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Chapter 1
General Introduction

Chapter 1

1.1. Dairy based emulsions
In emulsions, when oil is dispersed in the water phase, the increase of
surface area between oil and water results in an increase of the overall free
energy of the system. According to thermodynamics, two immiscible phases
tend to phase separate to spontaneously minimize surface area and free
energy. Creaming and coalescence of oil droplets will then occur. Emulsifiers
and proteins are normally used to stabilize emulsions, but by different
mechanisms. Low molecular weight emulsifiers significantly decrease the
interfacial tension, thereby decreasing the size of lipid droplets after
homogenization. They also prevent the merging of lipid droplets by
Marangoni effects, thus improving the stability against coalescence. Some
recent research also claimed that emulsifiers with a high melting point can
prevent (partial) coalescence by forming solid layers around the surface of
the droplet (Fredrick, et al., 2013; Munk, et al., 2014), but this mechanism is
not yet well investigated. Proteins, although they are not as surface active
as low molecular weight surfactants (Liang, et al., 2017; Rosen, et al., 2012),
are also amphiphilic and can adsorb at interfaces. Proteins form viscoelastic
layers at interfaces, which can stabilize droplets by electrostatic and steric
repulsion. The stability of droplets against coalescence and creaming is
thereby improved during long-term storage.
In areas where dairy sources are scarce, dairy products are traditionally
considered as luxury products. The spread of the consumption of dairy
products is thus restricted to certain regions (Wu, et al., 2016). The
development of recombined dairy products, for instance, milk reconstituted
from milk powder, largely makes up for the shortage of dairy products in
those areas. Such a development has significantly boosted the export and
import of dairy ingredients among regions or countries. Recombined dairy
cream (RDC) is one of these recombined dairy products and is a substitute
for natural cream. RDC is composed of anhydrous milk fat, water, and some
stabilizers. Compared with natural cream, recombined dairy cream has a
number of competitive advantages. For example, the composition and
desired properties of RDC can be standardized and adapted independently
of the milking season, all the ingredients can be easily stored and
transported, and its recipe can be adjusted if needed (van Lent, et al., 2008;
Zhou, et al., 2016). However, compared with natural cream, recombined
dairy cream has a main disadvantage that it is more kinetically unstable. In
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natural cream, lipid droplets are covered with natural fat globule
membranes, which can efficiently prevent coalescence and can protect lipid
droplets from the activity of enzymes. Recombined dairy cream is made
from anhydrous milk fat. During the manufacture of anhydrous milk fat, fat
globule membranes are removed (Tamime, 2009). Without the protection
of globule membranes around fat globules, the stability of RDC is much
worse than that of natural dairy cream. Some instability phenomena may
happen in RDC, for instance, coalescence, creaming, partial coalescence,
aggregation and flocculation (Fredrick, et al., 2010). These instability
phenomena can normally be prevented by utilizing stabilizers, including low
molecular weight emulsifiers, proteins, and thickeners.
Taking production costs into consideration, normally, proteins and
emulsifiers are mixed together in emulsion products, including RDC. This is
also the reason why many researchers are interested in the interactions
between emulsifiers and proteins in emulsion systems. Results have shown
that low molecular weight emulsifiers can displace proteins from interfaces
(J.-L. Courthaudon, et al., 1991; Wilde, et al., 2004). Moreover, some
research demonstrated that the combined use of proteins and emulsifiers
will results in a decrease of surface activity of proteins due to the formation
of protein-emulsifier complexes (R. Miller, et al., 2000). This might impair
the capacity of these proteins to form viscoelastic layers at interfaces of the
oil droplets. Consequently, whether it is a good choice for emulsion
stabilization to combine proteins and emulsifiers in the system is
questionable. In practice, even for emulsions stabilized only by proteins,
mixtures are often used, such a milk protein concentrates, which are
mixtures of caseins and whey proteins (Scott, et al., 2003; Tomas, et al., 1994;
Wu, et al., 2016; Zhou, et al., 2016). Many studies have shown that casein
and whey have distinct functions, which are widely investigated with respect
to adsorption dynamics, thermodynamics and rheological behaviors (Liang,
et al., 2013a; Maldonado-Valderrama, et al., 2005; R Miller, et al., 2004;
Raikos, 2010; Wüstneck, et al., 1996), but they are also reported to have
interactions with each other (Dalgleish, Goff, Brun, et al., 2002; Dalgleish,
Goff, & Luan, 2002; Dickinson & Matsumura, 1994), especially after heat
treatment (Euston, et al., 2009; Liang, et al., 2013b). Whether these
interactions improve or reduce emulsion stability needs to be evaluated.
Besides emulsions, foams are other important food lyophobic colloidal
dispersions, and are also thermodynamically unstable systems. In foams,
9
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coalescence, drainage and disproportionation can happen (Sánchez, et al.,
2005; Shankaran, et al., 2019). Both low molecular weight emulsifiers and
proteins are often used for stabilizing foams, and their functions at air-water
(A-W) interfaces (foams) are similar to those at oil-water (O-W) interfaces
(emulsions). Emulsifiers mainly decrease the surface tension, slowing down
the rate of disproportionation and preventing coalescence by Marangoni
effects. Proteins form viscoelastic networks at the interface, opposing its
stretching. Large protein particles (i.e. insoluble aggregates) might remain in
the lamellar films and can also retard drainage by pinning (Brent S. Murray,
et al., 2004). Air bubbles are essential in determining texture, mouth feel
and visual appeal of some dairy products (Campbell, et al., 1999), for
example whipping cream, ice cream, or cappuccino-style beverages. In these
products, foams should not just have a high volume fraction of air, but also
a good stability. The optimization of both foam properties is thus of great
interest for the food industry.
Synergistic or antagonistic effects among ingredients used in dairy or dairybased emulsions and foams are often not well demonstrated or understood.
The combined use of emulsifiers and proteins is normally based on an
empirical approach. In order to acquire a more fundamental understanding
of the role of the individual components and their potential synergy or
antagonism in dairy systems, we need to focus on phenomena occurring at
a length scale smaller than the macroscale of emulsions, i.e. on the
structures formed at O-W or A-W interfaces by different components, and
on their effect on the rheological properties of the interface. The interfacial
composition and structure can significantly affect the stability, rheological
properties and texture of food products (Chevallier, et al., 2016; Dickinson,
1999; Surel, et al., 2014). A fundamental understanding of compositions and
structure of the interfaces is essential for designing the formulation and
physical properties of dairy based emulsions or foams. In the following
sections, we will briefly introduce some of the surface-active dairy
ingredients often used in emulsions or foams, and the method used to study
mechanical properties of their interfaces, namely interfacial rheology.
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1.2. Surface active dairy ingredient
1.2.1. Casein
Casein is the main protein in milk, representing about 80% of its total
proteins. It is mainly composed of four types of monomers, κ-casein, αS2casein, αS1-casein, and β-casein, with a ratio 1.3 : 1 : 4 : 4 (Walstra, 1990).
Alphas-casein and β-casein aggregate with each other by hydrophobic
interactions, hydrogen bonds and interactions with colloidal calcium
phosphates. In raw milk, over 95 % of caseins exists in the form of micelles
(Dumpler, 2017). The conventional process to produce casein is isoelectric
or enzymatic precipitation. Both processes will yield insoluble powders after
drying. As a result, an additional processing step, alkalization is required to
make casein soluble (Carr, et al., 2016). The product obtained after
alkalization is sodium caseinate, which has a good solubility in water and is
a well-known emulsifier for food emulsions. During the manufacturing of
sodium caseinate, the micellar structure of casein is lost. In industry, micellar
casein is isolated by microfiltration (Walstra, et al., 2005). The required filter
membranes are expensive, which leads to a high price of the obtained
products. Micellar casein is thus not widely used in food industry. This is the
reason why in the last decades research studying emulsifying properties of
caseins mainly focused on sodium caseinate, and not micellar casein. In
practice, although sodium caseinate has good emulsifying properties and
can reduce the surface tension to a great extent, it will induce another
instability problem, i.e. flocculation (Dickinson, et al., 1997). It has been
shown that casein fractions exhibit different hydrophobicity and surfactant
properties at different state of structural aggregation (J. L. Courthaudon, et
al., 1999; Roman, et al., 2006). Therefore, the emulsifying and stabilizing
effect of micellar caseins can be remarkably different from sodium caseinate.
Nowadays, the behavior of micellar casein at interfaces is still unclear. Some
researchers believe that casein micelles can adsorb at O-W interfaces (San
Martin-González, et al., 2009) and stabilize emulsions by a Pickering
mechanism (Dickinson, 2015). However, this claim has not been fully proven,
as a complete interfacial layer formed by micelles has never been observed.
Full dairy protein products, for instance, skimmed milk power and milk
protein concentrate, are usually used as stabilizers. In these products casein
is mainly present in micellar form. Therefore, the interfacial properties of
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micellar casein need to be further investigated to understand the function
of each individual component and their interactions.
1.2.2. Whey protein
Whey protein makes up 20% of the total bovine milk protein and is also the
main side product of the cheese industry. As whey protein contains all
essential amino acids and is well digestible (Hoffman, et al., 2004), it is
mainly used as nutritional ingredient in many products, like energy bars and
protein powders for athletes. Whey protein is mainly composed of βlactoglobulin and α-lactalbumin. β-lactoglobulin represents more than 50%
of the whey proteins (Fox, et al., 2013), and is also the most well studied
whey protein species at interfaces. β-lactoglobulin has a high level of
secondary and tertiary structure, and is regarded as a globular protein held
together by intramolecular disulfide bonds (McKenzie, et al., 1972; Papiz, et
al., 1986), but it can have several forms, depending on the pH. It exists as a
monomer when pH is lower than 3.5 or higher than 7.5, with a molecular
weight around 18 kDa; at the natural pH of milk (6.6-6.7), β-lactoglobulin will
associate into a dimer; in the pH range 3.5-5.2, it exists as an octamer
(Swaisgood, 1982; Timasheff, et al., 1962). Due to its globular structure, βlactoglobulin reorganizes its structure slowly when it adsorbs at interfaces,
(Dickinson, 1997). After rearrangement at the interface, β-lactoglobulin
molecules can have strong intermolecular interactions by a combination of
ionic, hydrophobic and hydrogen bonds (Dickinson, 1998), thus forming
strong viscoelastic layers at the surface of oil droplets or air bubbles. The
only drawback of whey protein in stabilizing emulsions or foams is its heat
sensitivity. Whey protein starts to denature around a temperature of 70 °C
(Parris, et al., 1991), coupled with partial unfolding of its secondary and
tertiary structure. Upon heating, the different protein species present in
whey protein are capable of interacting with themselves and κ-casein to
form heat-induced aggregates (Donato, et al., 2007; Jang, et al., 1990; Smits,
et al., 1980), which can also result in flocculation or aggregation of emulsions
stabilized with them (Kulmyrzaev, et al., 2000). Despite this, whey protein is
still widely used as emulsifying and foaming agent in food products due to
its unique interfacial properties (Nicorescu, et al., 2008). In the past decades,
the consequence of physical or chemical modification of whey protein, for
example using heat treatment to make aggregates, on emulsion stability was
a frequently studied topic (Dybowska, 2011; Millqvist-Fureby, et al., 2001;
Nicolai, et al., 2013). Whey protein aggregates have been reported to be
12
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good stabilizers in emulsions, which can stabilize emulsion more efficiently
than native whey protein due to the formation of thicker interfacial layers
around oil droplets (Dybowska, 2011; Foley, et al., 1990). So far, the
mechanical properties of the interfacial layers formed by whey protein or
whey protein aggregates at O-W or A-W interfaces are not well studied,
especially in the nonlinear viscoelastic regime, a regime highly relevant for
the behavior of emulsions and foams during processing or consumption.
1.2.3. Polar lipids
Milk fat is the main ingredient of most dairy emulsions, like cream. It derives
a high level of importance from the textural, sensory, and functionality it
gives to products in which it is present, for example, yoghurt, liquid milk,
butter and cream. Milk fat consists for about 98% of triacylglycerols (TAG)
and other components being diacylglycerols (DAG), monoacylglycerols
(MAG), free fatty acids, phospholipids, all comparatively more polar than
TAG. A detailed composition of milk fat is reported in Tab. 1.1. DAG and MAG
are natural surface-active ingredients in milk fat. Although the amount of
MAG and DAG in fresh milk is small, their concentration will increase
considerably due to the enzymatic hydrolysis of the ester bonds in
triglycerides during storage. As a result, when milk fat is used as oil phase to
make emulsions, DAG and MAG in the lipid phase will also adsorb at the
interfaces. As mentioned above, many studies already revealed that small
molecular weight emulsifiers interact with proteins adsorbed at the O-W
interface. DAG and MAG were found having similar effects (Dickinson &
Hong, 1994; McSweeney, et al., 2008; Munk, et al., 2014; B. M. C. Pelan, et
al., 1997; Rahman, et al., 1982). Research evaluating the effects of these
residual polar lipids on interfacial rheology or on emulsion properties is still
scarce. However, in most research where proteins are used as stabilizers,
these naturally present emulsifiers are assumed to have no effects in the
system, and their effect on adsorbed proteins at the interfaces is ignored.
Besides being naturally present in the milk fat phase, MAG are also used as
commercial emulsifiers in emulsions. Glycerol monooleate (MAG-O) and
monostearate (MAG-S) are the two most often used monoglycerides in food
emulsions, but have very different effects on emulsions. MAG-O is an
unsaturated monoglyceride having a low melting point and is more effective
in promoting partial coalescence during whipping of a cream (Goff, et al.,
1989; B. Pelan, et al., 1997). MAG-S is a saturated monoglyceride with a high
melting point. Emulsions made with MAG-S are more stable against (partial)
13
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coalescence (Fredrick, et al., 2013; Goibier, et al., 2017). The stabilization by
MAG-S in water-in-oil emulsion was also observed and is often assumed to
be by a Pickering mechanism, in which MAG-S crystals cover the surface of
dispersed water droplets to prevent coalescence (Ghosh, et al., 2011).
However, the mechanism by which MAG-S stabilizes oil-in-water emulsions
against (partial) coalescence is less clear. Both Fredrick, et al. (2013) and
Goibier, et al. (2017) proposed two different mechanisms. The first one is
that MAG-S forms a rigid barrier protecting fat droplets from (partial)
coalescence. A similar mechanism was also proposed by Munk, et al. (2014),
and was assumed to be Pickering stabilization. The second one is that MAGS crystals in droplets serve as templates for further milk fat crystallization
and lead to a higher crystallization rate. The formed milk fat crystals are
thereby smaller and cannot piece through the droplet over a long distance
and become incorporated into another droplet. However, so far, both two
mechanisms have not been convincingly proven in oil-in-water emulsion.
Tab. 1.1. Compositions of lipids in cow’s milk (Walstra, et al., 2005).
Lipid class
Triacylglycerols
Diacylglycerols
Monoacylglycerols
Free fatty acids
Phospholipids
Sterols
Carotenoids
Fat-soluble vitamins
Flavor compounds

% of total
98.3
0.3
0.03
0.1
0.8
0.3
Trace
Trace
Trace

1.3. Interfacial rheology
Interfacial rheology is a powerful tool to study the mechanical properties of
interfaces, which can be done with two methods, shear and dilatational
rheology (Chen, et al., 2017; Danov, et al., 2015; Li, et al., 2018; Wan, et al.,
2016). Shear rheology measures the response of interfacial layers to shear
deformation, in which the shape of surface elements is varied while keeping
their area constant. Oppositely, dilatational rheology determines the
response of the interfacial layer against expansion and compression of
14
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surface elements, while maintaining their shape. Within both modes several
types of tests can be used, such as frequency sweeps, amplitude sweeps and
step strain relaxation tests, and the results obtained with these
measurements can provide insights into the structure of the interfaces.
In interfacial shear rheology, there is no area change of the interface.
Therefore, for a protein-stabilized interface, the stress output is only
affected by the network formed by proteins at the interface (Brent S Murray,
2002). For dilatational rheology, in addition to the network formed by
proteins, the stress response is also affected by the density change of
proteins adsorbed at the interface. Upon compression, the density of
proteins increases and a jammed protein layer can even be formed, which
can result in strong molecular interactions (Freer, et al., 2004). As a result,
for the same interface, the stress response from interfacial dilatational
rheology is often larger than the one from interfacial shear rheology. A
protein stabilized A-W interface can normally be studied by both shear and
dilatational rheology. However, shear rheology is hardly applied on a protein
stabilized O-W interface, because in general, intermolecular interactions
among adsorbed proteins at O-W interfaces are much weaker than at A-W
interfaces (Hinderink, et al., 2020). A low stress (torque) response from
shear tests on O-W interfaces results in inaccurate or even invalid results,
which is the main reason interfacial shear rheology is not used in this thesis
research.

Fig. 1.1. Schematic of a dilatational rheology experiment performed with a
Langmuir trough.
Dilatational rheology can be performed with both a Langmuir trough (Fig.
1.1) or droplet tensiometer (Fig. 1.2). In a Langmuir trough experiment, the
area of the interfacial layer is controlled by moving two Teflon barriers,
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which are hydrophobic. The surface tension is measured with a Wilhelmy
plate. In a droplet tensiometer, a droplet or bubble can be formed at the tip
of a needle immersed in air or a liquid. The area of the droplet can be
adjusted by injecting/withdrawing fluid into/from the droplet or bubble. The
area change in droplet tensiometry is (close to) an all-sided
compression/expansion, and the modulus which is determined is indeed the
dilatational modulus (the two-dimensional equivalent of the threedimensional bulk modulus). The deformation of interfaces in a Langmuir
trough is uni-axial, and the response contains a shear component. In essence,
this device determines the two-dimensional Young’s modulus. For this
reason, the dilatational moduli determined using a droplet tensiometer can
be considered more accurate than the ones from a Langmuir trough,
particularly for interfaces in which the shear contribution is not negligible.
The most common mode to apply area dilatation of the interface is by using
sinusoidal deformations. In the linear response regime (i.e. in the limit of
small amplitude deformations), the output tension or stress is also sinusoidal.
The output data can be analyzed by two methods: Fourier transformation of
the stress response and analysis of the intensity and phase of the first
harmonic, or by graphical methods, using Lissajous plots.

Fig. 1.2. Schematic of a dilatational rheology experiment performed with a
droplet tensiometer.
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1.3.1. Fourier transformation
Fourier transformation is a mathematical transformation that can
decompose time dependent functions into frequency dependent functions.
For a sinusoidal strain input 𝛾(𝑡) = 𝛾0 𝑠𝑖𝑛(𝜔𝑡) , the stress 𝜎 can be
expressed by the Fourier series (Dealy, et al., 2012),
𝜎(𝑡; 𝜔, 𝛾0 ) = 𝛾0 ∑𝑛{𝐸𝑛 ′ (𝜔, 𝛾0 ) 𝑠𝑖𝑛(𝑛𝜔𝑡) + 𝐸𝑛 ′′ (𝜔, 𝛾0 ) 𝑐𝑜𝑠(𝑛𝜔𝑡)}

Eq. 1.1

where 𝛾(𝑡) is the strain at time t; 𝛾0 and 𝜔 are the amplitude and frequency
of the strain, respectively; 𝜎 is the surface stress; 𝑛 represents the order of
the harmonics; 𝐸𝑛 ′ and 𝐸𝑛 ′′ are the elastic and viscous moduli with order 𝑛.
In the linear viscoelastic regime, the stress response is still an ideal sinusoidal
curve. The frequency spectrum of the stress will show only the first harmonic.
When the strain is in the nonlinear viscoelastic regime, the stress curve will
be a distorted sinusoidal function, and the Fourier series of the surface stress
will have higher harmonics. To use E1’ and E1’’ to represent the moduli of
interfaces in the nonlinear regime will be inaccurate, as all the information
present in the higher harmonics is discarded. The rheological properties of
interfaces in the nonlinear regime are sometimes very important, as in food
processing and consumption, large and fast deformations of interfaces often
occur. The rheological properties of interfaces in the nonlinear regime have
therefore high practical relevance (Sagis, et al., 2014).
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1.3.2. Lissajous plots

Fig. 1.3. Schematic of the construction of Lissajous plots. A: stress and strain
over time. B: Lissajous plots (stress is plotted versus strain).
Lissajous plots are constructed by directly plotting the surface stress versus
time-dependent strain, as illustrated in Fig. 1.3. In the linear viscoelastic
regime, Lissajous plots will display an ellipse shape, whereas in the nonlinear
regime, the shape of Lissajous plots will be distorted, and even asymmetrical
in dilatational rheology, as shown in Fig. 1.4. Nonlinear behavior, such as
strain softening or hardening, can be directly observed from Lissajous plots
(Fig. 1.4). From the shape of Lissajous plots, the changes of the structure of
the interface upon deformation can be deduced. For example, expansion
softening is normally linked with the break-up of bonds in an interconnected
structure; a steep increase of the stress upon compression indicates
stronger molecular interactions among the structures. Therefore,
compression hardening is normally related with the formation of jammed
structures.
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Fig. 1.4. Example of a Lissajous plot in the nonlinear viscoelastic regime
(Expansion softening/yielding and compression hardening). EdEM and EdEL are
the tangent modulus and secant modulus upon expansion, respectively.
Likewise, EdCM and EdCL are the tangent modulus and secant modulus upon
compression, respectively.
The shape of Lissajous plots can provide not only a qualitative description of
structural changes at the interface, but can also provide quantitative
parameters. The quantification of Lissajous plots has already been
introduced by Ewoldt, et al. (2008), and applied in dilatational rheology by
van Kempen, et al. (2013). Basically, the tangent of the Lissajous plot at strain
zero (EdEM upon expansion, EdCM upon compression) and the slope of the
secant line at maximum strain (EdEL upon expansion, EdCL upon compression)
can be used to quantify softening or hardening behavior (Fig. 1.4).
Moghimikheirabadi, et al. (2019) developed a method to determine the
tangential and secant moduli from the Fourier coefficients En’ and En’’, using
the following equations (Eq. 1.2 - Eq. 1.5):
𝐸𝑑𝐸𝑀 =

𝑑𝜎
|
𝑑𝛾 𝛾

𝑒𝑥𝑝 =0

=

𝑑𝜎
|
𝑑𝛾 𝑡=2𝑘𝜋/𝜔

′
= ∑∞
𝑛=1 𝑛𝐸𝑛

Eq. 1.2
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𝜎

𝐸𝑑𝐸𝐿 = 𝛾 |

𝜎

𝛾𝑒𝑥𝑝 =𝛾𝑚𝑎𝑥

𝑑𝜎

𝐸𝑑𝐶𝑀 = 𝑑𝛾 |

= 𝛾|

𝜋
+2𝑘𝜋/𝜔
2𝜔

𝑑𝜎

𝛾𝑐𝑜𝑚𝑝 =0

= 𝑑𝛾 |

𝜎

𝐸𝑑𝐸𝐿 = 𝛾 |

𝑡=

𝜋
𝑤

𝑡= +2𝑘𝜋/𝜔

′′
′′
𝑛
= ∑∞
𝑛=1(−1) (𝐸2𝑛 − 𝐸2𝑛−1 )

Eq. 1.3

′
𝑛+1
= ∑∞
𝑛=1 𝑛𝐸𝑛 (−1)

Eq. 1.4

𝜎

𝛾𝑐𝑜𝑚𝑝 =𝛾𝑚𝑎𝑥

= 𝛾|

3𝜋
𝑡= +2𝑘𝜋/𝜔
2𝜔

𝑛+1
= ∑∞
(𝐸2𝑛 ′′ + 𝐸2𝑛−1 ′′ ) Eq. 1.5
𝑛=1(−1)

1.4. Research aim and outline of this thesis

Fig. 1.5. Graphical outline of the experimental chapters of this thesis.
In this research, we mainly focused on O-W and A-W interfaces stabilized by
dairy proteins and their mixtures, and on O-W interfaces stabilized by
emulsifier crystals. We aimed at understanding the interfacial properties of
the individual dairy proteins, casein, whey protein, and their mixtures; we
also aimed at improving our understanding of how high melting point
emulsifiers stabilize oil-in-water emulsion against (partial) coalescence. The
mechanical properties of the interfaces were tested by dilatational rheology.
Combining results obtained from rheological measurements and results
from several interface visualization techniques, the composition/structure
20
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of the interfaces was deduced. The outline of the experimental chapters is
illustrated in Fig. 1.5.
Before investigating the interfacial composition and mechanical properties
of the interface in mixed systems, we first studied the surface-active species
individually. In Chapter 2, we investigated the mechanical properties of O-W
interfaces stabilized with whey proteins or whey protein aggregates in the
nonlinear viscoelastic regime. The dynamic stability of the cream made from
whey protein was also compared to that of a cream made with whey protein
aggregates. In chapter 3, we fractionated casein micelle dispersions into
different fractions. The interfacial properties of micellar caseins, small casein
aggregates or monomers were subsequently investigated at both the O-W
and A-W interfaces, and the dominant protein species at these interfaces
were identified. After gathering insights into the linear and nonlinear
interfacial properties of casein and whey protein, these proteins were mixed
at different ratios. The relative contribution of casein and whey protein to
the rheological properties of O-W and A-W interfaces, and the
composition/structure of these interfaces were studied. In chapter 5, the
interests shifted to the crystallization process of MAG-S at O-W interfaces.
MAG-S crystallization at a planar O-W interface and in an oil-in-water
emulsion was investigated. In this specific study a new phenomenon, i.e.
repeated deformation-relaxation of lipid droplets was found and is
described in this thesis for the first time. Whey protein and casein have
distinctive molecular properties, and in this research we have shown that
these properties lead to specific interfacial mechanical behaviors. Based on
the findings in chapter 2-5, the effects of protein size, structure and flexibility
on their adsorption behavior, structures formed at the interfaces and their
applications in emulsions or foams are discussed in chapter 6. The effects of
surface active components naturally present in oils on rheology tests and on
the properties of emulsions, as well as the role of Pickering stabilization in
protein stabilized interfaces or MAG-S stabilized emulsions are also
discussed.
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isolate and whey protein aggregates

Chapter 2

Abstract
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
stabilize emulsions. The interfacial behavior of whey protein and whey
protein aggregates adsorbed at the milk fat-water 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
analyze 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, ζpotential 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
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its different large deformation behavior, and is relevant for applications
where the cream is subjected to large deformations (whipping or stirring).

