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ARTICLE INFO ABSTRACT

Keywords: Emulsions are part of everyday life, used, for example, in cosmetics, drug delivery, and food systems. Mixed
0il/ wa.ter interfaces interfaces in emulsions are quite common, and are composed of proteins and low molecular weight emulsifiers
S;attelrlmlg . like phospholipids. However, research questions about the interfacial structure of mixed interfaces, such as their
Phospholipi S composition and arrangement, as well as their interfacial rheology and dynamics, remain unanswered.
B-Lactoglobulin . . s .

Emulsion In this study, we hypothesize that the charge and nature of phospholipid head groups have a strong impact on

the interfacial structure and rheology of protein-stabilized emulsions, but barely influence their interfacial

dynamics.

A combination of conventional methods — such as drop tensiometry and interfacial rheology — and advanced
methods - such as small angle neutron scattering and neutron spin echo spectroscopy — helps us to answer

research questions about complex interfacial systems.

The head group of phospholipids strongly affects the interfacial structure and rheology of a p-lactoglobulin-
stabilized emulsion. The interfacial structure was resolved using small-angle neutron scattering with partial
structure factor analysis and coarse-grained modeling. The elastic interfacial protein layer is damaged by the
addition of phospholipids. Phosphatidylcholine is loosely bound to the interface alongside p-lactoglobulin
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molecules, whereas phosphatidylglycerol is partially bound to B-lactoglobulin molecules via hydrogen bonds or
hydrophobic interactions. The interfacial dynamics are characterized by 2D diffusion within the interfacial layer
of the oil droplet and height fluctuations normal to the interfacial layer. The interfacial dynamics of the protein
are inert for changes in interfacial structure, composition, and rheology, although structure and rheology have a
strong influence on each other. These results provide guidance for the emulsion characteristics of food, cos-
metics, and drug delivery systems.

1. Introduction

Oil/water interfaces are ubiquitous in our day-to-day life. They can
be found in cosmetics [1], drug delivery [2], and food systems [3]. These
emulsion systems have been the focus of scientific research for the last
few decades, addressing increasingly detailed research questions - from
oscillating droplets [4] and the effect of crystallization behavior on oil
droplet shape [5] to the processing of emulsions [6]. In cosmetics, drug
delivery, and food, interfaces are often stabilized by proteins and/or low
molecular weight emulsifiers such as phospholipids [1,2,7]. Mixed in-
terfaces with proteins and low molecular weight emulsifiers combine the
viscoelasticity of the protein at the interface with the fast interface
stabilization and high interfacial activity provided by low-molecular-
weight emulsifiers [8]. However, the mechanisms and interrelations
between interfacial structure (e.g. composition and arrangement) and
interface dynamics remain poorly understood. Conventional methods
struggle to answer research questions about these aspects.

Our approach therefore combined conventional methods — such as
static light scattering for oil droplet size, drop tensiometry for interfacial
tension, dilatational rheology for interfacial elasticity, and interfacial
shear rheology for interfacial network formation - with advanced
methods, such as small-angle neutron scattering (SANS) for the structure
of interfacial composition and arrangement, and neutron spin echo
spectroscopy (NSE) for interfacial dynamics.

The objective of this study is to link the microscopic structure of the
interface, as determined by small-angle scattering [9], with the macro-
scopic structure of the oil droplets within the emulsion via static light
scattering. We also aim to link the microscopic elasticity, as obtained by
neutron spin echo, with macroscopic elasticity and network formation
determined by dilatational and interfacial shear rheology [10]. We hy-
pothesize that the charge and nature of the head group of phospholipids
has a strong impact on interfacial structure and rheology, but barely
influences the dynamics of a mixed interface with p-lactoglobulin.

The experiments were performed with the main component of whey
proteins (B-lactoglobulin), which is known for its high interfacial
viscoelasticity and low interfacial tensions [10-12], together with
common phospholipids (phosphatidylcholine and phosphatidylglycerol
with unsaturated fatty acids), which are known for their strong inter-
facial activity in oil phases with saturated fatty acids [13-15]. Contrast
variation is an important tool for the advanced methods, whereby we
use either the deuterated or protonated form of a substance. Varying the
contrast shifts the focus to different parts of the sample: the entire
sample, the interfacial layer, the oil droplet, and the interfacial layer
with the oil droplet. The combination of advanced and conventional
methods allows us to answer many research questions about interfacial
structure, rheology, and dynamics, which provide guidance for the
emulsion characteristics of food, cosmetics, and drug delivery systems.

