. Fluorescence was measured using
a Fluorimeter (PerkinElmer, UK) at excitation wavelength of 390 nm,
and emission wavelength of 470 nm. The slit width was set at 5 nm. The
intensities of blank and control were subtracted for each protein sample
to obtain the net fluorescence. The slope of the net fluorescence as the

2.2.3.4. ζ-potential. The ζ-potential of emulsion droplets was measured
using a ZetaSizer Nano ZS (Malvern Instruments Ltd., UK). The samples
were diluted 1000 times with Milli-Q water. Each measurement was
performed 3 times at room temperature (20 � C). The refractive and
absorption indices used for the oil droplets were set to 1.461 and 0.001
respectively. Milli-Q water was used as dispersant with refractive index
1.330 and dielectric constant 80.4. The cell type was DTS1070.
2.2.3.5. Stability of cream at dynamic conditions. Recombined dairy
creams made with 4.0 wt% WPI or WPA were put in a water bath to
warm up to 40 � C. Then the samples were subjected to stirring with a
3
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Turrax (IKA T25, Germany) at 3000 rpm for 15 min. During the
described experiment, the droplet size distribution of the samples was
measured every 5 min. Tests were also conducted at different stirring
speeds, i.e. 3000, 9000 and 10000 rpm.
2.2.4. Interfacial properties
2.2.4.1. Interfacial tension measurements. The interfacial tension of the
purified milk fat-water interface was determined using a Tracker
Automated Droplet Tensiometer (ADT) (Teclis, France). The purified
anhydrous milk fat was poured into the cuvette of this system. A tem
perature control module was used to keep the temperature of the fat at
40 � C. A pendent drop of water or the protein samples was formed at the
tip of a motored syringe (Trajan, Australia), submerged in the oil phase.
The surface area of the droplet was 20 mm2. The density of the droplet
fluid and anhydrous milk fat at 40 � C were determined using a density
meter (DMA 5000, Anton Paar, Germany), and the values were 0.9922
g/mL and 0.9041 g/mL, respectively. The time evolution of the inter
facial tension was monitored for 1 h.

Fig. 1. Fluorescence intensity of WPI-ANS or WPA-ANS in PB buffer (0.01 M,
pH 7.0, 20 � C) as a function of protein concentration, and their linear fits. The
slope of the curve represents the relative hydrophobicity of the proteins.

2.2.4.2. Large amplitude oscillatory dilatation (LAOD). After monitoring
the interfacial tension for 1 h, sinusoidal oscillatory area deformations
were applied to the droplet interface. The oscillation frequency was set
as 0.005 Hz, and an amplitude sweep was performed in which the
amplitude was set to 5, 10, 15, 20, 25 and 30%. For each amplitude, 5
cycles of oscillation were applied, followed by 300 s of recovery. The
middle 3 cycles were used for constructing Lissajous Plots. Lissjaous
Plots were made using the method described by Sagis and Fischer
(2014). According to this method, the surface pressure, (π), is plotted
against the relative area deformation (γ), in a cyclic plot. The defor
mation and surface pressure were calculated using Eq. (4) and Eq. (5):
γ¼

At

π ¼ σt

A0

(4)

σ0

(5)

A0

where At and σt are the interfacial area and interfacial tension at time t;
A0 and σ0 are the initial interfacial area and interfacial tension. The
Lissajous Plots were analyzed in terms of the dilatational moduli at
minimum and large extension (EdEM and EdEL, respectively), and the
dilatational moduli at minimum and large compression (EdCM and EdCL,
respectively), introduced earlier by van Kempen, Schols, van der Linden,
and Sagis (2013) and based on a scheme introduced by Ewoldt, Hosoi,
and McKinley (2008).
Once the amplitude sweep was completed, a new droplet was formed
and the test was repeated at a higher frequency. The frequencies applied
in this study were 0.005, 0.01, 0.02, 0.05 and 0.1 Hz.