2.1. 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 phenomena could be retarded (Damodaran,
2005; E. Dickinson, 1999; Dickinson, 2001; Wilde, 2000). Different proteins
contribute differently to 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 interest. 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 chemical composition of milk fat. Milk
fat has a wide variety of triglycerides containing fatty acids with varying
levels of saturation (Yener & van Valenberg, 2019), and bimodally
distributed in terms of carbon numbers (Yener, et al., 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).
However, in contrast to milk fat globules in natural milk, which have
substantial long-time stability imparted by the milk fat globule membranes,
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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 proteosepeptone, glycerol monostearate, tween 80, lecithin and phospholipidenriched 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, Vanlerberghe, & 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 conditions 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; Rodríguez Patino, Rodríguez Niño, & Sánchez,
1999; Wooster & 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,
pumping, whipping) the droplets in emulsions are routinely subjected to
large deformations. Consequently, studying the interfacial properties of oilwater interfaces at large and fast dynamic strains is extremely relevant, and
for the dynamic stability of emulsions it is surely more relevant 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. Schröder, 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, respectively, using large amplitude oscillatory
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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) hydrolyzation,
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) hypothesized that the improved
stability is the result of the formation of thicker interfacial layers around the
oil droplets. This opinion is supported 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.
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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 utilized 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.

2.2. Materials and methods
2.2.1. Materials
Anhydrous milk fat was kindly donated by FrieslandCampina (Wageningen,
Netherlands). Whey protein isolate (WPI, BiPRO, 88.8% protein content) was
purchased from Agropur (Canada). According to the specification sheet
provided by Agropur, the lactose and calcium content of WPI were 0.2 wt%,
and 0.1 wt%, respectively. Florisil (60-100 mesh), 8-anilino-1naphtalenesulfonic 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 measure protein hydrophobicity was
made from sodium dihydrogen phosphate monohydrate (NaH2PO4∙H2O) and
di-sodium hydrogen phosphate dihydrate (Na2HPO4∙2H2O) (Merck,
Germany).
2.2.2. Methods
2.2.2.1. Sample preparation
2.2.2.1.1. Purification of anhydrous milk fat
Florisil was desiccated overnight at 120 ⁰C in an oven, then cooled down to
room temperature. Anhydrous milk fat was melted at 60 ⁰C and mixed with
10 wt% Florisil. The mixture was stirred while being heated in water bath set
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at 60 ⁰C. 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.90mm, England). The purified anhydrous
milk fat was stored at -20 ⁰C.
2.2.2.1.2. Whey protein solutions and whey protein aggregate (WPA)
solutions
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 supernatant 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 coefficient: 6.25) and the pH
was 6.8-7.0. Subsequently, the stock solution was diluted with Milli-Q water
to make samples with concentrations 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 ⁰C, 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. Afterwards, the sample was
cooled down by ice water, and diluted by Milli-Q water to obtain samples
with concentrations of 0.1, 0.2, 0.5, 1.0, 2.0, and 4.0 wt%.
2.2.2.1.3. Cream preparation
Cream samples with different stabilizer concentrations, both WPI and WPA,
were prepared. The anhydrous milk fat was melted at 60 ⁰C, then poured
into the protein solutions to produce a mixture with 20 wt% fat. The mixture
was kept at 60 ⁰C in a water bath for 15 min. Subsequently, it was prehomogenized using an Ultra-Turrax (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.
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2.2.2.2. Characterization of the protein samples
2.2.2.2.1. Particle size distribution
The particle size distribution of WPI or WPA was determined using a Malvern
Zetasizer Nano-ZS (Malvern Instruments 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
refractive index of dispersant (water) was 1.330. Before each test, samples
were equilibrated for 2 min.
2.2.2.2.2. 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 (10×10×45mm, 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-ANS 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
function of protein concentration was used to quantify the extent of
hydrophobicity. All measurements were made in triplicate.
2.2.2.3. Characterization of the milk fat emulsions
2.2.2.3.1. 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 measurement time interval was equal to 10 s. The
creaming rate was calculated using the LUMiFuge Front Tracking module,
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and the tracked transmission value was 25%. The creaming rate 𝑣 is defined
as:
𝑣=

|∆𝐿|
∆𝑡

Eq. 2.1

where, ∆𝐿 is the change of position of the layer with 25% transmission, in
the time period ∆𝑡. Only the linear part of the curve of layer position versus
time was considered.
In order to analyze the degree of coalescence or aggregation during
centrifugation, samples were carefully taken from the tubes with a syringe
and their droplet size distribution was measured as described here below.
2.2.2.3.2. Oil droplet size distribution
The oil droplet size distribution of the emulsions was tested using a
MasterSizer 2000 (Malvern Instruments 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. 2.2.
∑𝑛 𝑑 4

𝑑4,3 = ∑ 𝑛𝑖 𝑑𝑖 3
𝑖 𝑖

Eq. 2.2

where 𝑛𝑖 is the number of particles with the same diameter, and 𝑑𝑖 is the
particle size.
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 volume ratio with 1.0 wt% SDS solution, and then 100
times diluted by distilled water, before measuring the droplet size
distribution.
2.2.2.3.3. 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. 2.3.
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𝜂 = 𝐶𝑡𝜌 ∙ 10−3

Eq. 2.3

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).
2.2.2.3.4. 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.
2.2.2.3.5. 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 ⁰C. Then the samples were subjected to stirring
with a 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.
2.2.2.4. Interfacial properties
2.2.2.4.1. 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 temperature control module was used to keep the temperature
of the fat at 40 ⁰C. 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 ⁰C 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
interfacial tension was monitored for 1 h.
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2.2.2.4.2. 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 deformation and surface
pressure were calculated using Eq. 2.4 and Eq. 2.5:
𝛾=

𝐴𝑡 −𝐴0
𝐴0

𝜋 = 𝜎𝑡 − 𝜎0

Eq. 2.4
Eq. 2.5

where 𝐴𝑡 and 𝜎𝑡 are the interfacial area and interfacial tension at time t, and
𝐴0 and 𝜎0 are the initial interfacial area and interfacial tension. The Lissajous
Plots were analysed 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 Hz, 0.01 Hz, 0.02 Hz, 0.05 Hz and 0.1 Hz.
2.2.2.5. 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.
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2.3. Results and discussion
2.3.1. Hydrophobicity and particle size distribution of the protein samples

Fig. 2.1. Fluorescence intensity of WPI-ANS or WPA-ANS in PB buffer (0.01
M, pH 7.0, 20°C) as function of protein concentrations and their linear fits.
The slope of the curve represents the relative hydrophobicity of the proteins.
As shown in Fig. 2.1, the slope of WPA was much higher than WPI, which
meant that WPA was more hydrophobic than WPI. This is the 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 individual 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. S 2.1). Therefore, the results are
shown in terms of the volume-weight distribution rather than the intensityweight distribution. As shown in Fig. 2.2, 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
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with the results from Yang, Thielen, Berton-Carabin, van der Linden, and
Sagis (2020).

Fig. 2.2. Volume-weighted size distribution of WPI and WPA at room
temperature (20 °C). Protein samples were diluted to 0.4 wt% with Milli-Q
water before testing.
2.3.2. Bulk stability
To explore whether aggregation of the protein can affect emulsion stability,
the creaming rate of the droplets, their size distribution over time, their ζpotential, 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 nonpurified milk fat (results for the latter are included in the supplementary
information; Fig. S 2.2 - Fig. S 2.5). 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 nonpurified 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 di-glycerides 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 concentration, the effects of proteins became more dominant in the
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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
concentration can also be used for interpreting stability data of the nonpurified milk fat emulsions.
2.3.2.1. Creaming rate

Fig. 2.3. Creaming rate of milk fat emulsions stabilized with WPI or WPA as
function of protein concentrations, 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.
The creaming rate of the emulsions decreased dramatically as the WPI or
WPA concentration increased from 0.1 to 0.5 wt% (Fig. 2.3). Above 0.5 wt%,
WPI-stabilized emulsions showed a nearly constant creaming rate. For WPAstabilized 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 2.3.2.2) and the
continuous phase viscosity of the samples (section 2.3.2.3).
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2.3.2.2. 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 (+SDS) 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. 2.4). The 30d samples
stabilized with these WPI concentrations had a bimodal distribution, while
30d+SDS showed a single peak, close to the original size distribution. Hence,
for these emulsions the main destabilization 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 (Tab. 2.1) between WPI- and WPA-stabilized emulsions was
negligible (<0.10 µm).
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Fig. 2.4. Droplet size distribution of milk fat emulsions stabilized with WPI and WPA at various protein concentrations,
including fresh samples (0d) with (+SDS) and without SDS, and samples after a simulated storage of 30 days (30d),
with (+SDS) and without SDS.
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WPI
WPA

Proteins
0.1
2.31±0.29 A*
13.00±3.76 a

Concentrations (wt%)
0.2
0.5
1.0
2.0
4.0
B*
B*
B*
B*
1.50±0.05
1.42±0.07
1.42±0.05
1.39±0.04
1.40±0.02 B*
2.92±0.10 b 2.63±0.01 b 1.92±0.05 b 1.49±0.01 b 1.37±0.01 b

Tab. 2.1. 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.
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2.3.2.3. Viscosity of the continuous phase

Fig. 2.5. Viscosity of WPI solutions and WPA dispersions at protein
concentrations of 0.1 wt%, 0.2 wt%, 0.5 wt%, 1.0 wt%, 2.0 wt%, 4.0 wt%, at
20 oC. 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.
With an increase in protein concentration, the viscosity of both WPI and
WPA solutions increased. Fig. 2.5 shows that the viscosity of the WPA
solution was significantly higher than that of the WPI solution, particularly
at the highest concentrations. This implied that WPA was a more efficient
thickener. Combined with the data of the mean oil droplet size, d 4,3, shown
in Tab. 2.1, the viscosity differences between WPI solutions and WPA
dispersions could explain the differences in creaming rate we observed in
section 2.3.2.1. 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 WPA-stabilized 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.
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2.3.2.4. ζ-potential

Fig. 2.6. 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 Milli-Q water before testing. 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.
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 WPI-stabilized
emulsions gradually and significantly (P<0.05) decreased from -39.13±3.59
mV to -56.82±1.68 mV (Fig. 2.6). In the same concentration range, the ζpotential 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 ζpotential of the emulsions stabilized by the two proteins were significantly
different, the difference 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.
2.3.3. 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 detachment of the droplet from
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the tip of the needle of the tensiometer. As a result of the much lower
surface to volume ratio, tensiometry measurements are more sensitive to
these impurities. As we pointed out above (section 2.3.2), 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.
2.3.3.1. Interfacial tension

Fig. 2.7. 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.
The interfacial tension as a function of time, from 50 s to 3600 s, is shown in
Fig. 2.7. The data obtained before 50 s is not shown, because the droplets
had not yet reached their target temperature of 40 oC, and were therefore
not in thermal equilibrium with the continuous oil phase. At a concentration
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. 2.1) 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,
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1999; Dybowska, 2011; Jung, Gunes, & Mezzenga, 2010; Sobhaninia,
Nasirpour, Shahedi, & Golkar, 2017). Larger molecules 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 have become
saturated, WPI and WPA decrease the interfacial tension to a similar extent.
This explains the nearly equal droplet size of the emulsions prepared at this
protein concentration (Tab. 2.1 in section 2.3.2.2). 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 size would be achieved in emulsion
formation when the energy input was the same.
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2.3.3.2. Large amplitude oscillatory dilatation

Fig. 2.8. Pipkin Plots showing the evolution of the surface pressure of WPIand 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.
In order to study the interfacial properties of WPI- and WPA-stabilized milk
fat-water interfaces in the nonlinear regime, large amplitude oscillatory
dilatational (LAOD) measurements were performed, including amplitude
and frequency sweeps. The obtained Pipkin plots are shown in Fig. 2.8. In
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general, the Lissajous plots became increasingly asymmetric with increasing
amplitude, which meant that the response became progressively nonlinear.
In expansion, strain softening was observed both for WPI- and WPAstabilized interfaces, as evident from the decrease of the slope in the upper
right quadrant of the plot. At a low concentration (0.1%) the response of
both WPI- and WPA-stabilized interfaces was dominated by the elastic
contribution (Fig. 2.8), 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
solid-like. 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. Particularly 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 WPA-stabilized interfaces were more
stretchable and less brittle than the WPI-stabilized 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
EdCM (the tangent modulus in compression at minimum strain) and EdEM (the
tangent modulus in expansion at minimum strain) were calculated and
plotted in Fig. 2.9. 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 supplementary information (Fig. S 2.6 –
Fig. S 2.8). For EdEM, there was no difference between WPI- and WPAstabilized interfaces at a low concentration (Fig. 2.9). However, at a high
concentration, the value of EdEM of the WPI-stabilized interface decreased
substantially as a function 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
51

Chapter 2
frequency dependence observed for WPI at high strains could be attributed
to an

Fig. 2.9. 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.
increased mobility within the interface, which led to shorter relaxation times,
and, as a result, the frequency range where the response was still frequencydependent 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. S 2.9). This was significantly lower than the value
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of n=0.5, predicted by the Lucassen van den Tempel model, for interfaces in
which the response is dominated by diffusion between bulk and interface
(Lucassen & Van Den Tempel, 1972; Sagis, et al., 2019). Combined with the
low loss tangent (Tab. S1), the power law behavior we observed was
indicative of an interface with a soft viscoelastic disordered solid structure,
which implied that the response of WPI or WPA stabilized interfaces to
dilatation was dominated by in-plane interactions.
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 predominantly 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. 2.10).
For WPI, molecules were further compressed and concentrated during the
compression, which resulted in a higher connectivity among molecules.
Subsequently, during 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 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 expansion 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 WPA-stabilized 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 2.3.4.

Fig. 2.10. Schematic representation of the (quasi-) 2d structure on oil-water
interfaces formed by WPI (A), and the 3d structure formed by WPA (B).
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2.3.4. 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 speeds and
stirring times (Fig. 2.11). Microscopic images of the samples after stirring are
shown in the supplementary information (Fig. S 2.10 and Fig. S 2.11). 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 WPA-stabilized 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.

Fig. 2.11. Evolution of the droplet size distribution of emulsions made with
4.0 wt% WPI or WPA upon stirring at different speeds.
The results of section 2.3.3.2 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
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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 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.

2.4. Conclusion
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 developing
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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Appendix

Fig. S 2.1. Intensity-weighted size distribution of WPI and WPA at room
temperature (20 °C). Protein samples were diluted to 0.4 wt% with Milli-Q
water before testing.
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Fig. S 2.2. Creaming rate of milk fat emulsions stabilized with WPI or WPA as
function of protein concentrations, 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 same protein.

Fig. S 2.3. Droplet size distribution of milk fat emulsions stabilized with WPI
and WPA at various protein concentrations, including fresh samples (od),
samples after a simulated storage of 30 days (30d).
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Fig. S 2.4. 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 Milli-Q water before testing. 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.

Fig. S 2.5. Evaluation of droplet size distribution of milk fat emulsions during
stirring at different speeds. The milk fat emulsions were made by 4.0 wt%
WPI or WPA.
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Fig. S 2.6. EdCM 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.
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Fig. S 2.7. EdCL 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.
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Fig. S 2.8. EdEL 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.
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Fig. S 2.9. Elastic modulus (E’) of WPI or WPA-stabilized interface as a
function of frequency and fitted by a power law. The amplitude was fixed as
30%.
Tab. S 2.1. Loss tangent (E’’/E’) of 4.0 wt% WPI- or WPA-stabilized interface
at different frequencies, with fixed amplitude 30%.
Protein
WPI
WPA
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0.005
0.51092
0.239702

0.01
0.472415
0.266367

Frequency
0.02
0.446421
0.256305

0.05
0.568403
0.264725

0.1
0.426571
0.241682
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Fig. S 2.10. Microscopic pictures of emulsions made with 4.0 wt% WPI upon
stirring at different speeds. The red scale bar is 20 µm. Samples were 10
times diluted by Milli-Q water.
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Fig. S 2.11. Microscopic pictures of emulsions made with 4.0 wt% WPA upon
stirring at different speeds. The red scale bar is 20 µm. Samples were 10
times diluted by Milli-Q water.
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Are micelles actually at the interface in
micellar casein stabilized foam and
emulsions

Chapter 3

Abstract
Different casein preparations are used for stabilizing emulsions and foams.
For systems made with aqueous micellar casein dispersions, the molecular
and colloidal mechanisms responsible for the stabilization of oil-water and
air-water interfaces have not been conclusively ascertained. Whether the
micelles themselves, small casein aggregates, or individual casein molecules
are at the interface is still an open question. Understanding these
mechanisms is important for food industries to improve product
formulations. We investigated the nonlinear rheology and microstructure of
oil-water and air-water interfaces stabilized with casein micelle dispersions
and their fractions. Our results convincingly show that the micelles
themselves are not adsorbed at the interfaces. For air-water interfaces, the
behavior appears to be dominated by β-casein, whereas the properties of
oil-water interfaces are dominated by small casein aggregates. These
findings are important to understand the stabilization mechanisms of
emulsions and foams prepared with caseins or milk.

3.1. Introduction
Dairy proteins are widely used as stabilizers in food emulsions and foams
(Scott, Duncan, Sumner, & Waterman, 2003; Tomas, Paquet, Courthaudon,
& Lorient, 1994; Wu, et al., 2016; Zhou, et al., 2016). Huppertz (2010) and
Ho, Bhandari, and Bansal (2021) comprehensively reviewed the influence of
milk protein composition and different processing parameters on milk
protein stabilized foams. A detailed review of emulsifying and emulsion
stabilizing properties of milk proteins can be found in Dickinson’s review
papers (Dickinson, 1997, 2001). There is a consensus that dairy proteins form
viscoelastic interfacial layers at air-water or oil-water interfaces, providing
steric and electrostatic repulsion, thus stabilizing emulsion droplets or foam
bubbles against coalescence. The rheological properties of interfaces
stabilized with αS1-, β-casein or β-lactoglobulin are extensively studied in the
small deformation regime (Dickinson, 1998). However, the interfacial
rheology of oil-water or air-water interfaces in the nonlinear regime is hardly
reported, in spite of its high relevance for processing and consumption (Sagis
& Fischer, 2014). In previous studies on the microstructure and dilatational
properties of whey proteins at the oil-water (Zhou, Sala, & Sagis, 2020) and
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air-water interfaces (Yang, Thielen, Berton-Carabin, van der Linden, & Sagis,
2020), we showed that native whey proteins form viscoelastic solid-like
interfaces, which have a yield stress. Beyond this yield stress the interface
shows significant softening and behaves more like a viscoelastic fluid. For
the other major constituent of dairy protein, casein, more research is
needed to establish its behavior in the nonlinear regime.
Casein is regarded as a good emulsifier that can reduce the surface tension
to a great extent (Jackson & Pallansch, 1961; Leman, Kinsella, & Kilara, 1989).
It is mainly composed of four types of monomers, κ-casein, αS2-casein, αS1casein, and β-casein, with a ratio 1.3 : 1 : 4 : 4 (Walstra, 1990). These
monomers form micelles, where they are linked to each other by
hydrophobic interactions and hydrogen bonds, and by colloidal calcium
phosphates. Over 95% of the casein in milk is present in the casein micelles
(Dumpler, 2017). In the past decades, most research investigating the role
of casein in emulsions, foams, or interfaces in general, were mostly based
on sodium caseinate, and to a lesser extent on micellar casein. It has been
shown that casein exhibits different hydrophobicity and surfactant
properties depending on its structural aggregation state (Courthaudon, et
al., 1999; Roman & Sgarbieri, 2006). The results obtained for sodium
caseinate cannot be extrapolated to micellar caseins, as the micelles are
broken down during the manufacturing of sodium caseinates (Carr &
Golding, 2016). Only a few studies cast light on the application of casein
micelles in emulsions and foams. Lazzaro, et al. (2017) disaggregated casein
micelles into different sizes by gradually demineralizing casein micelles, and
found monomers or smaller casein micelles have better emulsifying
properties, but are less stable to creaming and flocculation. Zhang and Goff
(2004) utilized EDTA to disaggregate casein micelles in milk protein solution
and achieved better foamability. Some other studies investigated the effects
of pH, ionic strength (Zhang, Dalgleish, & Goff, 2004), and heat treatment
(Liang, Patel, Matia-Merino, Ye, & Golding, 2013) on the stability of
emulsions or foams stabilized by casein micelles or by full milk proteins. A
common observation of these studies is that nonmicellar caseins always
display a better emulsifying property or formability than micellar casein.
Although the foamability of casein micelles is not comparable with
nonmicellar caseins, micellar casein appears to provide better foam stability.
Li, et al. (2020) applied casein micelles in recombined dairy cream and
achieved better foam stability after whipping. Ewert, et al. (2016) also
proved that comparing with sodium caseinate, micellar caseins produced a
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more stable foam. Casein micelles (Dombrowski, Dechau, & Kulozik, 2016)
or casein micelle aggregates (Chen, et al., 2016) have larger molecular size
and likely to retard the drainage of liquid from the films separating the
bubbles, thus improving the stability of foams. However, the molecular and
colloidal mechanisms behind the stabilization of oil-water (O-W) and airwater (A-W) interfaces by micellar casein, are still under debate, and
published studies even contradict each other.
For foams, casein micelles (Dombrowski, et al., 2016) and casein micelle
aggregates (Chen, et al., 2016) appeared not to adsorb at the interface, and
were assumed to either remain in the bulk phase, or attach to the interface
as a sublayer, leading to pinning of the foam lamellae and slowing down
drainage (Chen, et al., 2017). However, this behavior has not been fully
proved, and contradictory findings were reported in other research (Silva,
Saint-Jalmes, de Carvalho, & Gaucheron, 2014), where casein micelles are
claimed to adsorb at the A-W interface and subsequently fall apart.
Regarding emulsions, some researchers stated that casein micelles can
adsorb at the O-W interface (San Martin-González, Roach, & Harte, 2009)
and stabilize the emulsions by the so-called Pickering mechanism (Dickinson,
2015). Although electron microscopy pictures do illustrate that micelles can
be at oil-water or air-water interfaces (Anderson, Brooker, & Needs, 1987;
Brooker, 1985; Jensen, 2013), it is difficult to distinguish whether in these
cases the micelles adsorbed at the interfaces or just attached to the
interface as a sublayer. Moreover, in those pictures, only a few complete
micelles could be found at the interfaces. Whether those sparse micelles at
the interfaces can stabilize the droplets or foams is questionable. So,
whether micellar casein can adsorb at O-W interfaces and thus prevent oil
droplet coalescence is also not completely clear yet.
In this study, a casein micelle dispersion was fractionated by
ultracentrifugation into a pellet (which was subsequently redispersed in
water), and a supernatant. The pellet redispersion was mainly composed of
micellar caseins, and the supernatant contained small aggregates and
monomers of all casein fractions. We investigated the nonlinear rheology of
O-W and A-W interfaces stabilized with the casein micelle dispersion and the
other two fractions separately. We analyzed the interfaces using
multiphoton excitation microscopy (MPM) and ellipsometry. The
microstructure of A-W interfaces was also visualized by atomic force
microscopy on Langmuir-Blodgett films. We aimed at explaining how casein
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micelles stabilize O-W and A-W interfaces on the basis of molecular and
colloidal mechanisms.