2. Experimental section
2.1. Materials

The emulsions and interfacial investigations were performed using
p-lactoglobulin (-1g) (Sigma Aldrich Chemie GmbH, Steinheim, Germany;
purity of 99.5 %), phosphatidylcholine and phosphatidylglycerol with
C18:1 fatty acids (Lipoid GmbH, Germany; purity 99.8 % and 98.8 %,
respectively), and either protonated (WITARIX® MCT 60/40, IOI Oleo

GmbH, Hamburg, Germany) or synthesized deuterated MCT oil (method
description in [16], purity >99 %, deuteration degree >91 %). The
phospholipids were synthesized DOPC and DOPG-Na. Both lipids con-
tained less than 0.05 % free fatty acids, had a peroxide number of 0, and
contained less than 0.1 % lysophosphatidylcholine or lysophosphati-
dylglycerol. We opted for these phospholipids due to their difference in
charge at pH 7 as well as their difference in organization (lamellar and
micellar). The protonated (hMCT) and deuterated medium chain tri-
acylglyceride oil (dMCT) were composed of C8 and C10 fatty chains
with a ratio of 60 to 40. The density of the MCT oil was 0.945 g/cm?®.
Interfacial active substances in the protonated MCT oil were removed
via magnesium silicate adsorption (Florisil®, Carl Roth GmbH, Karlsruhe
Germany). The emulsions were prepared using an Ultra-Turrax device
(IKA Werke, Staufen, Germany) at 25,000 rpm for 4 min with the
addition of 5 w/w% MCT oil. Oil droplet size was captured multiple
times in triplicate by means of static light scattering (LA-960 V2, Horiba
GmbH, Kyoto, Japan) with nyj = 1.45 and nyaeer = 1.33 for each sample
preparation.

All interfacially active components were classified in their critical
micelle concentration (CMC) or critical interfacial concentration (CIC)
[11,14,15,17]. The CMC of phosphatidylcholine (PC) and phosphati-
dylglycerol (PG) was measured at 0.004 w/w% and 0.0045 w/w%,
respectively, using drop tensiometry in triplicate at 20 °C and at pH 7
(method 2.2.1, see Fig. S7). PC reached an interfacial tension of 4 mN/m
and PG a value of 15 mN/m above the CMC. PC formed micellar
structures, while PG exhibited lamellar structures (see Fig. S8). The CIC
of p-lg ranges between 0.1 w/w% and 0.3 w/w% [11], and was thus
found to provide exact coverage of the interface for classical interfacial
and emulsification methods [9,11]. In addition, the emulsions were
classified by oil droplet size distribution. For f-1g-stabilized emulsions
containing 0.25 w/w% protein, the oil droplet size ranged from 2.12 +
0.06 pm at the 10th percentile (D10) to 3.65 + 0.18 pm as the median
(D50), and up to 6.20 + 0.71 pum at the 90th percentile (D90). The
addition of 0.05 w/w% PC or 0.05 w/w% PG resulted in a comparable
oil droplet size distribution with 2.18 + 0.09 pm at D10, 3.68 + 0.20 ym
at D50, and up to 6.87 4+ 0.91 pm at D90 (PC), as well as 2.17 + 0.18 pm
at D10, 3.72 + 0.26 pm at D50, and 6.81 + 0.65 pm at D90 (PG).
Detailed data are shown in Table S2.

2.2. Preparation of f-lg solutions and MCT-oil phospholipid mixtures

The p-1g solutions were prepared either in distilled HyO or D2O. The
pH and pD were adjusted to 7 using 0.1 M NaOH and HCl or NaOD and
DCL The pH adjustment was recorded for at least 3 h under stirring
conditions and then stored overnight at 5 °C. The pH was then
remeasured the following morning.

A 1w/w% stock solution of a phospholipid-MCT oil mixture was
prepared for each measurement. The stock solution solubilized either
phosphatidylcholine (PC) or phosphatidylglycerol (PG) under stirring
conditions and a mild heat treatment of max. 50 °C. The dilution of the
stock solution was performed either in protonated or deuterated form.
The concentrations of f-lg and phospholipids were chosen to ensure
either (i) a comparable oil droplet size distribution (0.25 w/w% p-lg and
0.05 w/w% PC or PG), or (ii) for drop tensiometry measurements, a
stable droplet for the entire measurement time without droplet rupture
due to low interfacial tension (0.01w/w% f-lg and 0.00001w/w% PC or
PG). These concentrations were applied for all emulsion or interfacial
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measurements.