Fig. 2. Volume-weighted size distribution of WPI and WPA at room tempera
ture (20 � C). Protein samples were diluted to 0.4 wt% with MilliQ water
before testing.

result of the formation mechanism of WPA (Aguilera, 1995; Spiegel,
1999; Wijayanti, Bansal, & Deeth, 2014). First of all, during heat
treatment globular proteins unfolded and reactive groups were exposed.
The unfolded molecules aggregated, but the shear forces induced by
stirring prevented the formation of a connected gel network, and indi
vidual protein aggregates were produced. As a result of the unfolding,
more hydrophobic groups were exposed in WPA compared to native
whey protein.
The scattering intensity scales with the size of particles to the power
six, and the scattering of smaller particles can be somewhat obscured by
the scattering of a few larger particles (Fig. S1). Therefore, the results are
shown in terms of the volume-weight distribution rather than the
intensity-weight distribution. As shown in Fig. 2, the size of WPI was
smaller than 10 nm and distributed around 2 nm, while the peak of the
size distribution of WPA was around 20 nm. These size distributions of
WPI and WPA are in line with the results from Yang, Thielen,
Berton-Carabin, van der Linden, and Sagis (2020).

2.2.5. Statistical analysis
In this study, all samples were prepared at least in duplicates, and all
tests were conducted at least twice. For the samples with the same
protein, statistical differences among concentrations were checked by
ANOVA analysis, followed by Tukey’s post hoc test, and significant
differences were marked with different letters. For the samples with the
same concentration, statistical differences between WPI and WPA were
checked by T-test, and significant differences were marked with an
asterisk (*). All analyses were conducted by IBM SPSS 25 (IBM SPSS Inc.,
Chicago, IL, USA). Significance was set as P < 0.05.
3. Results and discussion
3.1. Hydrophobicity and particle size distribution of the protein samples

3.2. Bulk stability

As shown in Fig. 1, the slope of WPA was much higher than WPI,
which meant that WPA was more hydrophobic than WPI. This is the

To explore whether aggregation of the protein can affect emulsion
stability, the creaming rate of the droplets, their size distribution over
4
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concentration can also be used for interpreting stability data of the
non-purified milk fat emulsions.
3.2.1. Creaming rate
The creaming rate of the emulsions decreased dramatically as the
WPI or WPA concentration increased from 0.1 to 0.5 wt% (Fig. 3). Above
0.5 wt%, WPI-stabilized emulsions showed a nearly constant creaming
rate. For WPA-stabilized emulsions, the creaming rate kept decreasing
with increasing protein concentration. When the protein concentration
was below 1.5 wt%, WPI-stabilized emulsions had a slower creaming
rate than WPA-stabilized emulsions. Above 2.0 wt%, WPA-stabilized
emulsions creamed more slowly than WPI-stabilized ones. To explain
these observations, we investigated the droplet size distribution of the
emulsions (section 3.2.2) and the continuous phase viscosity of the
samples (section 3.2.3).
3.2.2. Droplet size distribution
The oil droplet size distribution of fresh milk fat emulsions (0d) and
of samples centrifuged under conditions simulating a storage of 30 days
(30d) was measured with (þSDS) and without SDS. This surfactant was
added to unveil the presence of oil droplet aggregates, which would be
disrupted by it. Our results suggest that at concentrations of 0.1 wt% and
0.2 wt%, neither WPI nor WPA could stabilize the emulsions. Fresh
emulsions prepared with 0.1 wt% or 0.2 wt% WPI showed a single peak
(Fig. 4). The 30d samples stabilized with these WPI concentrations had a
bimodal distribution, while 30d þ SDS showed a single peak, close to the
original size distribution. Hence, for these emulsions the main destabi
lization mechanism was flocculation, and not coalescence. Similar
behavior was observed for the samples with the same concentrations of
WPA. However, during storage, coalescence or irreversible aggregation
occurred in these emulsions, since the particle size distribution of the
30d WPA sample did not shift back to the original distribution after
adding SDS. A significant shoulder remained at the right of the main
peak.
At 0.5 wt%, both WPI and WPA could stabilize the emulsions against
coalescence or aggregation, as the droplet size distribution of the 30d
samples and 0d samples overlapped. Compared with WPI, the use of
WPA always led to the formation of larger oil droplets, especially when
the concentration was lower than 2.0 wt%. This is an indication that
WPA had a weaker emulsifying ability. Above 2.0 wt%, the difference in
mean oil droplet size d4,3 (Table 1) between WPI- and WPA-stabilized