3.2. Methods
3.2.1. Materials
Micellar casein isolate (84.15% protein, lactose 3.0%, ash 7.3%, moisture
3.3 %, fat 1.1%) was kindly donated by FrieslandCampina (Netherlands).
Beta-casein powder (79.33% protein) was purchased from Eurial (France).
Florisil (60-100 mesh), dimethyl sulfoxide (DMSO), bis-tris buffer, DLdithiothreitol (DTT), trifluoroacetic acid (TFA), urea (99,5% purity), trisodium citrate dehydrate, syringe filters (PVDF, 5.0 µm, d 25 mm; PVDF, 0.45
µm, d 33 mm; PVDF, 0.1 µm, d 33 mm) and filter membrane (PVDF, 0.45 µm,
d 47 mm) were purchased from Merck (Netherlands). Medium chain
triglyceride (MCT) was purchased from IMCD (France). Cyanine 5 (Cy5) was
purchased from Lumiprobe (Europe). Acetonitrile (HPLC Ultra–Gradient)
was purchased from Biosolve-Chemicals (Netherlands). UV glue, nylon rings
(M10) and metal washers (diameter 7 mm) were purchased online (Amazon).
Glass slides (#1.5) were purchased from Thermo (Netherlands). Dialysis
membranes (3.5 kD, #3) were purchased from Spectrum Labs (Greece). Skim
milk powder was kindly donated by NIZO (Netherlands).
3.2.2. Fractionation of casein micelle dispersion
A casein micelle dispersion with 2.0 wt% protein was made by dissolving
micellar casein isolate in Milli-Q water and stirring overnight at room
temperature; 0.02 wt% sodium azide was added to prevent spoilage. The
casein micelle dispersion was filtered through syringe filters with a cut off
5.0 µm and 0.45 µm, successively.
Twenty gram of casein micelle dispersion was centrifuged at 15,000 g for 1
h using an ultracentrifuge (Beckman Coulter, US). The supernatant was
carefully transferred to a serum bottle with a volume of 20 mL, and the mass
was compensated to 20 g by adding Milli-Q water. The supernatant was
subsequently filtered using a syringe filter with a cut off 0.1 µm.
After the first ultracentrifugation, the pellet still contained a significant
amount of liquid. To get rid of the monomers and small aggregates in that
fluid, the pellet was washed. First, Milli-Q water was added to the tube to
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achieve a total mass of 20 g. Then the pellet was re-dispersed using a Turrax
(IKA T25, Germany) at 8000 rpm. Subsequently, the dispersion was
ultracentrifuged at 50,000 g for 30 min. The new supernatant was discarded,
and the new pellet was washed again. After two full washing steps, the final
pellet was re-dispersed, and sonicated for 10 min (160 W, 35 kHz) using an
ultrasonic bath (RK510, Bandelin, Germany), then filtered through syringe
filters with a cutoff of 5.0 µm and 0.45 µm, successively.
The protein concentration of the casein micelle dispersion, supernatant and
pellet redispersion was determined by DUMAS with conversion coefficient
6.38, and the contents were 1.90 ± 0.06, 0.31 ± 0.02, and 1.26 ± 0.01 wt%,
respectively.
3.2.3. Particle size distribution of the samples
The particle size distribution of casein micelle dispersion, supernatant and
pellet were determined using a Malvern Zetasizer Nano-ZS (Malvern
Instruments Ltd, United Kingdom). All samples were diluted to a protein
concentration 0.1 wt% with Milli-Q water. Approximately 1 mL sample was
pipetted into a cuvette (type DTS0012). The refractive and absorption
indices of protein dispersions/solutions were 1.450 and 0.001, respectively.
The refractive index of dispersant (water) was 1.330. Before each test, the
sample was equilibrated for 2 min.
3.2.4. High pressure liquid chromatography (HPLC)
To identify the monomers present in the supernatant, we used the method
of HPLC analysis described by de Vries, et al. (2015). Three hundred
microliter supernatant prepared as described in section 2.2 was mixed with
900 µL 0.1% v/v TFA (pH 2.0). The mixtures were vortexed for 10 s and
filtered through a filter with a cut off 0.1 μm. Reconstituted skim milk was
taken as a qualitative reference. It was prepared by dissolving 1 g skim milk
power in 9 g warm water (40 °C), while stirring for 30 min at room
temperature. The skim milk was mixed with solution A (0.1 M Bis-Tris buffer,
8 M urea, 5.37 mM sodium citrate and 19.5 mM DTT, pH 7.0) at a ratio of 1:3
(v:v) and kept for 1 h at room temperature. Then the sample was centrifuged
for 5 min at 16,000 g to remove any remaining fat. A volume of 300 µL of
sample was pipetted into a new tube and mixed with 900 µL solution B (6M
urea in 0.1% v/v TFA, pH 2.0). The mixtures were vortexed for 10 s and
filtered through a syringe filter with a cut off 0.1 μm.
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All the supernatant or skim milk samples were stored in HPLC vials. The
analysis was carried out using an Ultimate 3000 LC module equipped with
an Aeris Widepore 3.6 µm XB-C18 column (250 × 4.6 mm, Phenomenex,
Netherlands). A security guard cartridge system was used as a precolumn
(AJ0–8769, Phenomenex). The temperature of the auto-sampler and the
column were set as 4 and 45 °C, respectively. The injection volume was 5 µL.
The wavelength of the UV detector was 214 nm. The protein eluent
consisted of solvent A (0.1% FTA in Milli-Q water, v/v) and solvent B (0.1%
FTA in acetonitrile, v/v). The elution method described by de Vries, et al.
(2015) was used. The peaks for b-casein were analyzed with Chromeleon
7.1.2 software to obtain an estimate for the concentration of this
component to be used in the surface rheology experiments. All the
measurements were conducted in triplicate. The amount of β-casein was
calculated using the following equation:
𝐶𝛽−𝑐𝑎𝑠𝑒𝑖𝑛 = 𝐶𝑠𝑢𝑝 × 𝐴𝛽−𝑐𝑎𝑠𝑒𝑖𝑛 ⁄𝐴𝑡𝑜𝑡𝑎𝑙

Eq. 3.1

where 𝐶𝛽−𝑐𝑎𝑠𝑒𝑖𝑛 is the content of β-casein in the supernatant; 𝐶𝑠𝑢𝑝 is the
total protein content of the supernatant; 𝐴𝛽−𝑐𝑎𝑠𝑒𝑖𝑛 ⁄𝐴𝑡𝑜𝑡𝑎𝑙 represents the
ratio between the peak area of β-casein and the total area of all peaks in the
HPLC spectrum. In this research, only β-casein was quantified. The reason is
explained in the results part (section 3.3.2).
3.2.5. Fat purification
The anhydrous milk fat (AMF) used for the study of the rheological
properties of O-W interfaces prepared with the different protein samples
and for the other analyses described here below, was previously purified.
Florisil was desiccated overnight at 105 °C in an oven, then cooled down to
room temperature. AMF was melted at 60 °C and mixed with 10 wt% Florisil.
The mixture was stirred at 60 °C for at least 2 h. Subsequently, 10 mL of the
mixture was sampled and filtered with a syringe filter to remove Florisil
particles. The surface tension of the interface between the filtered AMF and
Milli-Q water was tested for at least 1 h. If the tension decreased over time,
AMF needed to be purified further by repeating the steps described above.
Once the surface tension stayed constant, the AMF and Florisil mixture were
filtered using vacuum filtration with a filter membrane (PVDF, 0.45 µm, d 47
mm). The filtered AMF was sealed in blue cap bottles and kept in the dark at
room temperature.
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The medium chain triglyceride oil (MCT) for the microscopy tests was also
purified according to the same protocol, but at room temperature.
3.2.6. Oscillatory dilatational measurements
Oscillatory dilatational deformations were applied to the O-W or A-W
interfaces using a Tracker Automated Droplet Tensiometer (Teclis, France)
according to the method described by Zhou, Sala, and Sagis (2020). For O-W
interfaces, purified AMF was transferred to the cuvette and kept melted at
40 °C in the cell. A pendent droplet of the protein samples was formed at
the tip of the needle, which was immersed in the oil phase. The surface area
of the droplet was 20 mm2. The density of the droplet fluid and AMF at 40
⁰C were 0.9922 and 0.9041 g/mL, respectively. For the A-W interface, a
pendent droplet of protein solution was formed at the tip of the needle at
20 °C. A small amount of water was added at the bottom of cuvette to
saturate the air phase with water and limit evaporation during the test. For
that same purpose, the cuvette was covered with parafilm. The area of the
droplet was adjusted to 15 mm2. The density of the droplet fluid and air at
20 ⁰C were 0.9982 and 0.0012 g/mL, respectively.
The interface was firstly equilibrated for 3 h, followed by sinusoidal area
deformations. An amplitude sweep was performed with amplitudes of 5, 10,
15, 20 and 30%, at a fixed frequency of 0.01 Hz. For every amplitude, 5
oscillation cycles were performed and followed by a 900 s of rest. For every
amplitude, only the middle 3 cycles were used to construct Lissajous plots,
where surface pressure (𝜋 ) is plotted against strain amplitude ( 𝛾 ). The
method of constructing Lissajous plots was introduced by Sagis, et al. (2014).
The surface pressure and deformation were calculated using:
𝛾=

𝐴𝑡 −𝐴0
𝐴0

𝜋 = 𝜎𝑡 − 𝜎0

Eq. 3.2
Eq. 3.3

where 𝐴𝑡 and 𝜎𝑡 are interfacial area and interfacial tension at time 𝑡; 𝐴0 and
𝜎0 are initial interfacial area and interfacial tension.
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3.2.7. Visualization of interfaces with multiphoton excitation microscopy
(MPM)
3.2.7.1. Object slides for MPM
Pictures of the object slides used for MPM are shown in Fig. 3.1a. A metal
washer and a nylon ring were attached on a glass slide using liquid UV glue,
then the whole setup was incubated with UV light overnight to solidify the
glue.

Fig. 3.1. Picture and schematics of slides for MPM. (a) top view of the slide;
(b) side view of the slide for the A-W interface; (c) side view of the slide for
the O-W interface. ‘A’ represents air; ‘W’ represents the water phase with
proteins; ‘O’ represents oil.
3.2.7.2. Protein dialysis
Cyanine 5 was dissolved in dimethyl sulfoxide (DMSO) to a concentration of
1 mg/mL. Then, 10 and 50 µL Cyanine 5 solution were added to 1 mL
supernatant solution and pellet redispersion, respectively. The
corresponding blank samples were made by adding the same amount of dye
to 1 mL Milli-Q water. The samples were incubated in the dark for 2 h at
room temperature. Subsequently, the samples were dialyzed with a cutoff
size of 3.5 kDa for 7 h by flowing Milli-Q water at room temperature.
3.2.7.3. Visualization of the interfaces
The dialyzed sample was slowly pipetted into cell 1 (Fig. 3.1a), until the
sample formed a meniscus. For O-W interfaces, the outside of the meniscus
was covered with MCT oil (Fig. 3.1c). For A-W interfaces, the slide was
covered by parafilm to prevent evaporation. A small amount of water was
added in cell 2 to limit sample evaporation (Fig. 3.1b). O-W and A-W
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interfaces were visualized by a Leica SP8Dive multiphoton excitation
microscope (Leica, Germany), using a HC FLUOTAR L 25×/0.95 W VISIR
objective. The laser excitation wavelength was set at 840 nm, and the
emission range for the detector was 650-700 nm. A 3-dimensional region
(240*240*200 µm) was scanned by the MPM.
3.2.8. Topography of interfacial microstructure
3.2.8.1. Interfacial pressure isotherms
Interfacial pressure isotherms (area vs. surface pressure) were made using a
Langmuir trough (KSV NIMA/Biolin Scientific Oy, Finland). Casein micelle
dispersion, supernatant, and pellet redispersion were diluted to 0.2 wt%.
The samples were injected (200 µL) at the bottom of a Langmuir trough filled
with Milli-Q water using a gas-tight syringe. Afterwards, the system was
equilibrated for 3 h, while monitoring the surface pressure using a platinum
Wilhelmy plate (perimeter 20 mm, height 10 mm). At last, the interfacial
area was reduced by compressing the film with Teflon barriers, moving with
a speed of 5 mm/min.
3.2.8.2. Preparation of Langmuir-Blodgett (LB) films
LB films were made based on the same protocol described for the interfacial
pressure isotherms. A freshly cleaved mica sheet (Highest Grade V1 Mica,
Ted Pella, USA) was fixed vertically with respect to the interface. The mica
sheet was completely immersed in the water phase. An amount of 200 µL of
sample was injected at the bottom of the trough, while monitoring the
surface pressure using a platinum Wilhelmy plate. After equilibrating for 3 h,
the films formed at the interface were compressed to a target surface
pressure of 13 or 23 mN/m. The interfacial films were deposited on the sheet
mica by withdrawing the sheet vertically at a speed of 1 mm/min, while the
Teflon barriers maintained the target surface pressure. All films were
produced in duplicate and dried for two days in a desiccator at room
temperature.
3.2.8.3. Atomic force microscopy (AFM)
The topography of the LB-films was studied using AFM (MultiMode 8-HR,
Bruker, USA). The films were analyzed in tapping mode with a Scanayst-air
model non-conductive pyramidal silicon nitride probe (Briker, USA). A
normal spring constant of 0.40 N/m and a lateral scan frequency of 0.977 Hz
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were applied for the analysis. The films were scanned for a 2.0 × 2.0 μm 2
area with a lateral resolution of 512 × 512 pixels2. To ensure good
representativeness, at least two locations of each replicate were scanned.
The images were analyzed with Nanoscope Analysis v1.5 software (Bruker,
USA).
3.2.8.4. Ellipsometry
The thickness of A-W and O-W interfacial films prepared with casein micelle
dispersion, supernatant or redispersed pellet were analyzed with an imaging
nulling ellipsometer EP4 (Accurion, Germany). A-W interfacial films were
created by injecting 10 mL of protein solutions in Petri dishes. Afterward, the
measurement spot was aligned on the interfacial layer. For evaluation of the
O-W interfaces, the light source and objective lens coupled to the analyzer
were extended with light guides. O-W interfacial films were created in a
Teflon trough by first injecting 15 mL protein solutions, followed by the
alignment of measurement spot. The MCT oil was then carefully pipetted
onto the top of the protein solution until the guides were immerged in the
oil. Both A-W and O-W interfaces were equilibrated for 3 h. Afterwards, the
interfacial films were measured over wavelength ranges varying from 499.8
to 793.8 nm of two zones at an angle of incidence of 50° to obtain the
ellipsometric parameters phase shift (δ) and amplitude ratio (ψ). The
measurements were performed at room temperature, and at least two
independently prepared interfacial films were measured. A wavelength scan
was also performed on Milli-Q-air and MCT-air interfaces to determine their
refractive indices for the model fitting. The output of the protein layers was
analyzed with the EPModel v3.6.1. software provided by the supplier. A
three layers system was built in the model by combining the air/oil layer, the
protein layer, and the Milli-Q layer. The parameters of the protein layer in
the model were fitted using a Cauchy model:
𝐵

𝐶

𝑛(𝜆) = 𝐴 + 𝜆2 + 𝜆4

Eq. 3.4

Where 𝑛 is the refractive index; 𝜆 is the wavelength of the polarized light; 𝐴,
𝐵, and 𝐶 are fitting parameters.

81

Chapter 3
3.2.9. Statistical treatment of the data
All samples were prepared in duplicate, and all tests were performed at least
twice. The data in this paper are reported as mean ± standard deviation.

3.3. Results
3.3.1. Size distribution of different fractions of casein micelle dispersion

Fig. 3.2. Particle size distribution of the casein micelle dispersion ( ), pellet
redispersion ( ), supernatant ( ) and β-casein solution ( ).
In order to compare the behavior of its different colloidal components at OW and A-W interfaces, the casein dispersion was ultracentrifuged into two
fractions, pellet and supernatant. The efficiency of separation was evaluated
by testing the particle size distribution of casein micelle dispersion, pellet
redispersion, and supernatant (Fig. 3.2). The size distributions of the pellet
redispersion and casein micelle dispersion almost overlapped and presented
a main peak at 200-400 nm, which is the typical size of casein micelles
(Dalgleish, Spagnuolo, & Douglas Goff, 2004; Fox & McSweeney, 2013;
Walstra, 1990). The main peak of the curve of the supernatant was at 40 50 nm, i.e. a fraction which in older literature is often referred to as
“submicelles” (Qi, 2007; Walstra, 1999). Here, we will refer to this fraction
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as “small aggregates”. The particle size distribution of a β-casein solution
was analyzed, and showed a main peak around 6 nm. So, we can assume βcasein was mainly present in the solution in monomeric form. Basically, the
results clearly show that the pellet redispersion was mainly composed of
micellar caseins. The supernatant appeared to consist mainly of small
aggregates, but contained undoubtably also monomers of the various casein
fractions. The latter could not be detected by the NanoSizer since the
scattering was dominated by the small aggregates present in the samples.
To confirm the presence of monomers in the supernatant fraction and to
obtain an estimate of the amount of β-casein in the supernatant, it was
further analyzed with high performance liquid chromatography (HPLC).
3.3.2. Protein species in the supernatant

Fig. 3.3. HPLC chromatogram of the supernatant of the casein micelle
dispersion after ultracentrifugation and of the milk reference. The peak at 8
min is most likely from the elution buffer.
According to the result of the HPLC analysis of the supernatant (Fig. 3.3),
monomers were indeed present in this fraction, the main ones being α scasein and β-casein. The proportion of β-casein in the total protein in the
supernatant was around 65.5%. Compared with αs-casein, β-casein is less
charged and has more distinct hydrophobic and hydrophilic regions. As a
result, it behaves like a low molecular weight surfactant (Dalgleish & Leaver,
1991; Dickinson & Matsumura, 1994), and is more likely to adsorb at
interfaces. It was even shown to displace αs-casein from the interface, and
also was dominant at the air-water interface when mixed with β83
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lactoglobulin (Mackie, Gunning, Ridout, Wilde, & Morris, 2001; Ridout,
Mackie, & Wilde, 2004). Consequently, for the execution of this study, only
β-casein was selected as representative to investigate the role of monomers
at the O-W and A-W interfaces. As the total protein concentration of
supernatant was around 0.31 wt% (see section 3.2.2), the concentration of
β-casein in the supernatant was roughly estimated to be 0.20 wt%, which
will be the concentration of β-casein solution used in the following phases
of this study.
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3.3.3. Nonlinear rheology of O-W interfaces