2.3. Conventional methods for characterizing oil/water interfaces

2.3.1. Interfacial tension

The interfacial tension of the mixed interfaces stabilized with p-1g
and phospholipids was measured using a drop tensiometer OCA 15 EC
(DataPhysics Instruments GmbH, Filderstadt, Germany). A droplet of a
0.01 w/w% p-1g solution was generated in a cuvette of MCT oil with or
without the partial addition of phosphatidylcholine or
phosphatidylglycerol.

The measurements were performed at 20 °C.

2.3.2. Interfacial viscoelasticity

The interfacial viscoelasticity of the mixed interfaces was charac-
terized by dilatational rheology and interfacial network formation. In
both cases, the interface was ripened for 16 h before measuring the
interfacial viscoelasticity in triplicate. For dilatational rheology, the
interfacial film was stressed at 0.01 Hz with an amplitude of 3-19 %
amplitude relative to the droplet area using an OCA 15 EC (DataPhysics
Instruments GmbH, Filderstadt, Germany). For the interfacial network
formation, the development of the interfacial layer was recorded for 16
h at 1 Hz and an amplitude of 0.1 % using a MCR102 rheometer (Anton
Paar GmbH, Ostfildern, Germany). Further details of the methods are
provided in the literature [10]. The measurements were performed at
20 °C.

2.3.3. Statistical analysis

Significance was evaluated using analysis of variance (ANOVA) to
assess the differences in interfacial tension and interfacial network for-
mation. Prior to analysis, data were tested for normal distribution using
the Shapiro-Wilk test and for homogeneity using the Levene test. A two-
way ANOVA and a post-hoc Tukey HS test were performed with a sig-
nificance value of p < 0.05 using SPSS (Version 30, IBM, Armonk, New
York).

2.4. Advanced methods characterizing interfaces within emulsions

2.4.1. Interface structure via small-angle neutron scattering

Small-angle neutron scattering (SANS) experiments were carried out
using the D22 instrument at Institut Laue-Langevin, Grenoble, France. A
collimated neutron beam hit the sample, with the neutrons scattered at
low scattering angles being recorded. The scattering intensity was
analyzed as a function of the scattering angle, or more commonly as a
function of the modulus of the scattering vector:

Q = 4n/)sin(0/2)

where A is the neutron wavelength, © is the scattering angle, and Q
relates to real-space length scales (d = 21/Q). Details on the technique
can be found in the literature [18]. We used a collimation distance of
17.6 m with different detector distances: 17.6 m and 1.4 m. The neutron
wavelength was set to 6 A with a spread of +10 % (FWHM). The sample
thicknesses were 1 mm and 2 mm. The latter thickness was only used
when heavy water (approx. 95 % of the material) was used. All mea-
surements were conducted at room temperature (22 °C) and within 24 h
after emulsification. The measurements were corrected for the back-
ground of the empty cell, solvent scattering, and detector efficiency.
Calibration was performed using 1 mm water as a secondary standard,
accounting for transmission (measured separately) and sample thick-
ness. All data were radially averaged, as the scattering was isotropic. The
raw data can be found here: doi: https://doi.org/10.5291/ILL-DATA.9
-12-684.

In neutron scattering, the contrast between different components of
the sample can be varied by appropriate isotope labeling, particularly by
exchanging hydrogen (H) with deuterium (D) in part of the molecules in
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the sample. Table S1 in the supplementary information shows different
scattering length densities (SLDs) of the components in the present
sample. The most relevant situation for the present case is the use of
heavy water (D20) with otherwise protonated components, especially
“normal” MCT oil. The observation range in reciprocal space (Q > 10~3
A ’1) does not cover the full emulsion droplet size, which is measured
using a particle sizer with static light scattering (see Table S2 in the
Supplementary Information). Instead, it focuses on the interface be-
tween the oil droplet surface, decorated with proteins and lipids, and the
water solvent (QRoildropler™> > 1 in this area). In the case of deuterated oil
(dMCT, see [16]) and D-0O, the main SLD difference arises from the
interfacial layer alone relative to its surrounding (oil and water). Since
the scattering intensity is measured in absolute units, the ratio of in-
tensities can be used to infer the surface coverage of the oil droplet [9].

At larger Q values (>3 x 102 A ’1, i.e. molecular length scales),
scattering from proteins and possibly from lipids play a role. Further
details of the analysis are described in the “Results and discussion” and
“Supplementary Information” sections.

