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A B S T R A C T

Mixtures of bovine caseins can serve as a benchmark for understanding the functionality of microbial-based
recombinant caseins at oil–water interfaces. In this work we show that, in the presence of Ca2+, the individual
casein fractions form viscoelastic networks at the oil–water interface with comparable stiffness. In the absence
of Ca2+, 𝛼𝑠2- and 𝛽-casein interfacial network formation was strongly inhibited over the full deformation regime.
For 𝛼𝑠1-casein, the network stiffness was increased in the absence of Ca2+ at small deformations (<15%), but
at large deformations (>50%) it was completely disrupted, to a similar stiffness as 𝛼𝑠2- and 𝛽-casein. The
interfacial structure formed by 𝜅-casein was largely unaffected by Ca2+ due to limited phosphorylation. We
hypothesize that the differences between calcium-sensitive caseins lie in the conformation they assume at the
interface. Both 𝛼𝑠2- and 𝛽-casein adsorb in a train-tail conformation with a tail extending into the aqueous
bulk phase, whereas 𝛼𝑠1-casein adsorbs in a loop-train conformation, with a loop that extends less into the
bulk phase. The tail-train configuration is hypothesized to increase the inter-molecular Ca2+ bridging thereby
increasing the interfacial stiffness of 𝛼𝑠2- and 𝛽-casein.

Blending the casein fractions revealed a strong negative effect of 𝛽-casein on the interfacial modulus, which
was more pronounced at a higher concentration. The presence of Ca2+ remained important for interfacial
network formation of a casein blend. Without Ca2+, the interfacial network was less stiff, more viscous, and
behaved like a 2d polymer solution.

With this work we showed that casein interfacial network formation at oil–water interfaces is mediated by
Ca2+ bridging. Blending the different casein fractions decreased the interfacial viscoelastic properties through
the presence of 𝛽-casein. These results indicate that future work on recombinant caseins should focus on single
genetic variants, since a blend of variants will likely decrease interfacial functionality.
1. Introduction

Caseins play a key role in the environmental impact of our diet,
therefore it is important to understand their functionality in food.
Dairy has a big impact on the environment (Food and Agriculture
Organization, 2010; Poore & Nemecek, 2018), hence industry and
academia investigate plant-based proteins and microbial-based recom-
binant proteins as casein alternatives. The latter are produced using
microbial cells as production hosts of caseins by inserting a casein gene
using recombinant DNA technology in a process known as precision
fermentation. Replacing casein with plant proteins is not trivial because
many plant proteins lack nutritional value and functionality (Diaz-
Bustamante et al., 2023). Precision fermented proteins provide a better
alternative, since they contain nutritionally similar components and
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potentially improve functionality, although limited studies are avail-
able (Diaz-Bustamante et al., 2023). To correctly assess the function-
ality of precision fermented protein we need a benchmark and an
understanding of how casein functionality within dairy products is
established.

The milk protein fraction in bovine milk consists of 80% caseins.
The individual casein fractions (𝛼𝑠1-, 𝛼𝑠2-, 𝛽-, & 𝜅-casein) in this milk
are assembled into supramolecular structures called casein micelles.
Casein micelles are held together by interactions between the individ-
ual fractions and by interactions with inorganic calcium phosphate.
Each molecule forms hydrogen bonds or hydrophobic interactions
with other casein molecules while they can also bind calcium phos-
phate nanoclusters. The inorganic calcium phosphate interacts with the
phosphoserine residues of 𝛼𝑠1-, 𝛼𝑠2-, and 𝛽-casein thereby forming a
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Food Hydrocolloids 160 (2025) 110741 
protein cluster (Horne, 2020). The presence of micelles poses one of
the biggest challenges finding alternative protein sources to produce
dairy. Many dairy products rely heavily on casein micelles for their
structure (e.g. cheese) while the alternative proteins have difficulty
forming similar structures. With plant-based proteins, which are mostly
globular proteins, it is impossible to form similar micellar structures,
and precision fermented casein will likely lack the phosphorylation
required for micelle formation (Hansson et al., 1993; Hettinga & Bijl,
2022; Loch et al., 2016). However, not all products necessarily require
micellar casein for their formation and/or stabilization.

Emulsions belong to the latter category and are therefore a great
opportunity for applying alternative proteins to casein. Since casein
is an important protein in stabilizing dairy emulsions, the alternative
should be selected carefully. After homogenization of the emulsion,
casein is the most abundant protein at the oil–water interface of a
milk-fat globule (Cano-Ruiz & Richter, 1997; Darling & Butcher, 1978;
Iametti et al., 1997; Mccrae, 1994). At the interface it forms a viscoelas-
ic network (Dickinson et al., 1988; Fainerman et al., 2020; Husband
t al., 1997; Wüstneck et al., 2012; Zhou et al., 2022) that is essential

for emulsion stability (Jin et al., 2021; Langevin, 2000; Miller et al.,
2010; Sagis, 2011). Even though 95% of the casein is assembled into

icelles (Dumpler, 2018; Fox et al., 2015), the smaller constituents (the
ther 5%) are dominant in forming a viscoelastic network at the oil–
ater interface (Zhou et al., 2022). In particular for precision fermented

asein, we need to further study the underlying principles that govern
il–water stabilization by small casein constituents as was also done for
ir–water interfaces (de Groot et al., 2024). Precision fermentation will

produce highly similar caseins to the bovine casein genetic variants but
it is not yet known what genetic variant is most suitable for application
in emulsions and whether phosphorylation is necessary for interface
stabilization.