Fig. 3.4. Lissajous plots showing the surface pressure versus deformation for
O-W and A-W interfaces stabilized with casein micelles dispersion,
supernatant, pellet redispersion, or β-casein. The strain amplitudes were
10% (black), 15% (green), 20% (blue), 30% (red). The frequency was 0.01Hz.
A dilatational amplitude sweep at a frequency of 0.01 Hz was applied for
interfaces stabilized with casein dispersion, supernatant or pellet
redispersion, to ascertain which fraction of the solution dominated the
response. Also, a β-casein solution was analyzed. The Lissajous plots of the
O-W interfaces are shown in Fig. 3.4. At an amplitude of 10%, the response
of the O-W interfaces stabilized with the casein dispersion was asymmetrical,
which meant that at this strain amplitude the response was already in the
nonlinear regime. The interfaces showed softening in expansion and
hardening in compression. Softening was evidenced by the combination of
a rapid increase of surface pressure at the beginning of the expansion (the
upper part of the curve from left to right) followed by a decrease in the slope
of the curve towards the end of the expansion phase. Hardening was
indicated by an increasing slope of the curve in compression (the bottom
part of the curve from right to left). With an increase of the amplitude, the
gradual softening behavior in expansion turned into yielding, as the slope of
the surface pressure abruptly changed during expansion and reached a
plateau where the slope of the curve was close to zero. Yielding and
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hardening behavior imply changes of the microstructure formed by the
proteins at the interfaces. At the start of expansion, this structure was strong
enough to resist the deformation and showed a highly stiff response. When
the interfaces kept expanding, the structure was disrupted, leading to a
significant decrease in stiffness, and a relatively more viscous response. In
compression, the disrupted structure was densified, until the proteins
reached a jammed (or gelled) state, which resulted in much stronger
molecular interactions and an abrupt decrease of the surface pressure.
The same behavior was also found for the O-W interfaces stabilized with the
protein species present in the supernatant, namely, expansion softening (or
yielding) and compression hardening of the interfaces. As shown in Tab. 3.1,
the O-W interfaces stabilized with the casein micelle dispersion or
supernatant also had similar elastic and viscous moduli at all amplitudes.
However, the interfaces stabilized with the pellet redispersion displayed
very weak responses at all amplitudes. No clear softening or hardening
behavior was found for these interfaces. The plots are very narrow and show
only a mild asymmetry at the highest amplitude. This type of response points
either to an interface stabilized with surface active components that are
irreversibly adsorbed and display only weak in-plane interactions between
the molecules, or to a system in which diffusion between bulk and interface
is very fast and (partially) compensates for changes in surface coverage
induced by oscillation. The first harmonic based moduli of the O-W
interfaces stabilized with the pellet redispersion were much lower than the
ones of the interfaces stabilized with the casein micelle dispersion or
supernatant (Tab. 3.1). Based on these observations, it appears that micellar
caseins did not adsorb at the O-W interfaces, but small aggregates or
monomers did.
In order to further distinguish whether the response of the O-W interfaces
was dominated by small aggregates or monomers, dilatational oscillatory
rheology was also applied on interfaces stabilized with β-casein. If
monomers were responsible for the response, we would expect this protein
to be dominant, in view of its surface activity. As shown in Fig. 3.4, compared
to micellar casein dispersion and supernatant, β-casein stabilized O-W
interfaces showed much weaker response during oscillation. β-casein has a
highly hydrophilic head and a hydrophobic tail. Therefore, β-casein displays
typical water soluble small molecular surfactant properties (Dickinson, 1998),
which means that β-casein can adsorb at the interfaces quickly and
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spontaneously without forming a network. The in-plane interactions among
these molecules are apparently relatively weak, since only low surface
pressure values were found in Lissajous plots of O-W interfaces stabilized
with β-casein, and the first harmonic based moduli were low (Tab. 3.1).
As micellar caseins were probably not adsorbing at the interfaces, and βcasein stabilized interfaces did not display a strong response during
oscillation, the behavior of the O-W interfaces stabilized with casein micelle
dispersions appeared to be dominated by small aggregates. Also, in view of
the weak response of the redispersed pellet, a situation in which micelles
did adsorb but subsequently fell apart seems unlikely.
3.3.4. Nonlinear interfacial rheology of A-W interfaces
Compared with O-W interfaces, A-W interfaces showed higher stiffness
during oscillation, which was evidenced by the higher elastic moduli (Tab.
3.1). Similar findings were also reported by (Hinderink, Sagis, Schroën, &
Berton-Carabin, 2020). The higher stiffness could be a result of the lower
dielectric constant of air, as the dielectric constant of triglycerides is around
3, while the dielectric of air is around 1 (Benjamins, Lyklema, & LucassenReynders, 2006). This will affect the balance between attractive and
repulsive interactions among protein molecules at the A-W interface. A
relative increase in attractive interactions could lead to stiffer interfaces.
A-W interfaces stabilized with either the casein micelle dispersion or the
supernatant showed softening and hardening behaviors similar to those of
O-W interfaces. A-W interfaces stabilized with the pellet redispersion
displayed the mildest response during oscillation, which was evidenced by
the flattest Lissajous plots and the smallest stiffness (Tab. 3.1). Therefore, it
can be hypothesized that micellar caseins were not adsorbing at the A-W
interfaces either.
In order to estimate the role of individual casein fractions in the behavior of
A-W interfaces, systems stabilized with β-casein were studied. As shown in
Fig. 3.4, A-W interfaces stabilized with β-casein displayed softening and
hardening similar to those observed for the casein micelle dispersion and
supernatant. As the properties of interfaces stabilized with β-casein and the
supernatant were similar, β-casein may be the dominant protein at the A-W
interfaces. The differences among the response of pellet redispersion, casein
micelle dispersion, supernatant, and β-casein solution were not as evident
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as in the case of the O-W interface. This may be because the amount of βcasein monomers in the samples were different. The pellet was re-dispersed
in Milli-Q water, and micellar casein in the pellet may have partially fallen
apart. Consequently, β-casein could be present also in the pellet
redispersion.
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O-W
strain
0.1
0.15
0.2
0.3
A-W
strain
0.1
0.15
0.2
0.3

pellet redispersion
casein micelle dispersion
E1'
E1''
E1'
E1''
1.78±0.25
0.78±0.05
19.21±0.73
5.48±0.41
2.09±0.21
0.75±0.01
15.38±0.86
4.69±0.27
2.31±0.3
0.65±0.01
12.88±0.85
4.04±0.24
2.66±0.39
0.66±0.04
9.41±0.38
3.27±0.18
pellet redispersion
casein micelle dispersion
E1'
E1''
E1'
E1''
10.32±2.77
5.25±2.59
12.76±1.22
5.96±2.81
10.24±2.4
4.85±2.51
13.27±0.41
5.83±2.54
10.04±2.01
4.68±2.26
14±0.59
5.77±2.23
9.87±1.66
4.62±2.03
14.65±0.71
5.88±1.96

supernatant
β-casein solution
E1'
E1''
E1'
E1''
14.62±0.55 4.23±0.12
1.69±0.08
1.04±0.02
13.55±0.13 3.95±0.18
1.67±0.3
1.1±0.01
12.19±0.08 3.58±0.14
1.8±0.31
1.08±0.06
9.26±0.09
2.9±0.15
1.75±0.09
1.16±0.01
supernatant
β-casein solution
E1'
E1''
E1'
E1''
29.74±13.03 16.55±8.45 33.67±14.3
17±4.45
27.38±9.56 15.12±7.09 34.12±13.6 16.23±4.03
26.14±7.2 14.08±6.18 35.47±13.56 15.67±3.3
25.97±5.94 12.87±5.1 39.25±12.28 14.55±1.83

Tab. 3.1. First harmonic based elastic and viscous moduli (mN/m) of O-W or A-W interfaces stabilized with pellet
redispersion, casein micelle dispersion, supernatant, or β-casein solution at different strains amplitudes. The
frequency of the oscillation was 0.01 Hz.
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3.3.5. Visualization of O-W and A-W interfaces

Fig. 3.5. Visualization of O-W (1) and A-W (2) interfaces stabilized with
supernatant (A) or pellet redispersion (B). A 3-dimensional region
(240*240*200 µm) was scanned by the MPM (see Fig. 3.1). The bottom part
of each image is the water phase; the top part is the oil or air phase. The
green color represents the proteins. The scale bar in the pictures represents
50 µm.
Based on the surface rheology results, it was hypothesized that micellar
caseins do not adsorb at the O-W or the A-W interfaces, and that instead
some smaller species such as small aggregates or monomers do. In order to
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confirm this hypothesis, O-W and A-W interfaces stabilized with pellet
redispersion or supernatant were visualized by multiphoton microscopy
(MPM) (Fig. 3.5). Distinct bright interfacial layers were observed for O-W and
A-W interfaces stabilized with the supernatant (indicated by arrows). On the
other hand, no distinct layers were found for interfaces stabilized with the
pellet redispersion. The micelles remained in the bulk phase. The pictures
clearly support the hypothesis that micellar caseins adsorb neither at the OW interface nor at the A-W interface. The protein species from the
supernatant were more surface active and could accumulate at the
interfaces. The pictures were in line with the rheology results. Further
detailed characterizations of O-W and A-W interfaces were carried out by
ellipsometry. The A-W interface was also further characterized by atomic
force microscopy (AFM).
3.3.6. Thickness of O-W and A-W interfaces
Tab. 3.2. Thickness of interfaces stabilized with casein micelles dispersion,
pellet redispersion or supernatant, as measured by ellipsometry.
interface
O-W
A-W

pellet redispersion
(nm)
11.1 ± 1.5
4.2 ± 0.1

casein micelle
dispersion (nm)
22.2 ± 2.3
4.1 ± 0.1

supernatant (nm)
27.5 ± 0.1
4.4 ± 0.1

The thickness of the studied A-W interfaces or O-W interfaces was
characterized using ellipsometry. The thickness of the interfacial layer may
also provide additional information on which species preferentially adsorb
at the interface. The results are shown in Tab. 3.2. The pellet redispersion
formed the thinnest O-W interface, with a thickness around 11 nm. The
thickness values of O-W interfaces stabilized with the casein micelle
dispersion or supernatant were comparable and were between 20 and 30
nm, which is in the range of the size of small aggregates. This is in line with
the results of O-W interfacial rheology, where the dispersion and
supernatant had similarly shaped Lissajous plots, and further supports the
hypothesis that micellar caseins do not adsorb at the O-W interfaces, but
those small aggregates do. The smaller size for the pellet redispersion may
be due to adsorption of some residual subunits or monomers (~6 nm)
present in that sample.
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The thickness of A-W interfaces stabilized with pellet, micelle dispersion and
supernatant was roughly the same, i.e. around 4.0 nm, which is close to the
size of monomers (O'Connell, Grinberg, & de Kruif, 2003). This also confirms
the hypothesis that micellar caseins were not adsorbing on the A-W
interfaces.
3.3.7. AFM imaging of A-W interfaces

Fig. 3.6. Interfacial pressure isotherms of pellet redispersion ( ), casein
micelle dispersion ( ) and supernatant ( ), obtained using a Langmuir trough.
The microstructure of A-W interfaces was further investigated by creating
adsorption-based Langmuir-Blodgett (LB) films, which were analyzed with
Atomic Force Microscopy (AFM). The surface pressure isotherms
determined using a Langmuir trough are shown in Fig. 3.6. When the surface
pressure increased to roughly 15 mN/m, the interfaces stabilized with the
casein micelle dispersion, pellet redispersion, or supernatant all showed a
change in slope, often associated with a phase transition from a liquid state
to a solid state. The isotherm of the micelle dispersion mostly overlapped
with the isotherm of the supernatant, which again suggests that the micelle
dispersion and supernatant form a similar A-W interface in the liquid regime.
To achieve the same surface pressure, the pellet stabilized interface needed
to be compressed further, which may indicate a lower amount of material in
the pellet redispersion which can adsorb at the interface.
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The structure of the A-W interfaces was visualized at a surface pressure of
13 mN/m (Fig. 3.7 A1, B1, C1) and 23 mN/m (Fig. 3.7 A2, B2, C2), so just
below and above the liquid-solid transition, respectively. At the lower
surface pressure, the microstructures of all three interfaces were
remarkably similar. This is in line with the result obtained with ellipsometry,
and again indicates that micellar caseins did not adsorb at the A-W interfaces,
but only monomers did. At the high surface pressure, all three samples
formed dense interfacial films. The supernatant stabilized film formed the
densest microstructure, and the pellet formed the least dense one. A lower
density of the stabilizer could lead to weaker in-plane interactions among
adsorbed proteins, which could contribute to the formation of weaker
interfacial layers. The density differences among the samples might explain
the A-W interfacial rheology results, where the moduli increased (pellet
redispersion < casein micelle dispersion < supernatant, Tab. 3.1) with higher
protein density at the A-W interfaces, as shown in the AFM images.

Fig. 3.7. AFM images of A-W interfaces stabilized with pellet redispersion (A),
casein micelles dispersion (B) or supernatant (C). The surface pressure values
during film sampling were 13 mN/m (1) and 23 mN/m (2). The area of each
image represents 2.0 × 2.0 µm2.
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3.4. Conclusion
In this study we comprehensively investigated the role of the different
fractions (micelles, small aggregates and casein fraction monomers) present
in casein micelle dispersions at O-W and A-W interfaces. The results
presented above clearly show that, although casein small aggregates and
casein fraction monomers are the minor species in a casein micelle
dispersion, they are the main surface-active components. Small aggregates
and β-casein determine the mechanical properties of O-W and A-W
interfaces, respectively. We did not find any proof that casein micelles
stabilize interfaces by a Pickering mechanism (Dickinson, 2015), as micelles
adsorb at neither O-W interfaces nor A-W interfaces. A possible reason why
the smaller species are dominant at the interface is their faster diffusion
towards the interface, in view of their smaller size. There may also be
differences in the magnitude of the adsorption barrier energy between
micelles and smaller components.
A note we want to make here is that in our study the adsorption of the
various fractions was diffusion based. In emulsion and foam preparation
there is typically also a convective contribution to the transport of surface
active components to the interface. This may be the reason that in some
studies in electron microscopy pictures, micelles do appear to be at the oilwater or air-water interfaces (Anderson, et al., 1987; Brooker, 1985; Jensen,
2013). However, their distribution on the surface tends to be sparse, and it
is hard to distinguish whether they are actually adsorbed at the interface, or
attached to a primary layer of molecules or smaller aggregates. Diffusion can
still be a dominant factor in highly turbulent flows, because of the boundary
layer that forms close to the bubble or oil droplet interface, in which the flow
is laminar and parallel to the interface, and across which the motion of the
surface active species towards the interface is mostly diffusive. But we
cannot exclude the possibility that some micelles still do adsorb at/to the
interface driven by convection.
We also studied only the initial state of the adsorption and did not perform
long-term studies. Since emulsions tend to have long shelf lives, proteins
may be displaced over time. If this were to happen the most likely scenario
would be that the small aggregates are over time displaced by the casein
monomer fraction, rather than by the micelles. Further measurements are
needed to prove or disprove this scenario.
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The approach we have outlined here, based on fractionation of a complex
mixture, and on the study of the functionality of the individual fractions
using a combination of (nonlinear) surface rheology and microstructural
analysis (MPM, ellipsometry, AFM), can help in identifying the most relevant
components in the mixture.
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mixtures
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Abstract
The mechanical properties of oil-water (O-W) and air-water (A-W) interfaces
stabilized with mixtures of casein and whey protein at different ratios were
investigated by interfacial dilatational rheology, at a small (5%) and a large
(25%) amplitude. The composition of the layer of proteins adsorbed at the
O-W interfaces was investigated by multiphoton excitation microscopy. The
structure of A-W interfaces was visualized by atomic force microscopy. The
results obtained for O-W interfaces showed that casein preferentially
adsorbs and dominates the interface even when present in mixtures in a very
low proportion. The interfacial layer formed by casein is weaker and more
brittle compared with the one formed by whey proteins. In case of A-W
interfaces, casein is more surface active and displays faster diffusion, and
leads to a decrease of surface tension to lower values compared with whey
protein. Casein will co-adsorb with whey protein at the A-W interface, and
the viscoelastic solid-like network normally formed by pure whey proteins
at the interface is significantly affected by casein. The interfacial layer
becomes more brittle with an increasing proportion of casein in the mixture.

4.1. Introduction
Dairy proteins are naturally amphiphilic and tend to adsorb at oil-water (OW) and air-water (A-W) interfaces, providing electrostatic and steric
repulsions to stabilize oil droplets or air bubbles (Lam & Nickerson, 2013).
Because of this behaviour, they are widely used in many food products to
stabilize multiphase systems, for example recombined dairy cream, icecream, and foamy coffee beverages (Goff, et al., 1989; Scott, et al., 2003;
Sharma, et al., 2012; Tomas, et al., 1994; Wu, et al., 2016; Zhou, et al., 2016).
Dairy proteins are mainly composed of casein and whey. Quite often, they
are used to stabilize emulsions or foams as a mixture, like milk protein
concentrate or skimmed milk powder. Quite some research already showed
that at interfaces casein and whey can have various interactions, for
example, competitive adsorption and displacement (J. M. Brun & D. G.
Dalgleish, 1999; Zhang, et al., 2004). Some studies show that casein
preferentially adsorbs at O-W interfaces in mixtures of skim milk powder and
whey protein isolate (Sourdet, et al., 2002), but can be (partially) displaced
by whey proteins at elevated temperatures (> 40oC) (Dalgleish, Goff, Brun,
102

Chapter 4
et al., 2002; Dalgleish, Goff, & Luan, 2002). Preparing formulations with
casein and whey protein mixtures to stabilize emulsions or foams is often
still done empirically. The relative contributions of casein and whey to
emulsion or foam properties are still not completely clear. To mix casein and
whey in food emulsions or foam systems can have practical advantages.
Some research already showed that to use a mixture of casein and whey
proteins can significantly change the heat sensitivity of the emulsions
(Chevallier, et al., 2016). Surel, et al. (2014) used different ratios of casein
and whey protein to adjust the interfacial composition of emulsions and
change their textures. Foam overrun and stability can also be changed by
adjusting whey and casein ratios in a system (Borcherding, et al., 2009;
Martínez-Padilla, et al., 2014). However, how the proteins in mixtures of
casein and whey protein interact at interfaces, thus affecting bulk stability
or functionality is not well studied yet. In Chapter 3, we showed that
complete micelles adsorb at neither O-W interfaces nor A-W interfaces, and
that the smaller fractions present in the dispersion adsorb preferentially at
the interface (β-casein for A-W interfaces, and small casein aggregates at OW interfaces). How this changes when a significant amount of whey protein
isolate is added to the dispersion of caseins is not yet completely known.
Some special food products require different stability under different
physicochemical conditions, for example whipping cream. This product
needs to be statically stable, which will guarantee a long shelf life, but
dynamically unstable, i.e. be prone to partial coalescence upon shearing,
which is necessary for whipping it into a stable foam (Han, et al., 2018).
Correspondingly, the interfaces of the oil droplets present in the cream need
to display different properties under static and dynamic conditions. The
interface needs to be solid-like under static conditions, which can prevent
coalescence. But it needs to become weaker and possibly even show yielding
when vigorous shear is applied to the emulsion, which can promote partial
coalescence. This large deformation behavior of interfaces can be probed
using large amplitude oscillations, either in surface shear or dilatational
mode. These test modes are still not widely applied in studies on protein
stabilized interfaces. After whipping, the foam needs to be stable and have
a long lifetime, so the interfacial structure needs to be able to recover (at
least partially) when the deformations stop. Therefore, whether it is possible
to use different ratios of casein and whey proteins to tune the mechanical
properties of interfaces of emulsions or foams has much practical
significance. In recent years, there was increasing attention for the study of
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the interfacial properties of plant and dairy protein mixtures (Hinderink, et
al., 2020; Yang, et al., 2021). Often, at interfaces plant proteins fail to
perform comparably to dairy proteins. To fully characterize the interfacial
behavior of mixtures of casein and whey protein can provide a benchmark
for research relevant to (partial) dairy protein substitution, and in spite of
clear differences between plant and dairy proteins, this may help us to
better understand the lower functionality of plant proteins in interface
stabilization. A more fundamental understanding of the structure,
composition and the mechanical properties of the interfacial layers
stabilized with casein and whey protein mixtures can contribute to a more
efficient design of formulations or improve the physiochemical properties of
related food products (Dickinson, 1999).
In this research, we aimed at understanding the relative contribution of
casein and whey protein to the rheological properties of O-W and A-W
interfaces stabilized with their mixtures. Small and large amplitude
dilatational oscillations were applied to the interfaces to study their
mechanical properties. Casein and whey protein were visualized individually
at O-W interfaces with a novel method using multiphoton excitation
microscopy. The structure of the A-W interfaces stabilized with casein and
whey mixtures was visualized by atomic force microscopy.

4.2. Material and methods
4.2.1. Material
Anhydrous milk fat, micellar casein isolate (Refit™, MCI88, 84.15% protein,
lactose 3.0%, ash 7.3%, moisture 3.3 %, fat 1.1%) was kindly donated by
FrieslandCampina (Netherlands). Whey protein isolate (WPI, Bipro, 88.8%
protein content) was purchased from Agropur (Canada). Florisil (60-100
mesh), syringe filters (PVDF, 5.0 µm, d 25 mm; PVDF, 0.45 µm, d 33 mm;
PVDF, 0.1 µm, d 33 mm), membrane filters (PVDF, 0.45 µm, d 47 mm) and
dimethyl sulfoxide (DMSO) were purchased from Merck (Netherlands).
Medium chain triglyceride (MCT) was purchased from IMCD (France).
Cyanine 5 NHS ester (Cy5 NHS) and Cyanine 3 NHS ester (Cy3 NHS) were
purchased from Lumiprobe (Germany). UV glue, nylon rings (M10) and metal
washers (diameter 7 mm) were purchased online (Amazon). Glass slides
(#1.5) were purchased from Thermo (Netherlands). Dialysis membranes
(3.5kD, #3) were purchased from Spectrum Labs (Greece).
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4.2.2. Methods
4.2.2.1. Sample preparation
Whey protein (W) solutions and casein (CA) dispersions were made by
stirring whey protein isolate and micellar casein isolate in Milli-Q water
overnight. An amount of 0.02 wt% sodium azide was added to prevent
spoilage. The obtained whey solution had a protein concentration of 2.0 wt%,
and the casein dispersion had a protein concentration of 2.6 wt%. Whey
protein solutions were filtered through a syringe filter with a pore size 0.45
μm. Casein dispersions were filtered through syringe filters with a pore size
5 μm and 0.45 μm, successively. The protein content of both the whey
protein solution and casein dispersion after filtration was 2.0 wt%, tested by
DUMAS (with a coefficient 6.38). The casein dispersion and whey protein
solution were subsequently mixed to have different ratios between the two
proteins. The mixtures for O-W tests had casein and whey protein ratios of
0:2, 0.05:1.95, 0.1:1.9, 0.2:1.8 and 2:0 (wt%:wt%). The samples for A-W
interfaces had ratios of 0:2, 1:1, 1.5:0.5 and 2:0 (wt%:wt%).
4.2.2.2. Oil purification
Anhydrous milk fat (AFM) and medium chain triglyceride (MCT) oil used in
this research were first purified. Florisil was desiccated overnight at 105 °C
in an oven, then cooled down to room temperature. AMF was melted at
60 °C and mixed with 10 wt% Florisil. The mixture was stirred at 60 °C for at
least 2 h. Subsequently, 10 mL of the mixture was sampled and filtered with
a syringe filter to remove Florisil particles. The surface tension of the
interface between the filtered AMF and Milli-Q water was tested for at least
1 h. If the tension decreased over time, AMF needed to be purified further
by repeating the steps described above. Once the surface tension stayed
constant, the AMF and Florisil mixture were filtered using vacuum filtration
with a filter membrane (PVDF, 0.45 μm, d 47 mm). The filtered AMF was
sealed in blue cap bottles and kept in the dark at room temperature. MCT
was purified according to the same protocol, but at room temperature.
4.2.2.3. Adsorption kinetics
The surface tension of protein samples against purified anhydrous milk fat
or air was monitored over time at 40 °C using a Tracker Automated Droplet
Tensiometer (Teclis, France). For O-W interfaces, purified milk fat was
transferred to a cuvette and kept at 40 °C. A pendent droplet of the protein
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samples with an area of 20 mm2 was formed at the tip of a needle that was
immersed in the milk fat phase. The density of the bulk phase and droplet at
40 °C were 0.90411 and 0.9922 g/mL, respectively. For A-W interfaces, the
liquid droplet at the tip of the needle was hanging in an empty cuvette at
20 °C. In order to prevent evaporation of water at the surface of the droplet,
a little bit of water was added at the bottom of the cuvette, and the open
cuvette was sealed by parafilm. The area of the droplet was set as 15 mm 2.
Densities of bulk phase and droplet at 20 °C were 0.0012 and 0.9982 g/mL,
respectively. The dynamic interfacial tension over time was monitored for 3
h.
4.2.2.4. Interfacial rheology
After monitoring the tension for 3 h, 5 cycles of oscillation with an amplitude
of 5% and a frequency of 0.02 Hz were applied to the droplet interface,
followed by 900 s rest to allow for recovery. After recovery, another 5 cycles
with an amplitude of 25% and a frequency of 0.02 Hz were applied to the
droplet interface. For every round of oscillations, only the middle three
cycles were used for constructing Lissajous plots. The construction of
Lissajous plots is discussed by Sagis and Fischer (2014), and these are cyclic
plots of surface pressure versus strain. The surface pressure (𝜋) and surface
strain amplitude (𝛾) were defined as:
𝛾=