Fig. 3. Creaming rate of milk fat emulsions stabilized with WPI or WPA as a
function of protein concentration, measured at room temperature (20 � C), and
103 g. An asterisk (*) is used to denote statistical differences between proteins
at the same concentrations. Different letters mark the statistical differences
between concentrations of the samples with the same protein.

time, their ζ-potential, and the effects of continuous phase viscosity on
creaming were studied for milk fat emulsions stabilized by either WPI or
WPA (at various concentrations). The emulsion tests were done with
both purified and non-purified milk fat (results for the latter are
included in the supplementary information; Fig. S2 - Fig. S5). There
were only minor differences in stability between the two systems, which
were mainly observed at low protein concentrations. At high protein
concentrations, purified or non-purified milk fat emulsion systems had
no difference in stability. Apparently, at low protein concentrations, the
surface active components in anhydrous milk fat like mono- or diglycerides could compete with proteins for adsorption at the interface
(Eric Dickinson, 1999; Dickinson & Tanai, 1992; Granger, Barey,
Combe, Veschambre, & Cansell, 2003), and as a result, the stability was
influenced by these surface active components. At a high protein con
centration, the effects of proteins became more dominant in the system,
and as a result, the differences between emulsions with purified milk fat
or non-purified milk fat diminished. Therefore, the data of the interfacial
characterization of the samples with purified milk fat and a high protein

Fig. 4. Droplet size distribution of milk fat emulsions stabilized with WPI and WPA at various protein concentrations, including fresh samples (0d) with (þSDS) and
without SDS, and samples after a simulated storage of 30 days (30d), with (þSDS) and without SDS.
5
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Table 1
d4,3 (μm) of fresh milk fat emulsions (0d) made from WPI or WPA. An asterisk (*)
is used to indicate statistical differences between the two protein samples at the
same concentrations. Different letters indicate statistical differences among
different concentrations of the samples with the same protein.
Proteins
WPI
WPA

Concentrations (wt%)
0.1

0.2

0.5

1.0

2.0

4.0

2.31 �
0.29 A*
13.00 �
3.76 a

1.50 �
0.05 B*
2.92 �
0.10 b

1.42 �
0.07 B*
2.63 �
0.01 b

1.42 �
0.05 B*
1.92 �
0.05 b

1.39 �
0.04 B*
1.49 �
0.01 b

1.40 �
0.02 B*
1.37 �
0.01 b

Fig. 6. ζ-potential of milk fat emulsions made with WPI or WPA at various
protein concentrations, measured at 20 � C. The emulsions were 1000 times
diluted by MilliQ water before testing. An asterisk (*) is used to indicate sta
tistical differences between the two protein samples at the same concentrations.
Different letters indicate statistical differences among different concentrations
of the samples with the same protein.

Fig. 5. Viscosity of WPI solutions and WPA dispersions at protein concentra
tions of 0.1 wt%, 0.2 wt%, 0.5 wt%, 1.0 wt%, 2.0 wt%, 4.0 wt%, at 20 � C. An
asterisk (*) is used to indicate statistical differences between the two protein
samples at the same concentrations. Different letters indicate statistical differ
ences among different concentrations of the samples with the same protein.

emulsions was negligible (<0.10 μm).
3.2.3. Viscosity of the continuous phase
With an increase in protein concentration, the viscosity of both WPI
and WPA solutions increased. Fig. 5 shows that the viscosity of the WPA
solution was significantly higher than that of the WPI solution, partic
ularly at the highest concentrations. This implied that WPA was a more
efficient thickener. Combined with the data of the mean oil droplet size,
d4,3, shown in Table 1, the viscosity differences between WPI solutions
and WPA dispersions could explain the differences in creaming rate we
observed in section 3.2.1. At low concentrations (0.1 wt% -1.0 wt%),
where the viscosities of the emulsions stabilized with the two proteins
were still similar, the droplet size difference between the WPI- and WPAstabilized emulsions was responsible for the higher creaming rate of the
WPA emulsions. At higher concentrations (>1.0 wt%), the mean droplet
sizes of the two emulsions were close, but the difference in viscosity of
the continuous phase was much larger. As a result, the WPA emulsions
had a lower creaming rate.