This study uses bovine caseins to study the interfacial functionality
f individual casein fractions to create a benchmark for alternative
roteins. Furthermore, the effect of mixing fractions will be studied to
ap the interactions between casein fractions. Since, Ca2+ plays such

a vital role in the casein chemistry, simulated milk ultrafiltrate buffer
with and without Ca2+ was used to probe Ca2+ mediated interactions
within the interface. The interfacial functionality was studied with
rop tensiometry by first studying the adsorption behavior followed by
scillating drop tensiometry. Oscillations where performed within the
mall- and large amplitude regime and analyzed with the general stress

decomposition (de Groot et al., 2023). This study can serve as a road
map for the application of precision fermented caseins in emulsions.

2. Materials & methods

2.1. Materials

Individual 𝛼𝑠1-, 𝛼𝑠2-, 𝛽-, & 𝜅-casein fractions were prepared in col-
aboration with Those Vegan Cowboys (Gent, Belgium), identical to the
tudy of de Groot et al. (2024). The fractions were obtained by column
eparation and dialyzed against MilliQ water (Veolia, Ireland). Medium
hain triglyceride oil was obtained from IMCD (Netherlands) and all
ther chemicals (Sigma-Aldrich, USA) were used as received.

2.2. Protein content

The nitrogen content was measured in a flash EA 112 NC Ana-
lyzer (Thermo Fischer Scientific INC, USA). With a nitrogen-to-protein
conversion factor of 6.38 the protein content was calculated.

2.3. Sample composition

The composition of each casein fraction was calculated from the
peak area of reverse-phase high-performance liquid chromatography
2 
separation (RP-HPLC, Thermo Science Ultimate 3000; Waltham, USA)
with the method developed by Bonfatti et al. (2008), de Vries et al.
(2015). The protocol was identical to what was done by de Groot et al.
(2024). The chromatograms (SI, Fig. S1) were analyzed in Chromeleon
7.1.2 where the ratio between the individual peak areas and total peak
area was used as the relative abundance (see Table 1).

2.4. Sample preparation

2.4.1. Buffer preparation
Simulated milk ultrafiltrate (SMUF) was prepared based on the

omposition proposed by Jennes and Koops (1962). In short, SMUF was
prepared by mixing 50x concentrated stock solutions (see Table 2) in
equal amounts with MilliQ water. After dissolving for 30 min, the pH

as adjusted to 6.7 with KOH and stored for a maximum of 7 days
in the fridge. Modified SMUF buffer was used to evaluate the effect of
Ca2+ in SMUF by replacing CaCl2 ⋅H2O by an equimolar amount of 2.1%
(w/v) NaCl.

2.4.2. Preparation of protein solution
Casein fractions were stored in the freezer at −21 ◦C, before the

asein solution was thawed to room temperature, whereafter it was
diluted in buffer to obtain the desired protein concentration (w/v). A
blend of several casein fractions was prepared by pipetting individual
droplets of casein fraction into a tube -without mixing them- and sub-
equently adding the correct amount of buffer to create a homogeneous
ixture. Blends of casein fractions were mixed in the ratio as they occur

n milk 4:1.1:3.8:1.3 (Davies & Law, 1977).

2.5. Interfacial properties

The interfacial properties were characterized by creating a 30 mm2
endant drop of protein solution in medium-chain triglyceride (MCT)
il at the tip of a G18 needle. The droplet shape was recorded and fitted
o the Young–Laplace equation with an automated drop tensiometer
ADT, Teclis Scientific, France) to calculate the surface tension.

2.6. Interface equilibration

Surface tension development of the protein solution was followed
or 3 h and the adsorption phase was fitted with a first-order relaxation

equation, as proposed by Graham and Phillips (1979), described by

𝛾𝑎𝑑 𝑠(𝑡) = 𝛾∞ + (𝛾𝑡0 − 𝛾∞)𝑎𝑒
− (𝑡−𝑡0)

𝑡𝑎𝑑 (1)

Here, 𝑡 is time and 𝑡0 is the estimated transition time between
dsorption and rearrangement with a relative contribution 𝑎 for ad-
orption. The surface tension at 𝑡0 is 𝛾𝑡0 and the estimated asymptotic
urface tension is 𝛾∞. Estimation of 𝛾∞ was done by averaging the last
0 surface tension measurements of equilibration. Estimation of 𝑡0 and
hereby 𝛾𝑡0 was done by plotting the ln(𝛾(𝑡)) vs 𝑡 and calculating the
aximum curvature. The point of maximum curvature was assumed

o be the transition regime from adsorption to rearrangement. The
earrangement regime was then fitted with power law behavior, as also
an be done for bulk aging processes (White, 2006):

𝛾𝑟𝑒(𝑡) = 𝑏𝑡−𝑟 (2)

Here, 𝛾𝑟𝑒(𝑡) is the surface tension in the rearrangement regime, 𝑏 is a
scaling factor and 𝑟 the dimensionless rate of rearrangement exponent.
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Table 1
Casein fraction composition based on RP-HPLC.