𝐴𝑡 −𝐴0
𝐴0

𝜋 = 𝜎𝑡 − 𝜎0

Eq. 4.1
Eq. 4.2

where 𝐴𝑡 and 𝜎𝑡 are interfacial area and interfacial tension at time 𝑡; 𝐴0 and
𝜎0 are the initial interfacial area and interfacial tension of the non-deformed
interface.
Apart from the Lissajous plots, we also determined the tangent modulus
(EdEM) at zero strain in expansion, as described by van Kempen, et al. (2013).
4.2.2.5. Visualization of the interfaces with multiphoton excitation
microscopy (MPM)
In a recent study on the interfacial behavior of aqueous casein micelle
dispersions, we showed that complete micelles do not adsorb at either the
A-W or O-W interface. We therefore centrifuged the casein micelle
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dispersions and performed the visualization of the interfaces with the
supernatant only. The latter contains only serum proteins and small micellar
aggregates (small fractions of micelles). The method to obtain the
supernatant is described below.
4.2.2.5.1. Protein labeling and dialysis
Proteins in the casein supernatant and whey protein solution were labeled
individually with fluorescent dyes for visualization. The casein supernatant
was made from a casein dispersion, using an ultracentrifuge (Beckman
Coulter, US) at 15,000 g for 1 h. The supernatant was collected and filtered
with a syringe filter with a pore size of 0.1 μm. The protein content of the
supernatant was tested by DUMAS (with a coefficient 6.38) and turned out
to be 0.25 ± 0.01 wt%. Both the casein supernatant and whey protein
solution were further diluted to a concentration of 0.2 wt% protein. Cy5 NHS
and Cy3 NHS were separately dissolved in dimethyl sulfoxide (DMSO) at a
concentration of 1 mg/mL. Twenty microliter Cy5 NHS and Cy3 NHS solution
were correspondingly added to 1 mL diluted whey protein solution and
casein supernatant. The resulting protein dispersions were quickly vortexed
for a few seconds and incubated in the dark for 5 min. The labelled whey
protein solution and casein supernatant were subsequently dialyzed
separately at room temperature in dark, until the conductivity of the
surrounding water was constant. The cutoff size of dialysis was 3.5 kDa for
both samples. The dialyzed whey protein solution and casein supernatant
were mixed to have different casein and whey protein ratios of 0:0.2,
0.002:0.198, 0.01:0.19, 0.02:0.18, 0.04:0.16, and 0.2:0 (wt%:wt%).
4.2.2.5.2. Object slides for MPM
A picture and a schematic of the slides used for MPM are shown in Fig. 4.1.
A metal washer and a nylon ring were attached on a glass slide using liquid
UV glue. The whole setup was incubated with UV light overnight to solidify
the glue.
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Fig. 4.1. Picture and schematic of the slide used for MPM. (A) top view of the
slide; (B) side view of the slide for the O-W interface; ‘W’ represents the
water phase with proteins; ‘O’ represents oil phase.
4.2.2.5.3. Visualization of the O-W interface
The protein samples made in section 4.2.2.5.1 were slowly pipetted into cell
1 until a meniscus was formed. MCT oil was slowly pipetted into cell 2 until
the water droplet in cell 1 was completely immersed. The created interface
was equilibrated for 1 h and then visualized by a Leica SP8Dive multiphoton
excitation microscope (Leica, Germany), using a HC FLUOTAR L 25×/0.95 W
VISIR objective. A three-dimensional region (240 ×240 ×100 μm) was
scanned by two channels, individually. One channel was set for Cy3 NHS,
with an excitation wavelength of 780 nm and emission wavelength range of
550-600 nm; another one was set for Cy5 NHS, with an excitation
wavelength of 840 nm and emission wavelength of 650-700 nm. The Cy3
NHS labelled casein was visualized as green, and Cy5 NHS labelled whey was
visualized as red.
4.2.2.6. Interfacial pressure isotherms
Interfacial pressure isotherms (area vs. surface pressure) were made using a
Langmuir trough (KSV NIMA/Biolin Scientific Oy, Finland). The trough was
first filled with Milli-Q water. Casein dispersion and whey protein solution
were diluted to 0.2 wt%. Two hundred microliter of the samples were
injected at the bottom of the Langmuir trough using a gas-tight syringe.
Afterwards, the system was equilibrated for 3 h, while monitoring the
surface pressure using a platinum Wilhelmy plate (perimeter 20 mm, height
10 mm). At last, the interfacial area was reduced by compressing the film
with Teflon barriers, moving with a speed of 5 mm/min. The tension was
recorded over time.
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4.2.2.7. Preparation of Langmuir-Blodgett (LB) films
LB films were also made using a Langmuir trough. The trough was first filled
with Milli-Q water. A freshly cleaved mica sheet was fixed vertically with
respect to the interface and then immersed in the water phase. Two
hundred microliter protein samples were injected at the bottom of the
trough, while monitoring the surface pressure using a platinum Wilhelmy
plate. After equilibrating for 3 h, the interfacial layer was compressed to a
target surface pressure of 13 or 23 mN/m. The interfacial films were
deposited on a freshly cleaved mica sheet (Highest Grade V1 Mica, Ted Pella,
USA) by pulling the mica sheet upwards at a withdrawal speed of 1 mm/min.
During the withdrawing of the mica sheet, the surface pressure was
maintained constant by automatic movement of the teflon barriers. All films
were produced in duplicate and dried for two days in a desiccator at room
temperature.
4.2.2.8. Atomic force microscopy (AFM)
The topography of the LB-films was studied using AFM (MultiMode 8-HR,
Bruker, USA). The films were analyzed in tapping mode with a Scanayst-air
model non-conductive pyramidal silicon nitride probe (Briker, USA). A
normal spring constant of 0.40 N/m and a lateral scan frequency of 0.977 Hz
were applied for the analysis. The films were scanned for a 2.0 × 2.0 μm 2
area with a lateral resolution of 512×512 pixels2. To ensure good
representativeness, at least two locations of each replicate were scanned.
The images were analyzed with Nanoscope Analysis v1.5 software (Bruker,
USA).
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4.3. Results and discussion
4.3.1. Adsorption kinetics

Fig. 4.2. Surface tension as a function of time for mixtures of casein (CA) and
whey protein (W) at different ratios at O-W interfaces. The total protein
content of each mixture was 2.0 wt%.
The dynamic surface tension of O-W interfaces stabilized with mixtures of
casein (CA) and whey protein (W) at different ratios is shown in Fig. 4.2. At a
total protein concentration of 2.0 wt%, the surface tension of all the
mixtures decreased to a similar extent after 3 h. The main differences
between casein and whey protein were visible during the first 10 s and
following 10 – 100 s. For the pure whey protein sample, the tension
decreased quickly to 14.4 mN/m during the first 10 s. The decrease generally
slowed down thereafter. β-lactoglobulin, the main surface active
component in whey protein, is a globular protein, and was reported to have
a smaller surface tension decrease rate than casein (Dickinson, 1997;
Shimizu, 1995). Compared with whey protein, casein decreased the tension
to a greater extent to 12 mN/m during the first 10 s, which implies a faster
adsorption at the initial stage of the adsorption process. β-casein is one of
the most abundant species among the casein fractions in milk (Walstra,
1990). Because of its flexible structure, β-casein can reorient rapidly and
adsorb fast at the interfaces (Ho, et al., 2021). Therefore, the fast decrease
in tension for casein within the first 10 s may be ascribed to the adsorption
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of β-casein. The surface tension of the pure casein sample showed a small
increase within the range of 10 – 100 s. In a previous study we showed that
casein micelles do not adsorb at the interface and that small casein
aggregates are dominant at O-W interfaces. We would expect the free
soluble casein proteins present in the dispersion to diffuse faster towards
and hence adsorb faster at the interface than small aggregates. A possible
explanation of the upswing in surface tension could then be the
displacement of serum monomers by aggregates, or the self-assembling of
monomers into aggregates at the interface. The mutual displacement
between β-casein and αs1-casein at the O-W interface was reported before
(Dickinson, et al., 1988). In this research it was not possible to distinguish
which of the mentioned mechanisms played a role in the observed increase
in tension. For casein and whey protein mixtures, with increasing proportion
of casein, the tension decreased to a greater extent during the first 10 s. At
a very low ratio CA:W = 0.1:1.9, the dynamic tension beyond 100 s almost
completely overlapped with that of the ratio 0.2:1.8 and even with that of
pure casein. This may imply that in these mixtures, casein, even at a low
proportion, was dominating the interfacial properties. Further evidence is
needed to confirm this, which will be shown in later sections (interfacial
rheology, section 4.3.2.1, and interface visualization, section 4.3.3).
Concerning A-W interfaces, casein showed a higher surface activity. A higher
proportion of casein in the mix led to a lower tension after 3 h adsorption
(Fig. 4.3). Based on the surface tension results, no significant synergy
between caseins and whey proteins was found. For the pure casein, the
upswing in surface tension we observed for O-W interfaces after the first 10
s was also not found. In previous work we showed that at A-W interfaces
stabilized with casein dispersions, soluble casein monomers (particularly βcasein) dominated the response. Other studies showed that β-casein
preferentially adsorbs at A-W interfaces over other caseins (Mackie, et al.,
2001; Zhang, et al., 2004) and is finally dominant at the interfaces (Anand &
Damodaran, 1996). Therefore, the displacement among different casein
species may happen only to a very limited extent. For mixed casein and whey
protein samples, with increasing proportion of casein in the mixture, the
dynamic tension curve generally shifted downwards. For A-W interfaces, the
dominance of casein even at a low proportion was also not found. At this
type of interface, casein and whey are most-likely co-adsorbing.

111

Chapter 4

Fig. 4.3. Surface tension as a function of time for casein (CA) and whey
protein (W) at different ratios at A-W interfaces. The total protein content
of each mixture was 2.0 wt%.
4.3.2. Interfacial rheology
4.3.2.1. O-W interface

Fig. 4.4. Lissajous plots showing surface pressure versus deformation for OW interfaces stabilized with mixtures of casein (CA) and whey protein (W) at
different ratios. The total protein concentration was 2.0 wt%. The frequency
of the oscillation was 0.02 Hz.
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Dilatational oscillations were applied to the interfaces stabilized with
mixtures of casein and whey protein at different ratios to test their
mechanical properties. The Lissajous plots showing surface pressure versus
deformation for O-W interfaces are shown in Fig. 4.4. At a small amplitude
of 5 %, all the mixture samples showed comparably shaped Lissajous plots
which were quite narrow, with limited asymmetry between extension and
compression. This shape of the plots indicated a nearly linear response with
a dominant elastic component. The elastic and viscous moduli of all the
samples were around 25 mN/m and 5 mN/m, respectively (Fig. 4.5). When
the amplitude increased to 25%, the response of the interfaces was clearly
in the nonlinear regime, as all the Lissajous plots were asymmetrical. For
pure whey proteins, clear expansion softening and compression hardening
were found. Softening was evidenced by the decrease of the slope of the
surface pressure curve in the expansion part of the Lissajous plots (upper
part, from left to right), and hardening was evidenced by the increase of the
slope of the compression part (lower part, from right to left). Cyclic softening
and hardening are normally associated with the (partial) disruption and
recovery of interconnected network structures formed by the proteins at the
interface (Sagis, et al., 2014; Zhou, et al., 2020). β-lactoglobulin is a relatively
small and highly ordered globular protein and was previously reported to
construct cohesive networks at interfaces (Rippner Blomqvist, et al., 2004;
Torcello-Gómez, et al., 2011), due to strong interactions among molecules
by a combination of ionic, hydrophobic and hydrogen bonds (Dickinson,
1998). In the nonlinear regime, the Fourier transform of the stress contains
higher harmonics, and the first harmonic alone cannot properly describe the
behavior of the interface (Sagis, et al., 2014). As an alternative, to compare
the elasticity of the interfaces quantitatively we used here the tangent
modulus at minimum expansion (EdEM). As shown in Fig. 4.6, the interface
stabilized with whey proteins had the largest EdEM, which is in line with the
formation of a strong viscoelastic network for whey proteins, as a result of
strong molecular interactions at the interface. When a small amount of
casein was present in the mixture (CA:W = 0.05:1.95), the expansion
softening tended to be more abrupt, and appeared to turn into expansion
yielding, as the slope of the expansion part in Lissajous plots leveled off to
almost horizontal. After yielding, the surface pressure was nearly constant,
which could be ascribed to mass transfer (diffusion) of β-caseins between
the bulk and interface, as observed for some low molecular weight
surfactants (Lucassen & Van Den Tempel, 1972; van Kempen, et al., 2013).
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Compared with the interface stabilized with pure whey protein, the interface
stabilized with a mixture of casein and whey at a ratio 0.05:1.95 had a lower
EdEM at the interface. So, the interfacial layer became weaker because of the
presence of casein. The network formed by β-lactoglobulin was apparently
gradually disrupted by β-casein or small aggregates as their concentration
increased, which made the structure more brittle during expansion. At ratios
higher than 0.05:1.95, the shape of Lissajous plots and elastic modulus (EdEM)
at an amplitude of 25% were quite comparable with those of pure casein.
This result was in line with what we observed in the dynamic surface tension
test (section 4.3.1), where we saw that casein was dominant at the O-W
interface even at a low ratio.

Fig. 4.5. Elastic (E’) and viscous modulus (E’’) of O-W interfaces stabilized
with mixtures of casein (CA) and whey protein at different ratios at an
oscillation amplitude of 5%. The horizontal axis represents the concentration
of CA in the mixture. The total protein concentration was 2.0 wt%.
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Fig. 4.6. EdEM of O-W interfaces stabilized with mixtures of casein (CA) and
whey protein at different ratios at an oscillation amplitude of 25%. The
horizontal axis represents the concentration of CA in the mixture. The total
protein concentration was 2.0 wt%.
4.3.2.2. A-W interface

Fig. 4.7. Lissajous plots showing surface pressure versus deformation for AW interfaces stabilized with mixtures of casein (CA) and whey protein (W) at
different ratios. The total protein concentration was 2.0 wt%. The frequency
of the oscillation was 0.02 Hz.
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A-W interfaces stabilized with mixtures of casein and whey protein at
different ratios already showed differences at 5% amplitude of oscillation
(Fig. 4.7). With an increasing proportion of casein, the plots became
narrower and the slope of Lissajous plots with respect to the horizontal axis
became smaller. E’ and E’’ generally decreased with increasing proportion of
casein in the mixture (Fig. 4.8), which implies that at the A-W interface, the
interactions among casein molecules were weaker than those among whey
protein molecules. At 25% amplitude, pure whey protein showed a very
wide Lissajous plot with yielding behavior in expansion, and pure casein
showed a more gradual softening behavior. Whey protein showed a steep
increase of the stress at the beginning of the expansion, which indicates a
stiff structure formed at the interface as a result of strong in-plane
interactions between the whey proteins. With an increasing proportion of
casein, the structure formed at the interface became weaker, as indicated
by the decreasing slope of the initial expansion part of Lissajous plots. This
could be because when casein coexisted with whey proteins at the interface,
the network formed by β-lactoglobulin was disrupted by casein. These
results are similar to the findings of the paper of Petkov, et al. (2000), where
the entangled protein network constructed by β-lactoglobulin was disrupted
by a more surface active surfactant, Tween 20.

Fig. 4.8. Elastic (E’) and viscous modulus (E’’) of A-W interfaces stabilized
with mixtures of casein (CA) and whey protein at different ratios at an
oscillation amplitude of 5%. The total protein concentration was 2.0 wt%.
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4.3.3. MPM of O-W interfaces

Fig. 4.9. Multiphoton excitation microscopy pictures illustrating protein
layers adsorbed at O-W interfaces stabilized with mixtures of casein
supernatant (CAS) and whey protein (W) at different ratios. The total protein
concentration was 0.2 wt%. For each casein and whey protein mixture, the
visualization of casein is shown in the middle row, and the visualization of
whey protein is shown in the bottom row.
MPM has already been shown to be a useful technique to identify the
protein species at interfaces in the previous chapter. In this experiment,
meant to study the competitive adsorption of casein and whey protein at OW interfaces, instead of a casein dispersion, we used its supernatant
obtained by ultracentrifugation. As a matter of fact, in Chapter 3 we already
convincingly proved that micellar caseins do not adsorb at the O-W interface,
and the main surface-active components, casein fraction monomers and
small aggregates thereof, dominate at the interface. So, we assumed that
results obtained for casein supernatant can be representative for the entire
casein dispersion. As shown in Fig. 4.9, a densely bright protein layer
(indicated by an arrow) could be observed at O-W interfaces stabilized solely
with casein or whey protein. When a small amount of casein was present in
the mixture (CAS:W = 0.002:0.198), the signal at the interface from whey
protein became much weaker, but was still distinguishable. The signal from
caseins was not detectable. If the casein and whey protein ratio increased to
0.01:0.19, a casein layer was clearly visible, and the whey protein signal at
the interface completely disappeared. When the concentration of casein
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increased further, the interfacial layer became denser and thicker, and more
casein could also be observed in the bulk phase. The results indicated that
casein preferably adsorbed at the O-W interface and would be dominant
even at a very low concentration. The results proved the hypothesis
mentioned in section 4.3.1 and 4.3.2.1. These results diverge from the
findings of the research of Dalgleish, Goff, and Luan (2002), where whey
protein was reported to displace casein at the O-W interface. The main
reason could be because these authors performed the displacement tests at
80 °C. Considerable amounts of casein de-adsorb from the interface to the
bulk phase at a higher temperature (Jacqueline M. Brun & Douglas G.
Dalgleish, 1999), due to a higher desorption rate of protein from the O-W
interface (Fainerman, et al., 2006) and a higher solubility of casein in bulk
phase at a higher temperature (Bajpai & Sachdeva, 2000). Our tests were
performed at room temperature. Temperature is another important factor
that affects the composition of interfaces. These effects were out of the
scope of this study, but are an important topic for future research.
4.3.4. Interfacial pressure isotherm
The surface pressure isotherms of the studied samples are shown in Fig. 4.10.
The isotherm curve of casein was much lower than the one of whey protein.
This could be caused by the concentration difference of surface active
species in casein dispersion and whey solution. As mentioned before,
micellar caseins will not adsorb at the interfaces, only some monomers or
small aggregates are surface active and will do so. The proportion of the
surface active species in casein dispersions only accounts for around 16% of
the total protein content (based on the data from chapter 3). Consequently,
although the total protein content of the two systems was the same, the real
content of surface active proteins in the casein dispersion was much lower
than the ones in the whey protein solution. Upon compression, whey protein
showed the highest surface pressure and two clear phase transitions were
observed. For the pure casein, phase transitions were much less evident.
This difference could be due to the fact that whey protein mainly consists of
globular proteins, which are more rigid than caseins. The interfacial layer
formed by casein was consequently more compressible. For casein and whey
mixtures, casein and whey proteins may co-adsorb at the interfaces, as
shown by the fact that the pressure curves were between those of pure
casein and whey protein. Also, phase transitions could not be clearly
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observed in the isotherms of mixed samples. These results support the coadsorption statement in section 4.3.2.2.

Fig. 4.10. Interfacial pressure isotherms of mixtures of casein (CA) and whey
protein (W) at different ratios. The total protein content was 0.2 wt%.
4.3.5. AFM of A-W interface
The microstructure of the A-W interface stabilized with casein and whey
protein mixtures at a surface pressure of 13 mN/m and 23 mN/m were
visualized by AFM (Fig. 4.11). At 13 mN/m, the interface stabilized with
casein and whey mixtures with ratios 1:1 and 1.5:0.5 had a much denser
structure compared to the interface stabilized with pure whey protein,
which is again an indication of the co-adsorption of casein and whey protein
at A-W interfaces.
When the interfaces were further compressed to achieve a higher pressure,
23 mN/m, the whey protein stabilized interface became much denser, and
the casein stabilized interface became more heterogenous. Casein
molecules were probably pushed together and formed some clusters. A
similar structure for casein at the A-W interface was also observed in
another study (Gunning, et al., 1996). The heterogenous clustered structure
formed after compression could explain the weaker response of the
interface stabilized with casein in the Lissajous plots (Fig. 4.7). For interfaces
stabilized with casein and whey protein mixtures, no clustered structures
were found. When the casein and whey protein ratio was 1:1, the structure
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of the interfacial layer was comparable with the one formed by pure whey
protein, which implies that at this ratio, although the intermolecular
connections may be partially broken by caseins, as described in section
4.3.2.2, whey proteins can still form network structures at the interface.
When the casein and whey protein ratio increased to 1.5:0.5, the interface
became flatter and smoother. This could be caused by the fact that the
interface was already dominated by caseins, and was thus more
compressible.

Fig. 4.11. AFM images of A-W interfaces stabilized with mixtures of casein
(CA) and whey protein (W) at different ratios.

4.4. Discussion
The findings of this research clearly support the fact that in emulsions
stabilized by mixtures of casein and whey protein, the latter protein
contributes little to emulsion stability in terms of interfacial composition and
mechanical properties. However, adding whey protein may improve foam
stability as at the A-W interface it can co-adsorb with casein and form a
stiffer interfacial layer with an increasing W:CA ratio. For some special
emulsions, vigorous stirring and aeration are applied during processing, for
example whipping cream or ice-cream, and casein and whey protein
mixtures could be advantageous in these formulations. Our results show
that at small amplitude, casein can provide similar mechanical strength to
O-W interfaces as whey protein. Therefore, under static conditions cream
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made with casein is expected to be as stable against coalescence as one
made with whey protein. However, casein stabilized O-W interfaces yield
more easily at large deformations, and the interfacial layer becomes weaker
afterwards. This is an advantage during whipping, because a weaker
interface is beneficial for partial coalescence. After whipping, tiny and stable
air bubbles are desired. Although casein can quickly adsorb at the A-W
interface, it cannot form a stiff interfacial layer. The stability of the air
bubbles can be improved by using whey protein in the formulation. So,
adding whey protein to the formulation will not change the properties of OW interfaces stabilized with casein, but can improve stiffness of A-W
interfaces, as whey protein can co-adsorb with casein there. More emulsion
and foam stability tests are needed to confirm this.