Fig. 7. Interfacial tension between anhydrous milk fat and a WPI solution or a
WPA dispersion at 40 � C. Data before 50 s is not shown, since the droplet was
not yet in thermal equilibrium with the continuous oil phase.

was marginal (<5 mV), and we can conclude that differences in stability
between the two emulsions were unlikely to be related to differences in
electrostatic repulsion among droplets.
3.3. Interfacial properties
All measurements of interfacial properties were done with purified
milk fat, as the surface tension of the interface between non-purified
milk fat and the protein solutions was too low, resulting in detach
ment of the droplet from the tip of the needle of the tensiometer. As a
result of the much lower surface to volume ratio, tensiometry mea
surements are more sensitive to these impurities. As we pointed out
above (section 3.2), the differences in macroscopic properties between
purified and non-purified milk fat emulsions were negligible at higher
protein concentrations, so interfacial data for purified milk fat can also
be used for interpreting stability data of the non-purified milk fat
emulsions.

3.2.4. ζ-potential
The pH of the milk fat emulsions was approximately neutral (around
7), and at this pH whey protein is negatively charged. Upon increasing
protein concentration from 0.1 to 4.0 wt%, the ζ-potential of WPIstabilized emulsions gradually and significantly (P < 0.05) decreased
from 39.13 � 3.59 mV to 56.82 � 1.68 mV (Fig. 6). In the same
concentration range, the ζ-potential of WPA-stabilized emulsions
decreased from 36.77 � 1.06 mV to 60.23 � 2.56 mV. Although at a
concentration of 4.0 wt%, the values of the ζ-potential of the emulsions
stabilized by the two proteins were significantly different, the difference
6
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Fig. 8. Pipkin Plots showing the evolution of the surface pressure of WPI- and WPA-stabilized milk fat-water interfaces at protein concentrations of 0.1 and 4.0 wt%.
Strain amplitude was varied from 10% to 30%. Frequency was varied from 0.005 Hz to 0.05 Hz.

3.3.1. Interfacial tension
The interfacial tension as a function of time, from 50 s to 3600 s, is
shown in Fig. 7. The data obtained before 50 s is not shown, because the
droplets had not yet reached their target temperature of 40 � C, and were
therefore not in thermal equilibrium with the continuous oil phase. At a
concentration of 0.1 wt%, WPI decreased the interfacial tension of the
milk fat-water interface to a nearly constant value of about 15 mN/m in
approximately 1000 s, while for WPA the interfacial tensions decreased
much less and much more slowly, in spite of the fact that WPA has a
higher surface hydrophobicity (see Fig. 1) and was therefore expected to
more readily adsorb at the interface. It has been shown that molecular
size can have a significant influence on the rate of adsorption (Beverung,
Radke, & Blanch, 1999; Dybowska, 2011; Jung, Gunes, & Mezzenga,
2010; Sobhaninia, Nasirpour, Shahedi, & Golkar, 2017). Larger mole
cules and particles may diffuse towards and adsorb at the interface more
slowly than smaller ones. Increased rigidity could also be a factor
(Dybowska, 2011; Segall & Goff, 2002; Wijayanti et al., 2014), since it
would cause aggregates to unfold more slowly and to a lesser extent at
the interface. Beverung et al. (1999) showed that compared to smaller

size proteins, larger molecules need a higher surface coverage to achieve
the same decrease in interfacial tension. All these would explain why at
a low concentration, WPA reduced interfacial tension much slower than
WPI. When the concentration increased to 4.0 wt%, the initial
diffusion-controlled phase could not be observed, which meant at a high
protein concentration, the interface quickly became saturated with WPI
or WPA, within the 50 s start-up phase in which thermal equilibrium was
not yet attained. Once the interfaces became saturated, WPI and WPA
decreased the interfacial tension to a similar extent. This explains the
nearly equal droplet size of the emulsions prepared at this protein
concentration (Table 1 in section 3.2.2). During emulsion formation,
convection contributed to the transfer of proteins to the interface,
together with diffusion, quickly saturating the interfaces with proteins.
Since WPI and WPA decreased interfacial tension to a similar extent at
saturation, similar oil droplet sizes were obtained in emulsion formation
when the energy input was the same.
3.3.2. Large amplitude oscillatory dilatation
In order to study the interfacial properties of WPI- and WPA7
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Fig. 9. EdEM of WPI- and WPA-stabilized milk-fat-water interfaces at protein concentrations of 0.1 and 4.0 wt% as the function of strain amplitude and
strain frequency.