𝛼𝑠1-casein (%) 𝛼𝑠2-casein (%) 𝛽-casein (%) 𝜅-casein (%) Unknown (%)

𝛼𝑠1-casein fraction 92.5 6.7 – – 0.8
𝛼𝑠2-casein fraction 8.3 90.8 – – 0.9
𝛽-casein fraction – – 98.5 – 1.5
𝜅-casein fraction 5.1 1.8 11.6 74.2 7.4
a

i

t
i

Table 2
Composition of SMUF stock solutions, based on (Jennes & Koops, 1962).

Mineral Concentration
(%, w/v)

Stock 1 K H2PO4 7.90
K3C6H8O7 ⋅ H2O 5.45
Na2C6H8O7 ⋅ 2H2O 8.95
K2SO4 0.90

Stock 2 K2CO3 1.5
K Cl 3.39

Stock 3 MgCl2 1.53
CaCl2 ⋅ H2O 6.60

2.7. Interfacial dilatational rheology

After 3 h equilibration, the droplet was subjected to oscillatory
deformations in the form of frequency or strain sweeps. Frequency
sweeps where applied at 0.00333–0.1 Hz and a strain of 0.125. Strain
sweeps where applied at 0.02 Hz and 0.03–0.6 strain. Between a set of
scillations, at least one period of waiting time was applied. Each set of
scillation consisted of five oscillatory cycles applied by a motor drive
yringe, and for analysis only the middle 3 cycles where used.

2.7.1. Analysis of interfacial dilatational rheology
Frequency sweeps were analyzed by fitting the storage modulus

𝐸′
𝑑) to a power law (𝐸′

𝑑 ∼ 𝜔𝑛), where 𝜔 is the frequency and 𝑛
s the exponent. Additionally, the complex modulus was fitted to the
ucassen-van den Tempel (LVDT) model, where 𝐸∗ =

√

𝐸′2
𝑑 + 𝐸′′2

𝑑 is
given by

𝐸∗ = 𝜖0
1 + 𝜁 + 𝑖𝜁

1 + 2𝜁 + 2𝜁2 , 𝜁 =
√

𝑣𝐷
2𝜔

(3)

Here the Gibbs elasticity is denoted by 𝜖0 and the characteristic
frequency of diffusive transport of protein between bulk and interface
is given by 𝑣𝐷. Similar to the LVDT model, the Maxwell model was
itted to the complex modulus by

𝐸∗ =
𝐸 𝜂2𝜔2 + 𝑖𝜔𝐸2𝜂

𝜂2𝜔2 + 𝐸2
(4)

Here, 𝐸 is the elastic modulus of a purely elastic spring and 𝜂 is the
viscosity of a purely viscous damper.

The stress response of strain sweeps was analyzed with the general
stress decomposition (GSD) (de Groot et al., 2023). GSD analyses
intracycle nonlinearities by decomposition into odd harmonics and
ven harmonics of a Fourier series. The odd and even harmonics were
isualized by plotting intracycle strain ((𝐴(𝑡) − 𝐴0)∕𝐴0) versus surface
ressure (𝛱 = 𝛾(𝑡) − 𝛾0). Here, the odd harmonics show network
nteractions and the even harmonics show nonlinearities as a result

of changes in surface density (de Groot et al., 2023). The network
roperties can be described by the initial stiffness of the network
𝐸𝜏1𝑀 ), the overall stiffness (𝐸𝜏1𝐿 ), the stiffening factor 𝑆 based on 𝐸𝜏1𝑀
nd 𝐸𝜏1𝐿 , and the total dissipated energy (𝑈𝑑 𝜏2). Like in bulk rheology
iscoelastic plasticity can be defined with the dissipation ratio (𝛷) as

defined by Ewoldt et al. (2010). Nonlinearities in the intracycle surface
ensity changes are quantified by a secant modulus (𝐸𝜏4 ), a shift (𝛾𝑠),
nd the dissipated energy (𝑈 ) as calculated by:
𝑑 𝜏3 t

3 
𝐸𝜏1𝑀 =
∑𝑖∕2

𝑘=0(2𝑘 + 1)𝑏′2𝑘+1
𝜖0

(5)

𝐸𝜏1𝐿 =
𝜎𝑚𝑎𝑥
𝜖0

, 𝜎𝑚𝑎𝑥 =
𝑖∕2
∑

𝑘=0
𝑏′2𝑘+1(−1)

𝑘 (6)

𝑆 =
𝐸𝜏1𝐿 − 𝐸𝜏1𝑀

𝐸𝜏1𝐿
(7)

𝑈𝑑 𝜏2 = 𝜋 𝜖20𝐸ε
1 (8)

𝐸𝜏4 =
∑𝑖∕2

𝑘=0 2𝑑
′
4𝑘+2

𝜖0
(9)

𝛾𝑠 = 𝑑′0 (10)

𝑈𝑑 𝜏3 = 2𝜖20
𝑖∕2
∑

𝑘=1

𝐸2𝑘𝜏3 ∗ 𝑘
𝑘2 − 1∕4 (11)

𝛷 =
𝜋 𝜖20𝐸ε

1
4𝜎𝑚𝑎𝑥

(12)

Here 𝑏′2𝑘+1, 𝑎′2𝑘+1, 𝑐′2𝑘, and 𝑑′2𝑘 are the Fourier coefficients of the
stresses 𝜏1, 𝜏2, 𝜏3, and 𝜏4. The analysis was performed with a MATLAB
(2022b) script that includes only harmonics (𝐼𝑛) with an intensity >3%
relative to the first harmonic, i.e. 𝐼𝑛∕𝐼1 > 0.03.