4.5. Conclusion
The structure and mechanical proprieties of A-W and O-W interfaces
stabilized with casein and whey protein mixtures were investigated. At O-W
interfaces, casein adsorbs faster and decreases the surface tension to a
greater extent at the beginning of the adsorption. However, subsequent
displacement (by small casein aggregates) or self-assembling of monomers
can happen at the O-W interface, which results in a small upswing of the
surface tension, followed by a decrease at longer times. When casein is
mixed with whey protein, even at a very low proportion, it will preferably
absorb and be dominant at the O-W interface. At a small deformation, O-W
interfaces stabilized with whey protein, casein, or mixtures thereof have
similar viscoelasticity. However, at a large deformation, whey protein shows
stronger intermolecular interactions than casein. At A-W interfaces, casein
has higher surface activity than whey protein and displays faster diffusion
towards the interface. When casein and whey protein are mixed, they can
co-adsorb at the interface, but the network formed by whey protein at the
interface will be partially disrupted by casein. The results gained in this
research not only improved our understanding on the relative contribution
of casein and whey in a mixed system, but also provided some guidance for
tailoring the mechanical properties of A-W interface by adjusting the caseinwhey protein ratio.
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Emulsifier crystal formation and its role
in repeated deformation-relaxation of
emulsion droplets upon cooling

Chapter 5

Abstract
When an emulsion is stabilized by monoglyceride stearate (MAG-S), which
has a high melting point, and is cooled down to a temperature below the
melting point of the emulsifier, an intriguing phenomenon can sometimes
be observed. During steady cooling, the emulsion droplets show repeated
shape deformation, followed by relaxation back to a spherical shape.
Our hypothesis is that this is an interfacial phenomenon, attributable to two
factors: the formation of brittle crystalline solid interfacial layers by the
emulsifier, and the stress build-up in these layers due to shrinkage of the oil
phase upon cooling. Because of the high stiffness of the interfacial crystal
layers, shrinkage of the oil phase leads to wrinkling of the interface, resulting
in shape deformations. This continues until the interfacial structure ruptures.
The drop subsequently relaxes back to a spherical shape. Upon further
cooling, the process repeats itself multiple times, leading to a sequence of
shape-deformation - relaxation events, which in this research we refer to as
repeated deformation-relaxation (RDR) phenomenon.
Emulsions made with MAG-S or monoglyceride oleate, which will not
crystallize above 0 °C, were compared to confirm MAG-S crystallization plays
a role in RDR. Two additional types of emulsions were compared to
determine the location of crystals responsible for RDR. One was made with
medium chain triglyceride oil and MAG-S, in which crystals form at both the
interface and in the bulk of the droplet; another one was made with palm
kernel oil, in which crystals are formed in the bulk phase of the droplet only.
The crystallization process of monoglyceride stearate at the interface was
monitored and confirmed by multiphoton excitation microscopy. The effects
of MAG-S concentration and cooling rate on the onset temperature (T w) of
RDR were evaluated. The mechanism of the buckling of the interface was
illustrated by droplet compression tests in a tensiometer, and finally proved
by exposing the emulsion made with MAG-S to stepwise cooling.
The results prove that the formation of emulsifier crystals at the surface of
droplets and a continuous cooling process are essential for the RDR to occur.
The emulsifiers crystallize at the oil-water interface and form a compact
heterogenous layer. In general, the process has a higher onset temperature
at higher emulsifier concentration and a lower cooling rate. The results
prove our hypothesis and confirm the mechanism how MAG-S stabilizes oil128
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in-water emulsions. Namely, they form compact interfacial layers at the
surface of oil droplets thus preventing (partial) coalescence.

5.1. Introduction
Emulsion-based food products are ubiquitous in our daily life, for example
margarine, mayonnaise, coffee cream and whipping cream. They normally
require a long shelf life of several months or even years. However, emulsions
are thermodynamically unstable systems, in which several instability
phenomena can occur, for example (partial) coalescence and creaming
(Fredrick, et al., 2010). Proteins and small molecular weight emulsifiers are
widely used as stabilizers in food emulsions. Owning to the amphiphilicity of
proteins, they adsorb at the oil-water (O-W) interface to form a stiff
viscoelastic layer, which in addition induces steric and electrostatic
repulsions between droplets (Amagliani, et al., 2017; Mitropoulos, et al.,
2014). However, a disadvantage of protein-stabilized emulsions is that they
are sometimes sensitive to other instability phenomena, for example
coagulation after heat treatment (Euston, et al., 2000; Liang, et al., 2017), or
flocculation (Dickinson, 2019). Small molecular weight emulsifiers lower the
O-W interfacial tension significantly to produce smaller droplets upon
processing, and typically prevent droplet coalescence by the Marangoni
effect (Tadros, et al., 2004). Their disadvantage is that they cannot stabilize
emulsions against coalescence as efficiently as proteins, due to the fact that
they do not form stiff viscoelastic layers at the interface. Besides proteins
and small molecular weight emulsifiers, crystals are also reported to be able
to stabilize emulsions. In water-in-oil emulsion, lipid or emulsifier crystals
exist in the continuous oil phase and are claimed to stabilize emulsions by a
Pickering mechanism (Yang, et al., 2020). In this mode of stabilization,
crystals in the oil phase cover the interfaces and form compact layers,
thereby hindering water droplet coalescence (Ghosh, et al., 2011; Rousseau,
2000). The stabilization efficiency of crystals largely depends on the position
of the crystals in the interface (Johansson, et al., 1995). Conversely, in oil-inwater emulsion, crystals in the dispersed phase are normally reported to
result in partial coalescence (Fuller, Considine, Golding, Matia-Merino, &
MacGibbon, 2015; Fuller, Considine, Golding, Matia-Merino, MacGibbon, et
al., 2015; Moens, et al., 2018). However, some recent research reported that
crystals of oil soluble emulsifier in the dispersed phase can stabilize oil-inwater emulsions. Fredrick, et al. (2013) made milk fat cream with
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monoglyceride stearate (MAG-S) or monoglyceride oleate (MAG-O) and
compared the sensitivity of the two creams to shear-induced partial
coalescence. They found that the cream made with MGA-S, which can
crystallize inside droplets, was more resistant to partial coalescence. A
similar finding was also observed in the research of Goibier, et al. (2017).
Both Fredrick, et al. (2013) and Goibier, et al. (2017) ascribed the protective
function of MAG-S to its crystals. They proposed two mechanisms. The first
one is that MAG-S crystals provide numerous small particles serving as
templates for further milk fat crystallization, which results in a faster
nucleation rate of milk fat. More and smaller milk fat crystals are
subsequently formed inside the droplets (Basso, et al., 2010). Consequently,
fat crystals pierce through the interfaces only over small distances. The
extent of partial coalescence is subsequently reduced. The second
mechanism involves the formation of rigid barriers by MAG-S crystals at the
interfaces, that prevent the piercing of milk fat crystals through the
membrane. A similar mechanism was also mentioned in the research of
Munk, et al. (2014), but there was proposed to be by Pickering stabilization.
However, so far, neither the templating effect nor the rigid barrier (or
Pickering) mechanism is well supported by evidence in oil-in-water emulsion.
Research on how MAG-S forms layers at the O-W interface, is still
inconclusive. Crystals could form in the bulk and could move to the interface
(Carrillo-Navas, et al., 2013), or the MAG-S could crystallize directly at the
interface itself. These two processes are difficult to distinguish because the
most frequently used techniques to study crystal formation in multiphase
systems, like nuclear magnetic resonance (Fredrick, et al., 2011), differential
scanning calorimetry (Derkach, et al., 2018; Neumann, et al., 2018), X-ray
diffraction (Mao, et al., 2014) and ultrasound (Mei, et al., 2010; Povey, 2017),
cannot discriminate very well between signals of the interface and the bulk
phase.
In this research, we aimed at confirming the mechanism according to which
MAG-S crystals stabilize oil-in-water emulsion against (partial) coalescence,
specifically the formation of MAG-S compact solid layers at the surface of
droplets. We studied the crystallization process of MAG-S at a planar O-W
interface using multi photon excitation microscopy. The crystallization
process of MAG-S in oil-in-water emulsions was monitored by normal optical
microscopy. An intriguing phenomenon, repeated deformation-relaxation
(RDR) of oil droplets upon cooling was observed during those experiments.
A series of experiments was designed to figure out the cause of this new
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phenomenon, including (i) comparing emulsions made with different
emulsifiers (MAG-S or monoglyceride oleate) or oils (medium chain
triglyceride or palm kernel oil); (ii) evaluating the effect of MAG-S
concentration and cooling rate on this phenomenon; (iii) performing oil
droplet compression tests with a tensiometer, and (iv) subjecting emulsion
droplets to stepwise cooling.

5.2. Materials and methods
5.2.1. Materials
Medium chain triglyceride oil was purchased from Cremer Olea GmbH & Co.
KG (Germany). Refined palm kernel (PK) oil was kindly provided by Sime
Darby Oils (the Netherlands). Florisil adsorbent (60-100 mesh), syringe filters
(PVDF, 5.0 µm, d 25 mm; PVDF, 0.45 µm, d 33 mm), filter membrane (PVDF,
0.45 µm, d47 mm) and Tween 80 were purchased from Merck (the
Netherlands). Monoglycerides stearate (MAG-S, Palsgaard® DMG 0091),
containing 86.0-96.0% C18:0, and monoglycerides oleate (MAG-O,
Palsgaard® DMG 0298), containing 79.0-90.7% C18:1 cis were provided by
Palsgaard (Denmark). UV glue, nylon rings (M10) and metal washers (7 mm
diameter) were purchased online (Amazon). Hermetic aluminium pans
(T210701) and lids (T210416) used for differential scanning calorimetry were
purchased from TA (The Netherlands). Gene frames (25 μL, adhesives) were
purchased from Thermal Fischer (UK).
5.2.2. Methods
5.2.2.1. Oil purification
In order to avoid the effect of surface-active contaminants present in the oil
on our results, MCT and PK oil were purified. Florisil was desiccated
overnight at 105 °C in an oven, then cooled down to room temperature. MCT
oil was mixed with 10 wt% Florisil and was stirred at room temperature for
at least 2 h. 10 mL of the mixture was sampled to check whether purification
was completed. The sample was firstly filtered with a syringe filter to remove
Florisil particles and then used for testing the surface tension against Milli-Q
water. If the surface tension decreased over time, the oil was further purified
by repeating the steps described above. After achieving a constant surface
tension for 1 h, the oil and Florisil mixture was filtered using vacuum
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filtration with a filter membrane (PVDF, 0.45 µm, d 47 mm). The filtered oil
was sealed in bottles and kept in the dark at room temperature.
5.2.2.2. Emulsion preparation
MCT and PK oil-in-water emulsions with different MAG-S or MAG-O
concentrations were prepared. A weight fraction of 0 wt%, 0.1 wt%, 0.5 wt%,
1.5 wt%, 2.5 wt% or 3.5 wt% (oil mass based) MAG-S or MAG-O was added
to 20 g MCT or melted PK oil. The oil was preheated in a water bath at 80 °C
for at least 10 min. The oil was mixed with 80 g Milli-Q water containing 0.1
wt% (water mass based) Tween® 80. Tween® 80 was used for preventing
immediate phase separation (prior to crystal layer formation). The oil water
mixture was kept in a water bath at 80 °C for 15 min, then homogenized by
Ultra Turrax (IKA T25, Germany) at 10,000 rpm for 5 min. Samples were
sealed in blue cap bottles and cooled down quickly to room temperature by
tap water. All samples were analysed on the same day they were prepared.
5.2.2.3. Differential scanning calorimetry (DSC)
The crystallization profile of MAG-S and MAG-O, and their crystallization
profile in the oil phase were determined with a discovery DSC25 calorimeter
(TA instruments, USA). An amount of 10 ± 1 mg samples was put in
hermetically sealed aluminium pans with a capacity of 0.7 mL. The MAG-S
(or MAG-O) and oil mixtures were kept at 80 °C for 10 min to clear all crystal
memory. Subsequently, the sample was cooled to 5 °C with a cooling rate of
-5 °C/min, then the temperature was kept constant at 5 °C for 10 min.
5.2.2.4. Optical microscopy
The emulsion droplets were visualized during cooling using a bright field
microscope (Axioskop 2 Plus, Zeiss, Germany) equipped with a ×50 long
distance objective and a hot stage with temperature control (Linkam, UK).
The emulsions were diluted 10 times with Milli-Q water to be able to
visualise individual droplets. The diluted emulsion was placed on a
microscope slide with a gene frame and sealed with a glass cover. The
formation of air bubbles was avoided. Prior to the analysis, sample slides
were heated to 80 °C and kept for 10 min. Then, videos were recorded during
cooling to 5 °C using different cooling rates: -1 °C/min, -5 °C/min and 10 °C/min. Additionally, a stepwise cooling instead of continuous cooling
was performed. The cooling profile vs. time is shown in Fig. 5.1. Each cooling
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step had a same cooling rate of -5 °C/min. The duration of each isothermal
stage at 30, 25, 20, 15, 10, 5 °C was 2 min.

Fig. 5.1. Illustration of the temperature change upon step cooling.
5.2.2.5. Multiphoton excitation microscopy
Multiphoton excitation microscopy (MPM) was used to visualize the
crystallization of MAG-S on the interface of a water droplet in MCT oil. For
this, a custom-made sample holder was built using UV glue to fix a 7 mm
metal washer and a nylon ring to a glass slide (Fig. 5.2A). The glue was
solidified by exposing the whole setup to UV light overnight. A little Milli-Q
water was slowly pipetted inside the metal washer (cell 1) until a relatively
flat surface was obtained. A solution of 1.0% MAG-S in MCT oil at about 80 °C
was pipetted inside the nylon ring (cell 2) until the water layer was fully
covered. The central region of the O-W interface formed was visualized using
a Leica SP8Dive multiphoton excitation microscope (Leica, Germany) with a
HC FLUOTAR L 25×/0.95 W VISIR objective. The laser excitation wavelength
was set at 552 nm, and the emission range of the detector was set at 549554 nm. Horizontal 2-dimensional (2D) scans were recorded at different
heights to locate the central region of the interface (region shown in grey in
Fig. 5.2B). 2D scans of this region were continuously recorded while the
sample was allowed to cool at room temperature. The focus of the laser had
to be adjusted slightly during the experiment, probably due to volume
changes during cooling. In addition to these 2D scans, a surrounding 3133
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dimensional region (240*240*200 µm) was scanned after the detection of
crystals on the interface.

Fig. 5.2. Picture and schematic of slides for MPM. (A) Top view of the slide;
(b) Side view of the slide for visualizing the O-W interface. ‘W’ represents
water phase; ‘O’ represents the oil phase with MAG-S.
5.2.2.6. Droplet compression test
A droplet compression test was carried out with an automated droplet
tensiometer (Teclis, France) using a “rising drop” configuration. The syringe
of the tensiometer was filled with a 1.0 wt% MAG-S solution in MCT oil. The
temperature of the syringe holder and the cuvette holder were controlled
with an external water bath. The temperature was initially set at 80 °C for at
least 10 min to be sure there was no crystallization in the syringe. A rising
droplet was formed at the tip of a ‘U’ shape needle, which was connected
with the syringe and was immersed in Milli-Q water inside a cuvette. The
surface area of the droplet was 10 mm2. Subsequently, the temperature of
the water bath was decreased to 20 °C by adding ice and then kept at that
temperature for 10 min. The area of the droplet was compressed by
withdrawing the inner liquid from the droplet. As the automatic withdrawing
speed of the equipment was too fast to monitor shape changes accurately,
the compression was performed manually by quick clicks on the controller.
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5.3. Results
5.3.1. Crystallization profiles

Fig. 5.3. Crystallization profiles of MAG-S and MAG-O upon cooling.
In order to find out the cooling range within which MAG-S and MAG-O show
different physical states (liquid or solid), the crystallization profile of pure
MAG-O and MAG-S (Fig. 5.3), and their crystallization process in MCT oil (Fig.
5.4) were characterized by DSC. For MAG-S, two exothermic peaks with
onset temperatures of 68 °C and 36 °C were recorded. It is well known that
these peaks correspond to the formation of two types of crystals, α- and subα- polymorphs (Vereecken, et al., 2009). For pure MAG-O, only one
exothermic peak with a low onset temperature of 12 °C was recorded during
cooling. This peak corresponds to the formation of β-polymorph crystals
(Vereecken, et al., 2009). When the monoglycerides were dissolved in MCT
oil, the crystallization temperature of MAG-S decreased to 25.7 °C, and
MAG-O did not show any crystallization between 0 to 80 °C (Fig. 5.4). When
the emulsifiers were dissolved and diluted in the oil phase, the crystallization
temperature of the oil shifted to a lower temperature because of mixing
entropy. MCT oil crystallized at temperatures lower than -10 °C in both
mixtures. As a result, it was possible to use MCT oil with 1.5 wt% MAG-S to
make emulsions and adjust the physical state of MAG-S via cooling from 60
to 5 °C. The emulsions made with MAG-O were used for comparison, since
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from the above results no crystal formation in emulsions containing MAG-O
could be expected within the temperature range of 5-60 °C.

Fig. 5.4. Crystallization profiles of MAG-S and MAG-O in MCT oil upon cooling.
5.3.2. Visualization of emulsifier crystals at the O-W interface
So far, the crystallization of emulsifiers at the O-W interface has not been
convincingly confirmed, because it is difficult to clearly identify the location
of the crystals (i.e. whether they are formed inside the bulk phase of droplets
or at the interfaces) with a normal optical microscope. Here, the growth of
the crystals was monitored using multiphoton excitation microscopy.
Initially, no structure was formed at the interface (Fig. 5.5A). While the
temperature of the sample slowly cooled down to room temperature, after
15 s, several areas with a size of 2-5 μm could be observed where crystals
were forming at the interface (Fig. 5.5C). At 25 s, crystalline regions showed
a petal shape and kept expanding (Fig. 5.5D). After 35 s (Fig. 5.5E and Fig.
5.5F), every crystalline region had a size over 50 μm and stayed still at the
interface. Some regions showed a typical dendritic pattern, which is
normally observed in supercooled melts and supersaturated solutions
(Alexandrov, et al., 2021; Mullin, 2001). The crystalline regions kept growing
until they touched each other (Fig. 5.5G). When all the crystal regions were
connected, a compact solid layer was formed at the interface (Fig. 5.5H). The
layer was heterogenous, where some parts were thicker and denser, while
others were thinner. When the sample was completely cooled down, a 3D
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zone was scanned again. As shown in Fig. 5.5B, crystal particles could also be
observed in the oil phase (upper layer), but crystallization was most evident
at the O-W interface.

Fig. 5.5. Growth of MAG-S crystals at the O-W interface over time. Pictures
were obtained using multiphoton excitation microscopy. A: 3D scan of the
sample before crystallization of emulsifiers. The bright layer is the O-W
interface, with the oil phase (with 1.0 wt% MAG-S) on top, and the water
phase at the bottom. B: 3D scan of the sample after crystallization. C-H:
growth of MAG-S crystals at the O-W interface at different times (15, 25, 35,
50, 70, 90 s).
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5.3.3. Visualization of emulsion droplets
The crystallization process of the MAG-S in emulsions upon cooling was
monitored by means of microscopy analysis (Fig. 5.6). Initially, all the
droplets stayed liquid and spherical. When the temperature decreased to
22 °C, wrinkles could be observed at the surface of some droplets, and those
droplets started to deform, as indicated by the red arrows in Fig. 5.6B.
However, most of the droplets remained spherical at 22 °C. When the
temperature further decreased to 19 °C, almost all the droplets deformed
and the wrinkles at the surface of the droplet were more evident. After the
sample was cooled to 10 °C, the winkling and buckling phenomenon of
droplets was no longer observed. Most of the droplets showed a cone-like
shape and that shape remained till the end of cooling (5 °C). We took the
emulsion made with 2.5 wt% MAG-O as a comparison, and the droplets
remained spherical during the whole cooling process (Fig. S 5.1). Therefore,
we concluded that the deformation of droplets and appearance of the
wrinkles at the surface of the droplets were the result of the formation of
MAG-S crystals. Interestingly, when we looked in detail at the buckling of a
single droplet, an intriguing phenomenon was observed, and the
phenomenon actually happened on most of the other droplets.

Fig. 5.6. Change in morphology of emulsion droplets stabilized with MAG-S
(1.5 wt%) upon cooling (40 °C – 5 °C). The cooling rate was -10 °C/min. A-E
are the views of the emulsion at 40, 23, 19, 10 and 5 °C, respectively. The
scale bar represents 20 μm.
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A schematic representation of the dynamic evolution of this phenomenon is
shown in Fig. 5.7. As in the aforementioned observation, the droplet was
initially spherical, and the interface was smooth (Fig. 5.7.1). As a result of
cooling, some wrinkles formed at the interface, and the shape of the
droplets gradually became less non-spherical (Fig. 5.7.2-Fig. 5.7.3). The
droplet kept deforming until its shape was completely irregular, and its
surface became much rougher (Fig. 5.7.4). Apparently, during this step,
some defects and wrinkles were formed at the surface of the droplet.
However, these defects or wrinkles subsequently disappeared, and the
droplet quickly relaxed back to a nearly spherical shape (Fig. 5.7.5-Fig. 5.7.7).
Several sequences of these deformation-relaxation events were observed
on most droplets. They repeated steps 1-7 once or more times, so they
showed RDR. After RDR, a solid grain was observed at the surface of the
droplet, and it generally grew (Fig. 5.7.8-5.7.9). Finally, the droplet displayed
a cone-like shape and did not change anymore.

Fig. 5.7. Schematic of repeated deformation-relaxation phenomenon of
emulsion droplets upon cooling. The pictures were obtained from an
emulsion made with 1.5 wt% MAG-S; the cooling rate was -15 °C/min.
The cone-like shape formation was also found in the research of Spicer, et
al. (2005). They suggest this is the result of the de-wetting of the emulsifier
crystals by the oil phase. Emulsifier crystals formed at the surface or inside
the droplet were being expelled from the oil droplet (Sato, 2018; Spicer, et
al., 2005). To our knowledge, the RDR has not been reported before, and is
clearly induced by MAG-S crystallization. In the following sections, we
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further investigated the mechanisms how MAG-S crystals induce RDR.
Effects of the type of oil, emulsifier concentration and cooling process
parameters on RDR were evaluated.
5.3.4. Effects of type of oil
Comparing emulsions made with MAG-S and MAG-O suggested that MAG-S
crystals were responsible for the RDR. As shown in section 5.3.2, MAG-S
crystallized not only at the O-W interface, but also in the oil phase. To further
distinguish which fraction of crystals was playing a role in RDR, emulsions
made with MCT oil or PK oil were compared. It is known that PK oil
crystallizes in a range 0-10 °C (see Appendix, Fig. S 5.5), and the crystals are
expected to be formed in the bulk phase of the droplet, and not at the O-W
interface (Fredrick, et al., 2013; Van Boekel, 1980). The crystallization
process of emulsion droplets made with PK oil but without MAG-S was
recorded and is shown in Fig. S 5.2. During crystallization, PK oil droplets
were elongated into an oval shape, but did not show further deformation or
relaxation. At the end of the cooling process, the droplets were entirely
solidified, and the oval shape was maintained. However, when MAG-S was
added back to the PK oil emulsion, the deformation-relaxation phenomenon
could be observed again (Fig. S 5.3). It was noticeable that the droplets
deformed much more slowly than the droplets made with MCT and MAG-S,
and the deformation-relaxation was repeated fewer times. This may be
ascribed to the high viscosity and low flowability of PK oil droplets when
crystals are formed inside. PK oil crystals increased the solid content of the
droplet, which would increase viscosity (Konijn, et al., 2014). The PK oil
droplet was thus more solid like and resistant to deformation. These results
proved that the MAG-S crystals are an essential factor for the repeated
buckling of droplets upon cooling, and the phenomenon is clearly an
interfacial one, and not caused by bulk crystallization.
5.3.5. Effects of cooling rate and emulsifier concentration on RDR
Since emulsifier crystals formed at the interface appeared to be essential for
the deformation-relaxation phenomenon to occur, emulsifier concentration
and cooling process parameters would be key factors that affect the
phenomenon, because they affect the crystallization of emulsifiers.
Emulsions made with different MAG-S concentrations were tested with
different cooling rates. The results are shown in Fig. 5.8. The temperature at
which more than 10 droplets in the view field of the optical microscopy
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started to show wrinkles (Fig. 5.7.2) was referred to as Tw, and was chosen
as an indicator for the onset temperature of the RDR.
The RDR was not observed in emulsions made with 0.1 wt% MAG-S at any of
the cooling rates. Clearly, there was a minimum MAG-S concentration for
this phenomenon, and below this concentration probably insufficient MAGS molecules were present in the system to form a sufficiently rigid film at the
interface. As seen in Fig. 5.8, with an increasing cooling rate, the Tw of
emulsions slightly decreased for all MAG-S concentrations. Compared with
cooling rate, the effect of MAG-S concentration was more prominent. At a
cooling rate of -5 °C/min, when the concentration increased from 0.5 wt%
to 1.5 wt%, the Tw increased from 14.0 °C to 22.1 °C and then stayed constant
until the concentration increased to 2.5 wt%. As the concentration increased
further from 2.5 wt% to 3.5 wt%, Tw increased again to a value of 39.4 °C.
The effect of emulsifier concentration on Tw was also observed for other
cooling rates. At the cooling rate of -20 °C/min, the Tw for 1.5 wt% MAG-S
emulsion was a bit lower than the one for 2.5 wt% MAG-S emulsion, but the
difference was small and within the margin of error.
The results discussed in section 5.3.2 showed that upon cooling a compact
solid interfacial layer can be formed by MAG-S at the O-W interface, and the
insights of section 5.3.4 proved that the RDR is an interfacial phenomenon.
Combined with the results in this section, we could deduce that the
phenomenon was linked to the formation of a compact shell at the O-W
interface.
When the emulsion had a concentration of 0.1 wt% MAG-S, the
deformation-relaxation phenomenon was not observed because
concentration was not high enough to form a compact interfacial layer.
When the concentration increased to 0.5 wt%, more crystals could be
formed upon cooling, and the RDR could be observed. At concentrations
between 1.5 wt% and 2.5 wt%, the emulsions had similar T w. This could be
because at the lower concentration the interfaces were already saturated,
thus the local concentrations at the interface were comparable. A possible
explanation for the higher Tw at the concentration of 3.5 wt%, is that reverse
micelles could have formed in the bulk oil phase (Gaonkar, et al., 1991) and
promoted bulk nucleation. When some crystals from the bulk phase
attached at the interface, crystallization at the interface could happen
earlier due to heterogeneous nucleation. In terms of the effect of cooling
rate, a faster cooling rate was coupled with a lower Tw (Fig. 5.8). This could
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be because it took time for crystals to grow and cover the interface. A faster
cooling rate means the temperature decreased more when the interface
was completely covered. As a result, a lower Tw was observed.