stabilized milk fat-water interfaces in the nonlinear regime, large
amplitude oscillatory dilatational (LAOD) measurements were per
formed, including amplitude and frequency sweeps. The obtained Pipkin
plots are shown in Fig. 8. In general, the Lissajous plots became
increasingly asymmetric with increasing amplitude, which meant that
the response became progressively nonlinear. In expansion, strain soft
ening was observed both for WPI- and WPA-stabilized interfaces, as
evidenced from the decrease of the slope in the upper right quadrant of
the plot. At a low concentration (0.1 wt%), the response of both WPIand WPA-stabilized interfaces was dominated by the elastic contribution
(Fig. 8), since the Lissajous plots were very narrow. The plots for the
WPA-stabilized interfaces were narrower, indicating that the structure
at the interface had a lower loss tangent and was relatively more solidlike. The stiffness of the two interfaces was however comparable at this
concentration. At a high concentration (4.0 wt%), the strain softening
behavior was more pronounced for WPI-stabilized interfaces. Particu
larly at 30% deformation, the plots for these interfaces had a high initial
slope at the start of the expansion part of the cycle (the lower left corner
of the plot), followed by an abrupt change in the slope, after which the
slope was near zero. This pointed to intra-cycle yielding, which meant
that the structure had been disrupted to such an extent that it started to
flow, and the response became predominantly viscous. Compared with
WPI, WPA-stabilized interfaces had a milder and more gradual strain
softening in expansion, and a larger maximum linear strain. So, although
the two types of interfaces appeared to be similar in stiffness, the WPAstabilized interfaces were more stretchable and less brittle than the WPIstabilized interfaces.
The Lissajous plots were analyzed using a method introduced by
Ewoldt et al. (2008), and modified by van Kempen et al. (2013). The
elastic modulus EdEM (the tangent modulus in expansion at minimum
strain) was calculated and plotted in Fig. 9. Additional plots for the
modulus EdCM (the tangent modulus in compression at minimum strain),

EdCL (the secant modulus in compression at largest strain) and EdEL (the
secant modulus in expansion at largest strain) are provided in the sup
plementary information (Fig. S6 – Fig. S8). For EdEM, there was no dif
ference between WPI- and WPA-stabilized interfaces at a low
concentration (Fig. 9). However, at a high concentration, the value of
EdEM of the WPI-stabilized interface decreased substantially as a func
tion of amplitude, from a maximum value of 18.0 mN/m to a value of
2.6 mN/m (when the frequency was 0.005 Hz). This clearly showed the
yielding of the structure, in which the interfacial behavior changed from
viscoelastic solid to viscoelastic liquid behavior. The stronger frequency
dependence observed for WPI at high strains could be attributed to an
increased mobility within the interface, which led to shorter relaxation
times, and as a result, the frequency range where the response was still
frequency-dependent was shifted to higher frequencies. In contrast, the
value of EdEM of the WPA-stabilized interfaces showed a much smaller
and more gradual decrease with increasing amplitude. This decrease
was virtually independent of frequency, which implied that the interface
retained a more viscoelastic solid like behavior, even at the highest
amplitudes tested. At a high protein concentration, adsorption to and
desorption from the interface could play a role in the response to
oscillatory deformations. However, when plotting the elastic moduli as a
function of frequency, in the linear regime, we observed a power law
behavior (E’~ωn), with a value of the power n for WPI or WPA between
0.1 and 0.2 (Fig. S9). This was significantly lower than the value of n ¼
0.5, predicted by the Lucassen van den Tempel model, for interfaces in
which the response is dominated by diffusion between bulk and inter
face (Lucassen & Van Den Tempel, 1972; Sagis et al., 2019). Combined
with the low loss tangent (Table S1), the power law behavior we
observed was indicative of an interface with a soft viscoelastic disor
dered solid structure, which implied that the response of WPI or WPA
stabilized interfaces to dilatation was dominated by in-plane
interactions.
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Fig. 10. Schematic representation of the (quasi-) 2d structure on oil-water interfaces formed by WPI (A), and the 3d structure formed by WPA (B).