2.8. Calculation of hydrophobicity along amino acid chain

The hydrophobicity along the amino acid chain of 𝛼𝑠1-, 𝛼𝑠2-, 𝛽-, and
𝜅-casein was calculated according to Dalgleish (1993). The hydropho-
bicity of each amino acid according to Cowan and Whittaker (1990)
was used to calculate an average segment hydrophobicity by summing
the contributions over 7 amino acids (N+3) to (N−3). Iteration over all
amino acid residues maps an averaged hydrophobicity over each amino
cid chain of each casein fraction.

2.9. Statistical analysis

A students T-test with unequal variance was used to identify signif-
cant differences. A 𝑝-value < 0.05 was considered significant.

3. Results & discussion

3.1. Adsorption behavior of casein fractions and the effect of Ca2+

The interfacial functionality of casein is highly dependent on the
ype of casein (CN) and presence of Ca2+, as was shown for air–water
nterfaces (de Groot et al., 2024). Therefore, we first characterized

each casein fraction at the oil–water interface in the presence and
absence of Ca2+, starting with the adsorption kinetics. Amphiphilic
proteins can adsorb at and orient themselves on the interface to reduce
surface tension. After the initial adsorption phase, in which a relatively
fast drop in surface tension can be observed, a second stage is often
reached where the surface tension is slowly decreasing due to structural
rearrangements within the interface.

The adsorption stage in Fig. 1 A is quantified with a first order relax-
ation equation Eq. (1) (Graham & Phillips, 1979) with the adsorption
ime (𝑡 ) as a characteristic time for adsorption. The adsorption time
𝑎𝑑
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Fig. 1. Representative equilibration curves (A) and corresponding adsorption time (𝑡𝑎𝑑 ) (B), asymptotic surface tension (C), and dimensionless aging rate exponent (D) of casein
fractions at oil–water interfaces. The adsorption regime of the casein fractions is fitted with Eq. (1) (black line) and the aging process is fitted with Eq. (2) (black line) in SMUF
(filled symbols) and SMUF without Ca2+ (open symbols). Significant differences between samples with and without Ca2+ are indicated with an asterisk.
is plotted in Fig. 1 B where we see that the adsorption time for 𝛼𝑠1-
CN, 𝛼𝑠2-CN, and 𝛽-CN significantly increases with the addition of Ca2+.
Probably, the caseins self-associate under the influence of Ca2+ (Aoki
et al., 1985; Harton & Shimizu, 2019; Horne & Dalgleish, 1980; Li
et al., 2019, 2020) which slows down adsorption to the interface. For
𝜅-CN, the equilibration curve was nearly independent on the presence
of Ca2+. This was expected since 𝜅-CN is known for its insensitivity
to Ca2+ (Swaisgood, 1993; Thorn et al., 2015), the major isoform has
only one phosphoserine residue (Bijl et al., 2019). The 𝜅-CN adsorption
could not be described by first order relaxation Eq. (1). Probably, the
𝜅-casein adsorption is governed by multiple processes with each their
own adsorption time. We expect that this is related to different isoforms
of 𝜅-CN, the isoforms vary slightly in molecular structure (Holland
et al., 2006) and therefore in adsorption time.

The rearrangement regime was quantified by comparing the asymp-
totic surface tension and by fitting the rearrangement regime with
power-law behavior Eq. (2) as is also done for bulk aging processes
(White, 2006). The samples with Ca2+ show a lower 𝛾∞ in Fig. 1 D,
which could be indicative of a higher surface density. Probably, the
Ca2+ mediated attraction between casein molecules results in a more
efficient stacking of the casein molecules within the interface. The
aging exponent 𝑟 is plotted in Fig. 1 C, and is significantly higher for
the samples with Ca2+. This indicates that the interface is still showing
significant aging for the samples with Ca2+, even after 3 h. Whereas
the samples without Ca2+, appear to reach (quasi) equilibrium after
at a much earlier stage, indicating that by adding Ca2+ the molecular
mobility is significantly decreased, most likely by increased surface
density and in-plane connectivity.

3.2. Viscoelastic properties of Casein fractions and the effect of Ca2+

The viscoelastic properties of the interfacial structure were charac-
terized by dilatational amplitude sweeps. In Fig. 2 A and B, the initial
modulus 𝐸𝜏1𝑀 is shown in SMUF with and without Ca2+. In SMUF
with Ca2+, the interfacial modulus of all casein fractions is similar
(plot A). Here, 𝛼 forms the stiffest interface followed by 𝛼 - and
𝑠1 𝑠2

4 
𝜅-CN. Interestingly, 𝛽-CN has the lowest modulus which is contrary
to what was seen at air–water interfaces where it had the highest
modulus (de Groot et al., 2024). This emphasizes the fundamental
differences between air–water and oil–water interfaces and the need
for separate characterization. Oil has a lower hydrophobicity than
air and thereby induces less strong capillary forces, additionally the
hydrophobic protein fragments are thought to protrude further into an
oil-based hydrophobic phase (Bergfreund et al., 2021a), and finally oil
has a higher dielectric constant which affects the range and strength
of electrostatic and van der Waals interactions within the interfacial
structure. The effect of hydrophobicity has been shown to significantly
affect the surface tension and modulus of proteins (Bergfreund et al.,
2021a, 2021b).