Fig. 5.8. Effects of cooling rate and MAG-S concentration on the Tw of RDR.
The chosen MAG-S concentrations were 0.5 wt% ( ), 1.5 wt% ( ),2.5 wt%
( ), 3.5 wt% ( ).
5.3.6. Droplet compression test and stepwise cooling
Based on the evidence discussed above, it is reasonable to assume the RDR
phenomenon to be related to the formation of a compact crystalline solid
interfacial layer, but such a layer by itself is not enough to drive the buckling
of the interface. Stress buildup in the layer is needed to cause it to buckle
and rupture. The shrinkage of the bulk phase of the oil droplet induced by
cooling could be a possible cause of the stress buildup. To prove this, we
created a droplet of MCT oil containing 1.0 wt% MAG-S at the tip of a syringe
in a tensiometer, immersed in Milli-Q water, as illustrated in Fig. 5.9. Before
compression, a solid layer was allowed to form at the interface via cooling
(Fig. 5.9A), and the obtained interface was smooth. Upon compression,
wrinkles appeared almost instantaneously (Fig. 5.9B). When the droplet was
further compressed, it became distorted and showed an irregular shape (Fig.
5.9C), which was similar to the observation for emulsion droplets upon
cooling. In the emulsions, the shrinkage of the bulk phase of the oil droplets
was caused by the decrease of temperature, and thus a stepwise cooling test
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was performed to prove this hypothesis, of which pictures are shown in Fig.
S 5.4.

Fig. 5.9. MCT droplet (10 mm2) with 1.0 wt% MAG-S formed at the tip of the
needle in a droplet tensiometer. The droplet was immersed in Milli-Q water
and was kept for 10 min at an ambient temperature of 22 °C. Subsequently,
the interface was compressed by withdrawing fluid from the bulk phase. A,
the droplet before compression; B, the droplet upon compression; C, the
droplet after compression.
The images clearly illustrated that the deformation-relaxation phenomenon
only happened when the temperature decreased. During the isothermal
stages, the droplets did not deform any further and retained their shape.
Consequently, we can conclude that the formation of emulsifier crystals at
the surface of oil droplets is not the only essential factor inducing the
deformation-relaxation phenomenon. A continuous cooling process is also
required, which results in the shrinkage of the bulk phase of the droplets.
This shrinkage results in stress buildup in the interface, and when a critical
stress is exceeded, the interface buckles and eventually ruptures. Some of
the crystals are then most likely ejected from the interface into the bulk oil,
and the droplet restores its spherical shape due to surface tension. MAG-S
further crystallizes at the interface and forms a new interfacial layer, and the
deformation-relaxation phenomenon is repeated. The role of MAG-S
crystals in the RDR is illustrated in the schematic in Fig. 5.10.
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Fig. 5.10. Schematic of the various sequences of the mechanism of
deformation-relaxation phenomenon described in this paper. Yellow and
red parts represent oil phase and MAG-S crystals, respectively. A: a
heterogenous solid layer is formed at the surface of the droplet. B: shrinkage
of the droplet and appearance of wrinkles at the interface. C: breakage of
the solid interfacial layer. D: relaxation of the droplet. E: a new solid layer is
formed at the interface.

5.4. Conclusion
In this research, we aimed at confirming the mechanism how MAG-S
stabilizes emulsions against (partial) coalescence, specifically, whether
MAG-S crystallizes and forms solid barriers at the O-W interface. We
investigated the crystallization process of MAG-S at a planar O-W interface
and in emulsions. Results clearly confirmed that MAG-S can crystallize at the
O-W interface and form a compact heterogenous interfacial layer, but it also
crystallizes inside the bulk droplet. In emulsions, droplets show repeated
shape deformation, followed by relaxation back to a spherical shape, during
steady cooling. Emulsifier crystals create a compact solid layer at the O-W
interface of the droplets. Because of the volume shrinkage of oil droplets
upon cooling, stresses build up in the interfacial layer until the interface
buckles and the droplets become deformed. When the stress in the
interfacial layer reaches the fracture point, the solid layer partially breaks,
and the droplet relaxes back to a spherical shape. Subsequently, a new solid
layer can be formed upon cooling and the deformation-relaxation will be
repeated. The sensitivity of the compact solid interfacial layer to
temperature changes may diminish the protective function of MAG-S.
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Appendix

Fig. S 5.1. Change in morphology of emulsion droplets stabilized with MAGO (2.5 wt%) upon cooling (35 °C - 5 °C). The cooling rate was -10 °C/min. AD are the views of the emulsion at 38, 20, 10, and 5 °C, respectively. The
scale bar represents 20 μm.
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Fig. S 5.2. Change in morphology of emulsion droplets made with PK oil upon
cooling (40 °C - 5 °C). The cooling rate was -10 °C/min. A-D are the views of
the emulsion at 40, 10, 5 °C, and the end of cooling, respectively. The scale
bar represents 20 μm.
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Fig. S 5.3. Change in morphology of emulsion made with palm kernel (PK) oil
and 1.5 wt% MAG-S upon cooling (35 °C - 5 °C). The cooling rate was 10 °C/min. A-D are the views of the emulsion at 40, 23, 16, and 5 °C,
respectively. The scale bar represents 20 μm.
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Fig. S 5.4. Evolution of emulsion droplets upon step cooling. The emulsion
was made with 1.5 wt% MAG-S. A-I are the views of the emulsion at 35, 33↓,
30, 28↓, 25, 23↓, 20, 10 and 5 °C, respectively. The scale bar represents 20
μm. The downwards arrow represents the sample was under a continuous
cooling.
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Fig. S 5.5. Crystallization profiles of PK oil upon cooling.
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6.1. Introduction
In the food industry, surface-active components are often mixed to stabilize
emulsions or foams. A detailed understanding on which protein species from
the mixture are preferentially adsorbing at the oil-water (O-W) or air-water
(A-W) interface in such a complex system is in most cases missing. But this
knowledge is important for designing the formulation and improving the
functionality of emulsion or foam products. In this thesis, we aimed at
improving our understanding of the composition and mechanical properties
of interfacial layers at O-W or A-W interfaces for mixtures of dairy proteins.
More specifically, we used interfacial rheology to test the mechanical
properties of the interfaces and interface visualization technics to identify
the dominant protein species at the interfaces. In the previous chapter, we
also confirmed the mechanism how high melting point emulsifiers stabilize
O-W interfaces. In this chapter, all results of the previous chapters will be
summarized briefly, and a general discussion will be provided by combining
these results and comparing them to results from recent literature.

6.2. Main results of this thesis
In chapter 2, we compared the interfacial properties of whey protein isolate
(WPI) and whey protein aggregate (WPA) in terms of adsorption kinetics and
rheological properties at the oil-water (O-W) interface, at a low (0.1 wt%)
and a high concentration (4.0 wt%), respectively. The results revealed that
at the low concentration, WPI was more surface-active than WPA. WPI
decreased the surface tension faster and to a greater extent than WPA. The
interfacial layer formed by WPI or WPA were both displaying solid-like
viscoelastic behavior, in which the elastic contribution to the surface stress
was dominant. At the high concentration, the emulsion made with WPA was
more stable than the one made from whey protein at static conditions. This
is ascribed to the higher bulk viscosity WPA conferred on the continuous
phase due to its larger particle size. At dynamic conditions, where vigorous
stirring was involved, the emulsion made with WPA was less stable against
coalescence than the one made with WPI. In chapter 2 we argued that WPI
and WPA impart different interfacial properties to an O-W interface at a high
concentration. WPI appeared to form stiffer interfacial layers. When large
deformations were applied, the interfacial structure may (partially) break up
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and start to flow at the interface, which can protect the lipid droplets by a
mechanism similar to the Marangoni effect. On the other hand, WPA formed
a more coarse and thicker interfacial layer. Although the layer had a larger
maximum linear strain, once it broke up, due to the larger size of protein
aggregates, they were less mobile than whey protein monomers.
Consequently, some parts of the interface might become exposed at a large
deformation, and this could result in more coalescence.
Whether micellar caseins actually adsorb at interfaces has been extensively
debated in literature, and is an important question for understanding the
function of full dairy protein based products in emulsions or foams, e.g., milk
protein concentrate or skimmed milk power. In Chapter 3, we
ultracentrifuged casein micelle dispersions to separate micellar caseins from
the soluble casein fractions (small casein aggregates and some monomers).
We investigated the rheological properties of these fractions at the
interfaces separately, and visualized the interfaces stabilized with different
fractions. Results convincingly proved that micellar casein adsorbed at
neither O-W nor A-W interfaces, but some of the smaller protein species did.
To be more specific, the O-W interface was dominated by small casein
aggregates, while the layers at A-W interfaces were mainly formed by
monomers, most likely β-casein.
After recognizing the roles of individual whey protein or casein at the O-W
and A-W interfaces, we mixed casein and whey protein in the system to
better replicate the real application of dairy proteins in emulsions or foams.
In Chapter 4, we aimed at understanding the synergistic or antagonistic
interactions among casein and whey proteins when they are mixed, and
their relative contributions to the mechanical properties of O-W and A-W
interfaces at different ratios. Results showed that after 1 h adsorption,
casein would be the main species at the O-W interface even at a very low
casein to whey ratio (casein : whey = 0.1 wt% : 1.9 wt%). At the A-W interface,
casein co-adsorbed with whey protein. With an increasing proportion of
casein in the mixture, casein would disrupt the stiff solid-like structure of the
interfacial layer formed by whey protein, and as a result the layer became
less stiff.
In chapter 5, we used glycerol monostearate (MAG-S) as a high melting point
emulsifier, to study the mechanism by which crystallizable emulsifier
stabilizes O-W interfaces (i.e. bulk versus interfacial stabilization). We
confirmed the growth of MAG-S crystals at the oil-water interface, using
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multiphoton excitation microscopy. Subsequently, we monitored the
crystallization process of emulsifiers in a complete emulsion system. A
repeated shape deformation-relaxation phenomenon of emulsion droplets
was observed during continuous cooling of the emulsion. This turned out to
be an interfacial phenomenon and was attributable to two factors: the
formation of brittle solid interfacial layers by the emulsifiers, and the stress
build-up in these layers due to shrinkage of the oil bulk phase upon cooling.
Because of the high stiffness of the interfacial layers formed by the
emulsifier crystals, bulk phase shrinkage led to buckling of the interface,
resulting in shape deformations. This continued until the interfacial
structure ruptured. The droplet shape subsequently relaxed back to a
spherical shape. Upon further cooling, the process repeated itself multiple
times, leading to a sequence of shape-deformation - relaxation events.

6.3. Molecular characteristics of proteins and adsorption
kinetics
To put the results we summarized in the previous section in a broader
context, in particular the results on preferential adsorption of specific
fractions from casein micelle dispersions, or specific species from caseinwhey protein mixtures, we will discuss some of the factors that control
adsorption kinetics of proteins. When proteins adsorb at interfaces, they will
decrease the surface-tension, and monitoring the surface-tension as a
function of time will provide information on the adsorption kinetics.
According to Beverung, et al. (1999), typically three regimes can be observed
in the decrease of surface tension with time as a result of protein adsorption,
and they identify these as: (i) the diffusion-controlled regime, followed by (ii)
continued rearrangement of protein structures, and finally, (iii) formation of
a cohesive network. Here we will focus primarily on the first two regimes.
Combined with results in chapter 2 - 4, how molecular properties of dairy
proteins affect diffusion and rearrangement of proteins will be discussed.
6.3.1. Diffusion-controlled regime
The diffusion process determines how fast proteins or particles can
approach an interface. The rate of diffusion directly affects the induction
time, which is defined as the time necessary to reach the minimum coverage,
at which interfacial tension starts to decrease (Miller, et al., 2000). Normally
small molecules have larger diffusion coefficients and a smaller energy
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barrier for adsorption, which make them move faster towards interfaces
(Beverung, et al., 1999; Jung, et al., 2010). This may partially explain the
results in chapter 3, why complete casein micelles adsorb at neither O-W
interfaces nor A-W interfaces. When casein micelles reach the interface, it is
likely the interface is already substantially covered by smaller aggregates or
molecules present in the dispersion, as illustrated in the electron microscopy
pictures obtained by Brooker (1985). The same reason can also explain why
at a low concentration, WPA has a longer induction time than WPI (Fig.2.7).
Compared with the aggregates in WPA, smaller whey protein monomers in
WPI can approach the interface faster, resulting in an earlier onset and faster
decrease of surface tension. The induction time of whey protein monomers
was even too short to be observed at a concentration 0.1 wt%. At a higher
concentration, both WPI and WPA can decrease the interfacial tension
quickly and to a similar extent, to around 14 mN/m (Fig.2.7). The difference
in rate of diffusion is clearly less of a factor at a high bulk protein
concentration. In WPA not all protein is present in the form of aggregates.
Some of the proteins are still in a monomeric form, and some most-likely
also in the form of peptides (formed by heat-induced hydrolysis) (Bolder, et
al., 2007). This is similar to the casein micelle dispersion in chapter 3
containing micelles, small aggregates, and monomers at the same time.
Results in chapter 3 illustrated that small protein molecules take advantage
of faster diffusion and can preferentially adsorb at the interfaces. Therefore,
the disappearance of the surface activity difference between WPI and WPA
at a high concentration, could be the result of the fast adsorption of small
whey protein molecules in WPA solution.
6.3.2. Protein-rearrangement regime
When globular proteins approach an interface, they will (partially) rearrange
their structure to expose some of the hydrophobic groups buried in the
interior of that structure to the air or oil phase (Dickinson, 1999). The
unfolding of globular proteins at interfaces was hypothesized based on the
observation that some enzymes lose their activity after adsorbing at A-W
interfaces (Donaldson, et al., 1980). Further confirmation of this hypothesis
was provided by Corredig and Dalgleish (1995), who showed that compared
with non-absorbed proteins, proteins adsorbed at the O-W interface had a
reduced amount of heat adsorption in the region 30 -110 °C, using
differential scanning microcalorimetry. Unfolding of the protein molecule at
the interface is largely affected by the structural stability of the protein itself.
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The protein β-casein is a linear molecule with one side of the chain more
hydrophobic and the other side more hydrophilic. It has little secondary
structure and no intramolecular covalent crosslinks. All these facts make βcasein a very flexible protein which behaves similar to a small molecular
weight surfactant at interfaces (Dickinson, 1998, 2001). The whey protein βlactoglobulin has high level of secondary and tertiary structure, and is
regarded as a globular protein held together by intramolecular disulfide
bonds (McKenzie, et al., 1972; Papiz, et al., 1986). The molecular structure
differences between β-casein and β-lactoglobulin, allow β-casein to
rearrange their structure much faster than β-lactoglobulin at the interface.
It explains why casein can decrease the tension to a greater extent and much
faster than whey proteins at the O-W interfaces (Fig. 6.1).

Fig. 6.1. Surface tension of casein (CA) and whey (W) at the milk fat and MilliQ interface. The protein concentration was 2.0 wt%.
The structural stability difference of WPI and WPA may also contribute to
the difference in the rate of surface tension decrease at the O-W, at a low
concentration (Fig.2.7). During the heat treatment used to prepare WPA,
whey proteins were denatured. The hydrophobic parts and thiol groups of
whey protein were exposed, and sulfhydryl/disulfide interchange reactions
occurred (Iametti, et al., 1995; Iametti, et al., 1996; Sawyer, 1968). Whey
proteins then self-assembled to form aggregates by a combination of
covalent bonds and hydrophobic interactions (Galani & Owusu Apenten*,
1999). The larger particle size and rigid structure may take WPA longer time
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to unfold and expose hydrophobic groups towards the interface.
Consequently, for WPA, the decrease in surface tension is much slower.
For complete casein micelles in micellar casein dispersions, we speculated
that a lower diffusion rate resulted in the interfaces being dominated by the
smaller species in the dispersion. But also, for that system the structural
stability of the micelles may have been another reason why we did not
observe complete micelles adsorbing at the interfaces. Casein micelles are
relatively large assemblies stabilized by hydrophobic interactions, hydrogen
bonds and interactions with colloidal calcium phosphates. The outer surface
of the micelle is covered by a dense layer of κ-casein (Walstra, 1990). Such a
protein-assembly may not easily rearrange the structure to expose its
hydrophobic groups to the interfaces.

6.4. Protein species at interfaces in a mixed system
6.4.1. Mixtures of casein monomers, small aggregates, and micelles
The composition of the layer formed at an interface is largely dependent on
the initial adsorption kinetics of the proteins and their interactions after
adsorption, at least on a relatively short time scale. On a longer time scale,
the structure may also be affected by slow displacement of one species by
another. In chapter 3, the casein micelle dispersion was composed of
monomers, small casein aggregates and micellar caseins. Micelles were
already shown not to adsorb at the O-W or A-W interface. This could be
because micelles have a large particle size, which makes them slowly diffuse
to interfaces, and their structure may also be slow to rearrange to expose
buried hydrophobic groups towards interfaces. The protein β-casein has a
small molecular size and flexible structure, and when it is mixed with other
larger or more structured proteins, it will preferentially adsorb at the
interface, which is also found in other research (Mackie, et al., 2001; Zhang,
et al., 2004). However, the results in chapter 3 indicate that when monomers
and small casein aggregates coexist in the bulk phase, monomers are not the
main species at the O-W interface. This may imply that at the beginning,
small casein aggregates co-adsorbed with β-casein, but β-casein was
subsequently displaced by the small aggregates.
Co-adsorption of protein species at the interfaces is driven not only by
adsorption kinetics, but also by overall bulk concentrations and ratios of the
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species (Dickinson, 1992; Hinderink, et al., 2019; Hunt & Dalgleish, 1994;
Srinivasan, et al., 1996). It appears that the concentration we used in chapter
3 was in a regime where both monomers and aggregates ended up at the
interface. Small proteins can adsorb faster at interfaces compared to larger
ones, but can in some cases be displaced by other proteins, for example βlactoglobulin was reported to be able to displace β-casein. Dalgleish, Goff,
Brun, et al. (2002) studied the competitive adsorption of caseins and whey
proteins at the O-W interfaces in emulsions. They found both αs1 and βcasein can be displaced by β-lactoglobulin and α-lactalbumin, and the
displacement is temperature dependent. At a higher temperature, the
displacement is faster. For mixtures of β-casein and β-lactoglobulin, Ridout,
et al. (2004) also reported that initially β-casein adsorbed at the A-W
interface, but was subsequently displaced by β-lactoglobulin. Protein
molecules with ordered structures which can unfold at the interface appear
to displace β-casein which has a random coil structure. This is also supported
by research of Hinderink, et al. (2019), where they found that casein will be
displaced by pea protein at the O-W interface in emulsions. When globular
proteins unfold at interfaces, hydrophobic groups are exposed which can
result in stronger interactions with the oil phase than β-casein. During the
unfolding process of globular proteins, adjacent β-caseins may be pushed
aside to the gaps between unfolded globular proteins. When the local gaps
are saturated with β-casein, further compression of gaps could push them
out of the interfaces. This process is sometimes referred to as the orogenic
displacement (Damodaran, 2005). Similarly, small casein aggregates could
be displacing β-casein from the interfaces. Actually, this could explain the
slight increase in surface tension in the first 10-100 s we observed for the OW interface stabilized by casein micelle dispersion (Fig. 6.1). In view of the
above, the most likely scenario in the adsorption of casein micelle dispersion
at the O-W interface is the initial co-adsorption of β-casein and small
aggregates, followed by the displacement of the former by the aggregates.
6.4.2. Casein and whey protein mixtures
Some research studied the competitive adsorption of β-casein and globular
proteins (Brun & Dalgleish, 1999; Cao & Damodaran, 1995; Xu & Damodaran,
1994), and in all studied cases the results showed that flexible casein
molecules could not displace globular protein molecules (Dickinson, 2011).
This observation appears to be different from the results in Chapter 4, as we
found at the O-W interface, when casein and whey are mixed, casein is
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dominant at the interface even at a very low proportion of casein in the
mixture. The difference of these findings can be the consequence of
different experimental designs: β-casein can be introduced in the mixture at
the same time as the globular protein, or after the initial adsorption of the
globular protein (e.g., by subphase exchange). If globular proteins adsorb
initially at the interfaces and reorganize their structures, the resulting
network formation can render adsorption more irreversible. After a certain
time, once a compact structure is formed at the interfaces, the sequentially
added β-casein will not adsorb at the interface to displace the globular
proteins. However, in chapter 4, we studied adsorption with a system mixed
prior to adsorption. Casein monomers or small aggregates may then
dominate the interface as a result of their faster diffusion or easier unfolding
during the adsorption.
At the A-W interface, the competitive adsorption among whey protein,
casein monomers, and small casein aggregates is different from the O-W
interface. As proved in chapter 4, at the O-W interface casein aggregates
were dominant, while the A-W interface was occupied by mixtures of casein
monomer and whey protein. The difference in protein species at the O-W
and A-W interface may be the result of differences between the two types
of interfaces. The adsorption dynamics of proteins at O-W and A-W
interfaces was compared in several studies (Beverung, et al., 1999; Sengupta
& Damodaran, 1998). It was found that for the same protein, the A-W
interface has a longer induction time than the O-W interface (which was not
found in our research, as the concentration we used for adsorption was too
high to clearly observe the induction period). Both Sengupta, et al. (1998)
and Beverung, et al. (1999) proposed this was because repulsive dispersion
interactions are the dominant force at the A-W interface. The effect of the
diffusion rate of proteins will therefore be magnified at the A-W interface.
This explains why whey protein and casein monomer were found coadsorbing at the A-W interface, but small casein aggregates that had a larger
size (50-60 nm) and may diffuse slower were not. Furthermore, at the O-W
interface, proteins have a stronger affinity to the oil phase, and are proved
to be partially immersed in the oil phase (Bergfreund, Diener, et al., 2021).
Oil molecules can penetrate into the hydrophobic core of proteins and result
in a faster and greater protein unfolding (Bergfreund, et al., 2018). At the AW interface, without the oil solvent to interact with the hydrophobic
residues of proteins, the structure rearrangement and special orientations
are limited to a certain extent (Bergfreund, Bertsch, et al., 2021). The
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statement is also supported with the findings that β-lactoglobulin loses
more tertiary and secondary structure at the O-W interface than at the A-W
interface (Drusch, et al., 2021; Meinders & De Jongh, 2002; Zhai, et al., 2010).
Consequently, when casein monomer and whey proteins co-adsorb at the
A-W interface, the displacement of casein monomers by whey protein will
be limited.
6.4.3. Proteins and surface-active lipids
As mentioned in the chapter 1 (1.2.3), several surface active lipids like monoor diglycerides, or phospholipids are present in milk fat. Different from
mixing proteins and water soluble surfactants in the water phase, protein
and oil soluble emulsifiers adsorb at the interface from two different phases,
which can prevent formation of protein-emulsifier complexes in the bulk
phase (Lech, et al., 2015). Even though, oil soluble emulsifiers are widely
reported to have interactions with proteins, including displacement or coadsorption with proteins at the interfaces (Dickinson & Hong, 1994; He, et
al., 2008; McSweeney, et al., 2008; Munk, et al., 2014; Pelan, et al., 1997;
Rahman & Sherman, 1982). How these surface-active lipids (emulsifiers)
affect the composition at the interfaces is often not completely clear.
These emulsifiers can significantly change the interfacial tension of an O-W
interface over time, as illustrated in Fig. 6.2. When we carried out a
measurement of the surface tension of an O-W interface between an
unpurified oil (containing surface-active impurities) against a protein
solution, the droplet fell off the needle of the tensiometer, even at a very
low protein concentration (0.1 wt%), during the oscillation. This happened
as the interfacial tension was too low to maintain the shape of the droplet.
In chapter 2, we characterized both emulsions made with purified and
unpurified milk fat. Results turned out that the emulsions made with
unpurified milk fat had slightly smaller droplet size, creaming rate and lower
ζ-potential (results can be seen in the appendix of that chapter). The effects
of protein concentrations on emulsions made with purified milk fat were still
valid for the emulsions made with unpurified milk fat. All of these results are
supporting that the naturally existing surface-active lipids in the oil phase
appear to co-adsorb with proteins at the interfaces. The effect of coadsorption is more prominent in surface tension tests in a drop tensiometer,
but is relatively small for macroscopic stability of emulsions. The main
reason is that the specific area of the interface is much larger in emulsions
than in tensiometer tests: typical drop size in an emulsion is ~ 1 μm, whereas
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droplet size in a tensiometer is ~ 1mm. The ratio of the number of surfaceactive lipid molecules to interfacial area is significantly higher in a
tensiometer droplet than the one in an emulsion. As a result, in oil-in-water
emulsions, although these surface-active lipids will adsorb at the interface,
their effect is largely dominated by the abundant proteins in the aqueous
bulk phase.