Fig. 11. Evolution of the droplet size distribution of emulsions made with 4.0 wt% WPI or WPA upon stirring at different speeds.

Based on the facts that, 1) WPA has a larger size than WPI; 2) at 4.0
wt%, WPI showed abrupt intra-cycle yielding followed by a predomi
nantly viscous behavior at large expansion; and 3) the WPA interfacial
layer had a larger maximum linear strain, and showed a more gradual
softening in expansion and mild strain hardening in compression, we
formulate the hypothesis that WPI might form a denser and more brittle
(quasi-) 2d interfacial structure, and WPA might form a coarser and
thicker 3d interfacial structure (Fig. 10). For WPI, molecules were
further compressed and concentrated during the compression, which
resulted in a higher connectivity among molecules. Subsequently, dur
ing the expansion, the interface initially showed a solid elastic response,
followed by yielding, which was evidenced by a steep initial slope in the
expansion part of Lissajous plots, followed by a near zero slope. For
WPA, the coarser and thicker 3d structure led to a lower connectivity
among aggregates. Consequently, the plots had a smaller initial slope
and the interfaces retained more of their elastic behavior in the expan
sion part of the Lissajous plots, and only a gradual softening was found at
the end of the expansion. These differences in structure between WPI
and WPA-stabilized interfaces also implied that the WPI and WPAstabilized emulsions may have differences at dynamic conditions. In
the following, the stability of WPI and WPA-stabilized emulsions under
dynamic conditions will be discussed in section 3.4.

speeds and stirring times (Fig. 11). Microscopic images of the samples
after stirring are shown in the supplementary information (Fig. S10 and
Fig. S11). At a stirring speed of 3000 rpm, both WPI- and WPA-stabilized
emulsions were stable against coalescence (data is not shown). The
emulsions started to destabilize once the stirring speed was increased to
9000 rpm, where another peak at around 20 μm could be observed in the
size distribution. At 9000 rpm, the difference between WPI- and WPAstabilized emulsions was still negligible. However, at 10000 rpm WPA,
compared with WPI, always had a slightly higher peak at 11 μm and a
lower peak at 1.5 μm. This meant that the WPA-stabilized emulsion was
somewhat less resistant to the strong stirring than WPI, although the
difference was quite small.
The results of section 3.3.2 proved that under dynamic conditions the
interface stabilized by WPI displayed intra cycle yielding behavior and
behaved more like a (quasi-) 2d viscoelastic liquid at large deformations,
while the WPA layer did not show this yielding behavior, but a more
gradual softening, retaining more of a solid-like behavior. As a result,
the WPA interfacial layer could break at large and fast deformations,
leading to exposure of parts of the interface, and to an increase in the
rate of coalescence. Although at a high protein concentration, the
interface formed by WPI was more brittle than the WPA interfacial layer,
WPI could flow and remain at the interface during fast and large
deformation. Consequently, it could protect oil droplets by a mechanism
similar to the Marangoni effect demonstrated for small molecular
surfactants.

3.4. Stability of the emulsions at dynamic conditions
The stability of the emulsions under dynamic conditions was tested
by determining the droplet size distribution after stirring at various
9
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In this study the stability of milk fat emulsions prepared with WPI or
WPA is explained in terms of bulk and interfacial properties. For
emulsions with a low protein content, WPI displays better emulsifying
ability than WPA, even though in the linear regime the viscoelastic
properties of interfaces formed by the two proteins are similar. At high
concentrations, WPA can stabilize emulsions better than WPI, as WPA
can thicken the continuous phase of the emulsion more effectively.
However, emulsions made with WPA are less stable when they are
subjected to vigorous stirring. This may be caused by the fact that the
WPI-stabilized interface has a denser and more brittle (quasi-) 2d
structure. At large deformations, the WPI-stabilized interface shows
yielding, thus preventing coalescence by a mechanism similar to the
Marangoni effect. On the other hand, WPA forms a coarser and thicker
3d interfacial structure that is more solid-like, but may break at a large
deformation. The results presented here are not only useful for devel
oping more stable recombined dairy products, but also shed light on the
effect of heat-induced whey protein modification on emulsifying ability
and emulsion stability.
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