When we compare the interfacial modulus in the absence of Ca2+ we
see drastic changes for 𝛼𝑠1-CN, 𝛼𝑠2-CN, and 𝛽-CN. 𝜅-CN is less affected
by the presence of Ca2+ as previously explained for the adsorption
phase. Both 𝛼𝑠2-CN and 𝛽-CN have a lower initial modulus in the
absence of Ca2+. This shows that Ca2+ is an important component
of the interfacial network formed by 𝛼𝑠2-CN or 𝛽-CN. The 𝛼𝑠2-CN
interface even exhibits nearly plastic behavior as witnessed by the high
dissipation ratio ∼ 0.75 in plot D. This value is close to that of a
Newtonian fluid where 𝛷 = 𝜋

4 ≈ 0.785 (Ewoldt et al., 2010) and there
is apparently hardly any network formation for 𝛼𝑠2-CN in the absence
of Ca2+. For 𝛽-casein, the initial modulus is low but the dissipation
ratio also remains low at ∼ 0.15 showing that the network is very weak
but highly flexible as there is no change in dissipation ratio even at
0.6 strain. This confirms the study of Chrysanthou et al. (2023) who
showed that 𝛽-casein in phosphate buffer (without Ca2+) forms a weak
gel with limited in-plane diffusion.

For 𝛼𝑠1-CN, the initial interfacial stiffness (𝐸𝜏1𝑀 ) at low deforma-
tions is high in the absence of Ca2+ (∼ 6 vs ∼ 8 mN/m). However, from
strain 0.15 to 0.6 the modulus decreases progressively and reaches even
lower values than with Ca2+ (∼ 4 vs ∼ 2 mN/m at 0.6) and comparable
to 𝛼𝑠2-CN and 𝛽-CN. This shows that Ca2+ is important for retaining
interfacial stiffness in the large deformation regime for all three calcium
sensitive caseins. The decreasing modulus of 𝛼 -CN is accompanied
𝑠1
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Fig. 2. A strain sweep of 𝛼𝑠1- (blue circle), 𝛼𝑠2- (red square), 𝛽- (yellow diamond), & 𝜅-casein (green triangle) at 0.02 Hz. Quantification in the left panel is performed with the
general stress decomposition where the initial modulus (𝐸𝜏1𝐿) and (𝛷) are plotted versus the amplitude in SMUF (A & C) and in SMUF without Ca2+ (B & D). The right panel (E)
shows the decomposed Lissajous plots of each casein fraction in SMUF (dark) and in SMUF without Ca2+ (light) at 60% deformation.
Table 3
The dilatational storage modulus at 5% deformation for binary blends of the four
casein fractions at 0.01% in the ratio as they occur in milk 4:1.1:3.8:1.3 (Davies &
Law, 1977). In each row the modulus of the ’pure’ fraction is shown in white and
the corresponding blends are colored red for a reduction in modulus and colored
green for an increase. Significant differences are labeled with an asterisk.
𝐸′

𝑑 at 0.01% 𝛼𝑠1-CN 𝛼𝑠2-CN 𝛽-CN 𝜅-CN

𝛼𝑠1-CN 6.4 6.9 4.9 6.7
𝛼𝑠2-CN 6.9* 4.7 2.5* 5.5
𝛽-CN 4.9 2.5 3.3 2.5
𝜅-CN 6.7* 5.5 2.5 4.4

Table 4
The storage modulus at 5% deformation for 𝛽-CN binary blends with the other three
casein fractions at 0.1% in the ratio as they occur in milk 4:1.1:3.8:1.3 (Davies &
Law, 1977). The modulus of 𝛽-CN is shown in white and the corresponding blends are
colored red for a reduction in modulus and colored green for an increase. Significant
differences are labeled with an asterisk.
𝐸′

𝑑 at 0.1% 𝛼𝑠1-CN 𝛼𝑠2-CN 𝛽-CN 𝜅-CN

𝛽-CN 2.8 2.4 3.1 2.8

by and increasing dissipation ratio from 0.05 to 0.6. This shows that
the interfacial network is broken down and the viscoelastic response is
increasingly plastic. We conclude that the absence of Ca2+ causes the
casein interfacial network to be less stiff at large deformations.

In the Lissajous curves at 0.6 strain (Fig. 2 E), we also observe a
highly viscous response for the network interactions (i.e. odd harmon-
ics) of both 𝛼𝑠1- and 𝛼𝑠2-CN in the absence of Ca2+. The 𝛽-CN stabilized
interface shows a predominately elastic Lissajous curve with a low
slope when Ca2+ is absent. For these three caseins at 0.6 strain, the
contribution from the even harmonics is also close to zero. At these
high strains a lot of new interface is created in expansion, and bulk-
interface exchange will be significant, thereby in large part negating the
intracycle surface density changes. To explain the differences between
𝛼𝑠1-CN and 𝛼𝑠2- & 𝛽-CN we need to study the protein configuration at
the interface.