Fig. 6.2. Surface tension of the interface between Milli-Q water and purified
milk fat or unpurified milk fat. the temperature was 40 °C.

6.5. Rheological properties of interfaces in a mixed system
In chapter 2, we compared the rheological properties of WPI and WPA at the
O-W interface. WPI was shown to form a viscoelastic solid interface, which
is stiff but brittle. The interfacial layer formed by WPA was more stretchable,
as evident from a larger maximum linear strain. The same finding also holds
for the A-W interface, which is not investigated in this thesis, but can be
found in the study of Yang, et al. (2020). In chapter 4, we further compared
the rheological properties of whey protein, casein, and their mixtures at
interfaces. Results showed that whey protein can form a much stiffer layer
than casein at both O-W and A-W interfaces. For the casein and whey
mixtures, the O-W interface is weak because the interface is dominated by
casein. The stiffness of the A-W interface decreases with an increasing
proportion of casein in the mixture, as casein and whey co-adsorb at the
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interfaces. These results illustrate the well-known fact that the rheological
properties of interfaces depend strongly on the composition at the
interfaces and of course the intermolecular interactions among the
adsorbed components.
Some globular proteins containing thiol groups, like whey protein, can
unfold at the interfaces and have strong intermolecular interactions by
hydrophobic attraction and sulfhydryl/disulfide interchange reactions.
When they exist as monomers and adsorb at interfaces, they may form an
interconnected network structure. The formed interfacial layer will normally
be stiff and more solid-like. When these monomers form aggregates, the
resulting interfacial layer can be thicker, coarser and have fewer connections
(as illustrated in Fig. 2.10), as most hydrophobic groups are buried inside the
aggregates. The interfacial layer could have a more open structure, which
can result in higher stretchability and lower brittleness. Both types of
interfaces were shown to protect emulsion droplets against coalescence
efficiently. However, when the emulsion was exposed to vigorous shear, the
emulsion stabilized with aggregates was slightly more sensitive to
coalescence. One potential reason is that those aggregates may have lower
mobility, both in the bulk and at the interface. Once the interfacial structure
has yielded and starts to flow, they cannot protect the new exposed
interface as efficiently as smaller protein molecules, which may show a
higher rate of surface diffusion, protecting the droplet with a mechanism
similar to the Marangoni effect. Exposed interface can also lead to additional
adsorption, and this process too will be faster for smaller proteins than for
aggregates.
Small and flexible proteins like casein monomers, cannot form a strong
interface due to the weaker intermolecular interactions at the interfaces.
When they are mixed with other proteins, they can easily adsorb at the
interface quickly at the beginning of the adsorption, because they can
diffuse faster towards the interface. The interface will also display a weak
response in deformation. However, at the O-W interface, those flexible
proteins may be displaced with other more structured proteins, like what we
discussed in section 6.4.1 that β-casein can be displaced by small casein
aggregates at the O-W interface. The interface is therefore expected to be
stiffer after a certain time, as the elasticity of the O-W interface stabilized
with small casein aggregates was 10 times larger than the one stabilized with
β-casein (chapter 3). At the A-W interface, the story can be quite different.
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As discussed in section 6.4.2, smaller molecules preferentially adsorb at the
A-W interface, and displacement among proteins is not as evident. The
composition and the rheological properties are more governed by relative
ratios between molecules in the mixture, as indicated in chapter 4.

6.6. Interfacial properties of plant proteins
Nowadays there is a growing interest in alternatives to animal proteins,
including plant-based emulsifiers. Several plant proteins have been reported
as potential emulsifiers, for example, soy proteins, pea proteins, lupin,
cowpea, wheat gluten, rice glutelin and oilseed proteins (Burger & Zhang,
2019; Kim, et al., 2020; Tang, 2017). However, the stabilizing functionality of
these plant proteins is often not comparable to that of dairy proteins, and
whether these alternatives can suitably replace dairy proteins is still
questionable (Hinderink, et al., 2020; Kim, et al., 2020). Often, these plant
proteins particularly fail to perform as well as dairy proteins in terms of
interfacial properties. The main plant protein fraction in commercial extracts
are the globulins (Sari, et al., 2015). Due to their large size and deeply buried
hydrophobic residues (Chéreau, et al., 2016; Rasheed, et al., 2020), they
cannot quickly adsorb to the interface or unfold easily to induce strong inplane interactions, which are essential for the formation of a stiff interfacial
layer. To acquire a better interfacial activity and stability, the molecular
properties of plant proteins could be modified chemically or physically.
Considering the results we obtained for dairy proteins in this thesis, several
strategies can be formulated: (i) breaking protein particles or aggregates into
smaller fragments can make proteins diffuse faster to the interface. This
could be done by physical means, for example, high pressure
homogenization, ultrasound (F. Wang, et al., 2020), or by hydrolysis (GarcíaMoreno, et al., 2021; Rodríguez Patino, et al., 2007). However, a reduction
that is too extensive, will result in the formation of small peptides, which
should be avoided, as they may have weaker intermolecular interactions,
and thus cannot construct a stiff interfacial layer; (ii) the surface
hydrophobicity of proteins can be modified by controlled heat treatment (J.M. Wang, et al., 2012), or chemically attaching saccharides (Peng, et al.,
2020). Heat treatment can break tertiary and secondary structure of
proteins, and expose the buried hydrophobic groups, which is beneficial for
the unfolding of proteins at the interface. But heat treatment may normally
also induce protein aggregation. A combination of heat treatment and size
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reduction methods, for example hydrolysis can be optimal for improving
surface activity of plant proteins (Liang, et al., 2020).
Although in structure and behavior plant proteins generally deviate
significantly from the dairy proteins we studied here, commercial plant
protein extracts show at least one common feature, in the sense that they
are never very pure, and are in fact complex mixtures. They normally
contain various proteins, either in the form of peptides, native protein, or
aggregates, and several non-protein components (Chéreau, et al., 2016;
Kornet, et al., 2021; Wanasundara, et al., 2016). When we study the surfaceactivity of plant protein extracts, it is difficult to identify which ingredients in
such a complex mixture are dominating the response. In chapter 3, we
convincingly proved that casein micelles, which are the main ingredient in
micellar casein isolate, will adsorb at neither O-W interface nor A-W
interface. It turns out the real functional fractions which confer
viscoelasticity on the interfaces are the casein monomers (A-W) or small
aggregates (O-W), which are actually minor components in the mixture. The
approach we outlined in chapter 3, based on fractionation of a complex
mixture, and studying the functionality of the individual fractions using a
combination of (nonlinear) interfacial rheology and visualization analysis
(multiphoton excitation microscopy, MPM), can help in identifying the most
relevant components in the mixture. This can give potential guidance for
determining the most relevant plant protein extraction and modification
routes to improve the emulsifying activity or the interfacial activity of plant
protein extracts.

6.7. Pickering stabilization
In the early 20th century, Pickering (1907) found that solid particles can be
used as stabilizers to stabilize emulsions. Pickering emulsions have several
advantages over normal emulsions stabilized with surfactants or proteins,
for example, high stability against coalescence and effective drug
encapsulation and release (Xiao, et al., 2016). Nowadays, with the increasing
health consciousness of consumers, and some frequently used emulsifiers
like carboxymethylcellulose and polysorbate-80 proving to be harmful to
health (Chassaing, et al., 2015), there is a growing interest in natural or nonsynthetic emulsifiers in the food industry. Food-grade material based
Pickering emulsions have received significant interest in recent years.
166

Chapter 6
Numerous studies have appeared, devoted to constructing protein particles
to stabilize emulsions. The most widely used method is using heat treatment
on proteins to produce protein aggregates or so-called protein microgels
(Burgos-Díaz, et al., 2019; Gao, et al., 2017; Ning, et al., 2019; Torres, et al.,
2017). However, after heat treatment, a protein dispersion will contain not
only aggregates, but also monomers and some heat induced peptides
(Amagliani & Schmitt, 2017). The compositions in protein aggregate
dispersions are comparable with casein micelle dispersion in chapter 3 in
terms of protein size. As big particles are not likely to adsorb at the interfaces,
the so-called Pickering mechanism at a protein aggregate stabilized interface
is questionable. Even though convection during homogenization or vigorous
stirring may bring particles to the interfaces, the interfaces are most likely
to be covered by small surface active components, for example monomers
or peptides. Similar doubts about the stabilization mechanism can be raised
for MAG-S stabilized emulsions. Some researchers believe MAG-S would
stabilize emulsions by a Pickering stabilization mechanism (Munk, et al.,
2014). These researchers hypothesized that MAG-S crystallizes in the bulk
phase, and that the crystals are surface-active and can subsequently adsorb
at the O-W interface (Carrillo-Navas, et al., 2013). However, our results in
Chapter 5 suggest a different mechanism. MAG-S adsorbs at the interface
prior to crystallization, and subsequently crystallizes predominantly at the
interface, forming a solid shell at the interface, which (although
polycrystalline) appears to be continuous and compact. Clearly, the claims
that emulsions stabilized by protein aggregates or MAG-S crystals are
Pickering emulsions, are highly doubtful.

6.8. Conclusions and outlook
In this thesis, we studied the interfacial properties of dairy proteins,
including whey protein, WPA, casein micelles, casein monomers, and small
casein aggregates, separately or in a complex mixture. We identified the
dominant protein species at the O-W or A-W interfaces, with a combined
approach of interfacial rheology and interface visualization techniques. We
aimed at providing a detailed understanding of which component is
responsible for the functionality at the O-W or A-W interfaces when dairy
proteins are mixed to stabilize emulsions or foams. By understanding the
links among the molecular characteristics of the selected dairy proteins,
their adsorption kinetics, and their rheological properties at the interfaces,
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some general findings can be summarized. Small and flexible proteins, for
example β-casein, can diffuse and expose hydrophobic groups fast to both
A-W and O-W interfaces. Although they can adsorb to the interface quickly,
the interfacial layer formed by these small and flexible proteins is normally
less stiff due to the weak in-plane intermolecular interactions at the O-W or
A-W interfaces. Small globular proteins like β-lactoglobulin, can also diffuse
fast to the interfaces but unfold more slowly. As a result, they decrease the
interfacial tension slower than small and flexible proteins but will form a
stiffer interfacial layer due to strong hydrophobic interactions or covalent
bonds. This interfacial layer may yield at large deformations. When these
rigid proteins are further made into aggregates, they diffuse slower to the
interface and cannot unfold as easily as monomers. They will have a longer
induction time at the beginning of adsorption. The interfacial layer will be
more stretchable because of fewer connections among aggregates. When
mixed proteins are used as a stabilizer of emulsion or foam, the small species
which can diffuse fastest to the interface are most likely to adsorb at the
interface (at least on the short term), especially at the A-W interface. At the
O-W interface, the oil phase can be a solvent for the hydrophobic groups of
protein residues and have a stronger affinity to proteins. With a stronger
hydrophobic interaction between oil molecules and proteins, proteins can
unfold their structure faster and to a greater extent. Consequently, the
displacement of proteins may be more evident at the O-W interface, for
example, the displacement of casein monomers by small casein aggregates.
Recent research showed that the unfolding of proteins is also affected by
the polarity of oil phase (Bergfreund, Diener, et al., 2021). With an increasing
oil polarity, proteins can unfold to a less extent at the O-W interface, then
the displacement effect may be less evident. With a deeper understanding
on the links among molecular properties of proteins, adsorption kinetics and
rheological properties of protein layers, dairy proteins can be used as a
benchmark for plant proteins. The interfacial properties of plant proteins
can be improved by some physicochemical methods to have a smaller size
and greater surface hydrophobicity. The Pickering mechanism was found
neither in mixed protein systems studied in this thesis nor in MAG-S
stabilized emulsion. Small surface active proteins or emulsifiers are playing
more important roles stabilizing interfaces in these complex systems.
The methodology we used in this thesis to identify protein species at the
interfaces can also be applied in other complex systems with mixed
components. The first step is to fractionate different species from the
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mixture, followed by (nonlinear) interfacial rheology tests on the individual
fractions. According to the similarity or distinctive differences in rheological
properties among fractions, we can have a preliminary inference which
fraction is playing a role at the interfaces. However, it is important to realize,
different compositions or structures of interfacial layer may have similar
rheological properties. So, more evidence on which component is dominant
at the interface needs to be provided by some interface visualization
techniques.
In this research, although we mixed casein and whey proteins to replicate
the real application of dairy protein materials in stabilizing emulsions or
foams, extra efforts can be devoted to make the replication more realistic.
In food industry, heat sterilization is often inevitable to guarantee a long
shelf life of the emulsion products. Some research already disclosed that
whey and casein can have complicated chemical interactions in the bulk
phase (Dumpler, 2017). Displacement among proteins at interfaces can also
happen during heat treatment (Dalgleish, Goff, & Luan, 2002). The
composition change and denaturation of proteins at O-W interfaces upon
heat treatment may affect the microstructure they formed at the O-W
interface thus affecting the rheological properties of the layer, but this yet
to be quantified. With respect to Chapter 5, although the stabilization
mechanism of MAG-S crystals in oil-in-water emulsion is well demonstrated
in this thesis, the mechanical properties of the solid shell, which strongly
affect the dynamic stability of emulsions, are not tested in this research.
Drop tensiometer measurements are not easily performed on these
interfaces, in view of their high brittleness and propensity to show buckling
even at small deformations. Furthermore, in a more complex system, for
example when MAG-S co-exists with proteins in the aqueous bulk phase,
how the proteins affect the crystallization process and what their effects on
the mechanical properties of the solid layer are, still need to be further
investigated.
In terms of the new method we developed to visualize proteins at the
interfaces using MPM and a lab made setup, additional work could be done
to make the method applicable for the quantification of protein load at the
interfaces. By using some standard proteins, e.g., bovine serum albumin
with given concentrations, we can construct a standard curve of
concentration versus fluorescent density. Subsequently, by testing the
intensity of the protein layers at the interface, we can have an estimation
169

Chapter 6
how much proteins adsorb at the interfaces. Compared with the classic
exclusion method to do protein load quantification using centrifugation,
which is affected by protein load and droplet size (Hunt, et al., 1994; Van der
Meeren, et al., 2005), this method will be more direct and accurate, as there
is no need to break the sample.
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Emulsions and foams are two thermodynamically unstable systems. In many
food emulsions or foams, multiple components can be involved in stabilizing
these systems. A common example are dairy proteins, which are widely used
as stabilizers. In specific cases, a mixture of casein and whey proteins is used
for stabilization of emulsions or foams, for example, milk protein isolate or
skimmed milk powder. In dairy emulsions, some polar lipids can be present
in milk fat due to hydrolysis during oil storage, for example, monoglycerides
or diglycerides. Stabilizers can also consist of mixtures of stabilizers in
different aggregation states (e.g. monomers in coexistence with micelles or
aggregates). In a complex multi-component emulsion or foam system,
where various surface-active components are present, it is difficult to
distinguish the real surface-active species responsible for stabilizing oilwater (O-W) or air-water (A-W) interfaces. The aim of this thesis was
therefore to improve our knowledge about the absorption behavior of
surface-active ingredients at O-W or A-W interfaces in mixed systems and
the resulting interfacial properties. Two types of systems were investigated,
namely monomers coexisting with micelles/aggregates and emulsions
stabilized with high melting point emulsifiers.
In Chapter 1, an overview of the characteristics of dairy proteins and polar
lipids and the interfacial rheology methods used in this thesis are presented.
In Chapter 2, the adsorption kinetics and rheological properties in the
nonlinear viscoelasticity regime of O-W interfaces stabilized with whey
protein isolate (WPI) and whey protein aggregate (WPA) were investigated.
At a low concentration (0.1 wt%), WPI proved to be more surface-active than
WPA, but the rheological properties of interfaces stabilized with the
mentioned proteins showed little difference, and both formed a viscoelastic
solid-like interfacial layer with a predominantly elastic response at low
amplitude. At a higher concentration, the difference in surface activity
between WPI and WPA disappeared. Both decreased the surface tension
quickly and to a similar extent. WPI displayed strain yielding behavior at a
large amplitude (30%), while WPA mainly showed an elastic response, and
the layer was more stretchable. At a high concentration and under dynamic
conditions (i.e., when subjected to high speed shear), emulsions made with
WPA were more stable against creaming, owning to the higher bulk viscosity,
but less stable against coalescence. This could be because of the different
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structure of the layers formed by these two components at the O-W
interface. WPI formed a dense and stiffer interfacial layer, which was brittle
but could prevent coalescence by a mechanism similar to the Marangoni
effect after the breakage of the layer. The interfacial layer formed by WPA
was coarser, thicker and less brittle, but once the layer was broken, the
particles could not protect the interface efficiently due to the low mobility
of WPA at the interface.
Casein micelle dispersions are composed of several fractions, including
micellar caseins, casein monomers, and small aggregates. In Chapter 3, we
studied the interfacial properties of these dispersions. We fractionated the
dispersions into a fraction containing mostly casein micelles and one
containing monomers and small aggregates, then investigated their
interfacial properties separately. It was shown that micellar caseins can
adsorb at neither O-W nor A-W interfaces. When a casein dispersion was
used to stabilize interfaces, A-W interfaces were mainly dominated by
monomers, while O-W interfaces were mainly occupied by small aggregates.
After studying the behavior of whey protein or casein at O-W and A-W
interfaces separately, systems containing both proteins were prepared to
study their interfacial behavior in mixtures, which is the topic of Chapter 4.
Based on rheology results and interfacial visualization, casein was found to
be dominant at the O-W interface, even at low casein : whey protein ratio
(CA:W = 0.1 wt% : 1.9 wt%) in the mixture. Even though casein preferentially
adsorbed at O-W interfaces, it could not form a stiff layer due to its relatively
weak in-plane intermolecular interactions at O-W interfaces. At the A-W
interface, casein could co-adsorb with whey proteins. With an increasing
proportion of casein in the mixture, casein disrupted the solid-like network
formed by whey protein, and as a result the layer became less stiff.
In Chapter 5, we used glycerol monostearate (MAG-S) as a high melting point
emulsifier to study the mechanism by which these crystallizable emulsifiers
stabilize O-W interfaces (i.e. bulk versus interfacial stabilization). We
confirmed the growth of MAG-S crystals at a planar oil-water interface. The
crystallization process of emulsifiers in the emulsion system was observed
by optical microscopy. An intriguing phenomenon, repeated deformationrelaxation (RDR), was observed in these experiments. We analyzed the cause
of RDR, and it was shown that this was attributable to two factors: the
formation of brittle solid interfacial layers by the emulsifiers, and stress
build-up in these layers due to shrinkage of the oil bulk phase upon cooling.
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Therefore, by interpreting the cause of the RDR phenomenon, we indirectly
proved that adsorption of MAG-S happened prior to the crystallization of
MAG-S in our tests, and that MAG-S can form a continuous and compact
solid layer at the surfaces of emulsion droplets. The mechanism was
different from the so-called Pickering mechanism proposed in other work.
In Chapter 6, we provided a general discussion to link all the results and
findings and put them in a broader context. The effect of molecular
properties on the dominating protein species at the O-W or A-W interfaces
and mechanical properties of interfaces were discussed in terms of
competitive adsorption and displacement among proteins. When small
molecular proteins are mixed with larger protein aggregates, small proteins
are most likely to adsorb and be dominant at the interfaces, even though
sometimes the fraction of these small molecules is not the main component
of the used ingredient. Just like the mixtures we studied here, plant protein
extracts are often mixtures of various proteins containing several forms, for
example, peptides, native proteins, and aggregates. Several suggestions and
physiochemical methods were provided for improving the interfacial activity
of plant proteins. The methodology we used to identify surface active
species of multi-component systems responsible for interfacial properties
can also be applicable for plant protein mixtures. Based on the findings in
this thesis, we can conclude that the Pickering stabilization mechanism,
which is often invoked to explain stability in the complex protein (aggregate)
systems and emulsions made with MAG-S, does not hold for these systems.
In conclusion, the results presented in this thesis provided new knowledge
on the interfacial behavior of complex multi-component systems, which can
be useful for designing emulsion formulations or tailoring the functionality
of emulsions or foams.
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