Since casein fractions are considered unstructured, the hydropho-
bicity over the amino acid sequence gives a good indication of the
conformation at an interface (Dalgleish, 1993), except for 𝜅-CN. In
Fig. 3, the hydrophobicity of each casein fraction is calculated from
their amino acid sequence. This figure shows several distinctly more
5 
hydrophilic regions in the casein fractions which confirms what was
previously shown in literature (Dalgleish, 1993; Dickinson et al., 1997;
Huppertz, 2013). 𝜅-CN conformation is very well studied with respect
to casein micelles, literature shows that 𝜅-CN has a distinctly hy-
drophilic C-terminal region (Bijl et al., 2019; de Kruif & Zhulina, 1996;
Walstra & Jennes, 1984). Remarkable is the high phosphorylation in
the hydrophilic regions of 𝛼𝑠1-CN, 𝛼𝑠2-CN, and 𝛽-CN, which are known
to dominate calcium-induced network formation (Aoki et al., 1992).
Interestingly, 𝛼𝑠2-CN, and 𝛽-CN each have a more hydrophilic block at
one end of their sequence, and are therefore likely to assume a train-
tail configuration, with the hydrophilic tail protruding into the aqueous
phase. In contrast, 𝛼𝑠1-CN has a large hydrophilic block more towards
the middle of the sequence, which makes it likely that this protein
adsorbs in a train-loop-train configuration. The dangling tail that 𝛼𝑠2-
CN, and 𝛽-CN each have protruding into the hydrophilic solution would
explain the higher interfacial thickness of 𝛼𝑠2-CN, and 𝛽-CN compared
to 𝛼𝑠1-CN observed by Dalgleish (1993), as was already suggested for
𝛽-CN by Dickinson et al. (1997). This tail contains the phosphoserine
residues and therefore facilitates the formation of Ca2+ bridges between
molecules as suggested for 𝛽-CN by Velev et al. (1998). On the other
hand, 𝛼𝑠1-CN has a train-loop-train configuration that is not able to
reach as far into solution (Dalgleish, 1993; Dickinson et al., 1997)
and Ca2+ bridging is more likely to occur within the same molecule
as shown in Fig. 3 B. Hence, we hypothesize that the train-loop-train
configuration in 𝛼𝑠1-CN reduces its capacity to form Ca2+ induced
interfacial networks. Therefore, the presence of Ca2+ does not increase
the modulus of 𝛼𝑠1-CN, as it does for the other two proteins. Why the
addition of Ca2+ actually reduces the modulus at low strain amplitude,
and renders the structure less sensitive to disruption at high strain,
is not yet clear. Without Ca2+, the elasticity we observe is the result
of a weak network formed by in-plane interactions between the train
sections of the protein configuration. The adsorption measurements
show that in the presence of calcium 𝛼𝑠1-CN adsorbs considerably
slower to the oil–water interface than without, indicating the protein
molecules are associated in the bulk. This may result in differences
in the interfacial structure, and hence affect the interaction between
the train segments. To clarify this, additional experiments are required
that observe the interfacial configuration, perhaps in combination with
molecular dynamics simulations.



A. de Groot et al. Food Hydrocolloids 160 (2025) 110741 
Fig. 3. Distribution of relative hydrophobicity along the amino acid chain of common variants (Bijl et al., 2019) of 𝛼𝑠1-CN (var. B-9P, blue), 𝛼𝑠2-CN (var. A-10P, red), 𝛽-CN (var.
A2-5P, yellow), & 𝜅-CN (var. A-1P, green) (A). The colored lines are a guide to the eye and the black lines are the actual hydrophobicity, hydrophilic regions are highlighted.
The hydrophobicity was calculated according to the Cowan–Whittaker hydrophobicity by averaging over the neighboring amino acid residues (Cowan & Whittaker, 1990). Since
phosphorylation and glycosylation are not taken into account for this hydrophobicity scale, these groups are indicated with red and black points, respectively. A schematic of Ca2+

interactions with the different casein fractions (B). The 𝛼𝑠1-CN is hypothesized to form a loop that mainly forms intramolecular Ca2+ bridges, 𝛼𝑠2- and 𝛽-CN form intermolecular
Ca2+ bridges between tails, and 𝜅-CN does not form Ca2+ bridges. *C-terminal end of 𝜅-CN is hydrophilic due to heavy glycosylation (Bijl et al., 2019; de Kruif & Zhulina, 1996;
Walstra & Jennes, 1984), which could not be taken into account with this method.
3.3. Binary blends of Casein

With the individual casein fractions characterized, we continued
mapping the interactions between different caseins. Therefore, we
made binary blends of all casein fractions and compared the di-
latational storage modulus of the binary blend and the individual
fractions. The fractions were blended in the ratio as they occur in
milk (4:1.1:3.8:1.3) (Davies & Law, 1977), for example the ratio of
𝛼𝑠1: 𝛼𝑠2 was 4:1.1 while the total protein concentration was fixed.
In Table 3, the modulus of the single component interface is shown
on the diagonal and the blends are shown off-diagonal. In each row
the modulus of the single component interface is compared with the
blends and a cell is colored green if the modulus increases and red
when it decreases. Remarkable is that the addition of 𝛽-CN results in
a reduction of the modulus of all casein fractions. For 𝛼𝑠2- and 𝜅-CN,
the resulting modulus is even lower than that of 𝛽-CN. This shows that
the interaction between 𝛽-CN and 𝛼𝑠2-CN or 𝜅-CN is anti-synergistic, in
other words the modulus is lower than what can be expected from the
average of the individual moduli. Interestingly this is contrary to what
was seen for casein at the air–water interface where 𝛽-CN dominates
over 𝛼𝑠1- or 𝛼𝑠2-CN and only 𝜅-CN disturbs the 𝛽-CN network (de
Groot et al., 2024). These results point to a fundamental difference
in interface stabilization between air–water and oil–water interfaces,
possibly related to the difference in dielectric constant, protrusion
depth, or hydrophobicity, as explained before. The anti-synergy is
unique to 𝛽-CN, the other fractions have a synergistic effect in a binary
blend. Those combinations show an increase in modulus compared to
6 
the single component interface. It should be noted that most changes
are not significant, so we should be careful to draw conclusions on just
one ratio. However, it seems evident that the aforementioned trends
capture the general behavior of binary casein blends.

Often, the disruptive effect of blending is highly dependent on
concentration. The adsorption rate is closely related to concentration
but plateaus at higher concentrations as shown by Xu and Damodaran
(1994) for 𝛽-CN. At low concentrations, components can arrive sequen-
tially at the interface whereas at high concentrations they arrive shortly
after each other or even simultaneously. Therefore, we also test the
effect of 𝛽-CN at a protein concentration of 0.1%. The increase in total
protein concentration from 0.01% to 0.1% showed an increasing distur-
bance by 𝛽-CN while the modulus of the single component interfaces
remained unchanged at a higher concentration (SI, Fig. S2). In Table 4,
it is shown that a blend of 𝛽-CN with 𝛼𝑠1-CN, 𝛼𝑠2-CN, or 𝜅-CN has a
lower modulus than only 𝛽-CN. This confirms the anti-synergetic effect
of 𝛽-CN observed at 0.01%. It is challenging to hypothesize about what
exact mechanism is responsible for the incompatibility of a 𝛽-CN blend.
However, literature reports in-plane phase separation for a binary blend
of 𝛽- and 𝛼𝑠1-CN (Damodaran & Sengupta, 2003; Sengupta et al., 2000)
which could be a reason for the anti-synergistic effect we observe.

3.4. Complete Casein blend

From the binary blends we now focus on a complete blend of casein
where the casein fractions are blended in the ratio they naturally occur
in bovine milk (4:1.1:3.8:1.3) (Davies & Law, 1977). Here, we assess
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Fig. 4. Strain sweep (plot A & B) and frequency sweep (plot C & D) of a complete casein blend. A casein blend in SMUF with (circle) and without Ca2+ (square) is shown at
0.01% (blue) and 0.1% w/w protein (purple). The storage modulus of the frequency sweeps is fitted with a power law (𝐸′

𝑑 ∼ 𝜔𝑛), open symbols show the loss modulus.
the interfacial functionality at 0.01% and 0.1% protein in Fig. 4. The
interfacial stiffness is characterized with 𝐸𝜏1𝑀 , and the stiffness at low
deformation is ∼ 3.5 mN/m for 0.01% protein. This is comparable to the
stiffness of 𝛽-CN (∼ 3.3 mN/m) and confirms the anti-synergy of 𝛽-CN
as this is lower than the weighted average of the individual fractions
(4.8 mN/m). This was confirmed by measuring a blend without 𝛽-CN,
which had a higher modulus (∼ 4.6 mN/m, SI Fig. S3 A) than the
casein blend. When Ca2+ is removed, the stiffness decreases, especially
at larger deformations. This indicates that the network formation at
0.01% depends on the presence of Ca2+ and that the absence of Ca2+

makes the interface less stiff and more brittle. In the Lissajous plots
(SI, Fig. S4), we see that at 50% deformation the removal of Ca2+

results in a more viscous response with a lower slope. The viscous
behavior is quantified with the dissipation ratio in Fig. 4 B. This figure
shows that removing Ca2+ results in an increased dissipation ratio
from 0.2 to 0.5. The response of the interface becomes more plastic
because of reduced in-plane interactions, making the casein molecules
more mobile. At 0.1%, similar behavior is observed but with more
pronounced effects, just like in the binary blends. The anti-synergetic
effect of blending casein is stronger at 0.1%, the stiffness is lower than
at 0.01% (small deformations: ∼ 3 vs ∼ 3.3 mN/m). If we then look at
the dissipation ratio we also see an increase from 0.2 at 0.01% to 0.4
at 0.1%. The increase in concentration has created more disturbance in
the interfacial network which makes it less stiff with a more dominant
viscous response. The removal of Ca2+ is even more detrimental to the
interfacial stiffness (𝐸𝜏1𝑀 ) than at 0.01%, the stiffness decreases to ∼ 1
mN/m and the dissipation ratio (𝛷) increases from ∼ 0.4 to ∼ 0.6. This
shows that the response of the interface becomes less stiff and more
plastic because there is nearly no residual casein network.

In general, a less well-established network will result in more ex-
change between bulk and interface (de Groot et al., 2023). There-
fore, frequency sweeps were performed and are shown in Fig. 4 C
& D. The casein blend at 0.01% in SMUF shows power law-behavior
(n=0.16 ± 0.06), whereas in the absence of Ca2+ the exponent is
close to Lucassen-van den Tempel behavior (n=0.44 ± 0.08). The
7 
high exponent confirms our observations of the strain sweep, Ca2+

is the main driver for the formation of interfacial network through
in-plane interactions. It should be noted that the Lucassen-van den
Tempel model Eq. (3) could not be fitted to the complex modulus
of the casein blend at 0.01% without Ca2+. Hence, this indicates
that the complex modulus is in fact not only established by limited
bulk-interface exchange as was described by Lucassen and van den
Tempel (Lucassen & Van Den Tempel, 1972). For an explanation and
a more extreme display of this effect we turn to the casein blend at
0.1%. Here, we observe a higher frequency dependence of the casein
blend in SMUF compared to 0.01%. Because of the reduced network
formation, as observed in the strain sweep, bulk-interface exchange
becomes more important for the interfacial complex modulus. This
increases exponent for the frequency dependence to n=0.25 ± 0.01
(Fig. 4 D). Now when Ca2+ is removed, the ‘glue’ of the network is gone
and the interfacial structure collapses. The frequency sweep shows an
extremely high dependence on frequency with a crossover of the loss
and storage modulus at ∼ 0.03 Hz. The frequency dependence is higher
than what can be described by the Lucassen-van den Tempel model
(n=0.5), this behavior seems closer to Maxwell behavior as is seen
in bulk rheology. Maxwell behavior describes a quadratic dependence
of the storage modulus before the crossover point of loss and storage
modulus Eq. (4). The fitting of a Maxwell-model or a multi mode
Maxwell-model however did not describe our data accurately. Despite
this, a casein blend without Ca2+ seems to behave more like a viscous
polymer blend than an interfacial protein network. This emphasizes
the importance of Ca2+ for the formation of an interfacial network and
shows that the anti-synergetic effect becomes more important at high
casein concentrations.

The effect of casein blending depends on the casein fractions in-
volved, but many blends result in a decreased interfacial network
formation which is accelerated in the absence of Ca2+. Hence, for future
work on recombinant casein variants it might be more interesting to
look at individual functionality instead of a blend as interfacial stiffness
probably will diminish in a blend of casein fractions.
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4. Conclusions

The individual casein (CN) fractions 𝛼𝑠1-CN, 𝛼𝑠2-CN, 𝛽-CN, & 𝜅-
CN show disordered solid-like viscoelastic behavior in the presence of
Ca2+ at oil–water interfaces. In the absence of Ca2+, 𝛼𝑠2- and 𝛽-CN
orm a weaker interface, whereas 𝛼𝑠1-CN forms a stiffer interface, and
-CN is unaffected. The difference in calcium sensitivity was related
o the interfacial configuration. 𝛼𝑠1-CN is the only fraction with a
rain-loop-train configuration which makes it less capable of forming

inter-molecular calcium bridges. Contrarily 𝛼𝑠2-CN and 𝛽-CN have a
ail protruding into the hydrophilic sub phase that contains many
hosphoserine residues and appear to be capable of forming interfacial
etworks through calcium bridges between tails. Finally, the 𝜅-CN has
o phosphoserine residue in the tail, thereby being insensitive to Ca2+.

Binary blends of casein fractions revealed anti-synergy induced by
-CN that inhibits interfacial network formation. The addition of 𝛽-
N reduced the storage modulus of the binary blend to below the
odulus of each individual fraction. Within a complete casein blend

his effect persisted, as a blend of 𝛼𝑠1-CN, 𝛼𝑠2-CN, 𝛽-CN, & 𝜅-CN (ratio
:1.1:3.8:1.3) had a low interfacial stiffness. The stiffness of the com-

plete casein blend was comparable to the stiffness of 𝛽-CN at 0.01%.
At higher concentrations, the network was disturbed as the stiffness
decreased and the dissipation ratio increased. In the absence of Ca2+,
the interfacial network was nearly completely broken down resulting in
highly viscous behavior. The interfacial viscoelasticity was comparable
to polymer behavior instead of an interfacial protein network.

With this work we show how individual casein fractions interact at
the oil–water interface. The presence of 𝛽-CN has a detrimental effect
on the modulus of a casein blend especially at higher concentrations.
Moreover, the formation of an interfacial network requires Ca2+, and
n its absence the interfacial modulus is much lower, because of an

absence of inter-molecular calcium bridges. This provides a template
for the development of recombinant caseins for emulsions, and in
particular shows that blending of casein fractions is not advised, as
that decreases interfacial network formation. The preferred fraction
for stabilization depends on the requirements: when fast emulsifica-
tion is required, 𝛽-CN is most promising, while for stability 𝛼𝑠1 is a
most promising candidate, since it forms a stiff disordered solid-like
interface.
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