2.4.2. Interface dynamics via neutron spin echo spectroscopy

The interface fluctuations were measured by neutron spin echo
(NSE) spectroscopy using the SNS-NSE spectrometer operated by the
Oak Ridge National Laboratory (Oak Ridge, USA) [19] at the Spallation
Neutron Source (SNS) facility as well as the IN15 spectrometer (Institut
Laue-Langevin, Grenoble, France) [20]. NSE provides the energy reso-
lution required to measure thermally driven fluctuations. Similar to
dynamic light scattering, NSE operates in the time domain and measures
the normalized intermediate scattering function: I(Q,t) = S(Q,t)/S(Q,t =
0) [21]. This is the Fourier transform of the time correlation function (or
van Hove correlation function) from real space to reciprocal space. In
contrast, dynamic light scattering measures correlation functions on
very small scattering vectors, Q, (due to the long wavelength compared
to neutrons) and on much longer time scales. NSE accesses molecular
length scales and time scales up to several 100 ns, which correspond to
the diffusive and thermally driven motion of larger molecules such as
proteins. In addition, the contrast adaption capabilities of neutron
scattering allow us to focus on particular parts of the sample, for
example the proteins stabilizing the oil droplets in emulsions. A wave-
length band of 5-8 A was used at SNS-NSE, enabling Fourier times to
reach about 40 ns with sufficient intensity. With the pulsed operation of
the SNS, the data reduction from detector images to I(Q,t) allows for
some flexibility in choosing the desired number of scattering vectors, Q,
and Fourier time bins, t. For acceptable statistics within each bin, a Q
resolution with 9 Q values and 15 t bins was chosen. Raw data reduction
was performed with the NSE instrument software DrSPINE [22]. At
IN15, two wavelength settings (A = 8 and 13.5 10\) were used with four Q
settings, allowing for a maximum Fourier time of 500 ns. The mea-
surements were performed at 20 °C within 24 h after emulsification.

In this study, experimental data for all samples were first fitted with a
stretched exponential function: I(Q,t) = exp.(—(I‘t)ﬁ) where T is the
relaxation rate. This allows us to investigate basic properties of the
dynamics, such as the Q dependence of the relaxation and the stretching
exponent f. For diffusive behavior, the relaxation rate exhibits a char-
acteristic quadratic Q-dependence: I' = DQ? where the Stokes-Einstein
diffusion constant, D, is the proportionality factor, and p = 1. This ap-
plies, for example, to proteins in solution in our investigation. At length
scales comparable to the diffusing objects, additional contributions from
rotational motion or from internal dynamics, such as fluctuates between
domains, are possibly accessible (for non-spherical objects). A fluctu-
ating membrane sheet, such as the oil droplet interface, is well described
by a Q® dependence of the relaxation rate, I, as formulated by Zilman
and Granek [23], and also by a modification of the relaxation to a
stretched exponential behavior with § = 2/3. Proteins at the oil droplet
interface exhibit diffusive behavior with constraints imposed by the
interface. The first analysis of the intermediate scattering function from
NSE is therefore the Q dependence of the relaxation rate (e.g. l"/Q2 =D)
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and the stretching behavior of the relaxation.

The interpretation of the relaxation rate and the resulting diffusion
coefficients observed, D, can then include different contributions — from
global large-scale diffusion of whole droplets (translational and rota-
tional) and interface fluctuations to local motion of the proteins at the
interface. Details of the analysis presented here can be found in section
3.3 together with the experimental data. The raw data can be found
here: doi: https://doi.org/10.5291/ILL-DATA. 9-13-1127.

3. Results and discussion
3.1. Structure of interfaces within emulsions

The interfaces within the emulsions were first characterized using
the advanced method SANS. The most important SANS spectra
measured for bulk, film, and one intermediate contrast are shown in
Fig. 1. The bulk contrast was obtained using protonated MCT oil (hMCT),
protonated protein and phospholipid, and heavy water (D,0), providing
a contrast between the oil droplet and the surrounding D20O. The inter-
facial film contrast was obtained using deuterated MCT oil (dMCT),
protonated protein and phospholipid, and D,0, where the surface layer
on the oil droplet surface, consisting of proteins and lipids with a rela-
tively low SLD, is surrounded by dMCT and D0 with similar but higher
SLDs. One intermediate contrast was obtained with dMCT, protonated
protein and phospholipid, and a 60/40 H,O/D20 mixture, where the
water mixture roughly corresponds to the SLD of the protein. Below, we
also discuss other water mixing ratios that aim for zero contrast to either
the protein or the phospholipid, since their natural contrasts differ.

A striking difference between the measurements with and without
lipid appears for the intermediate contrast (60/40 HoO/D20), where
strong diffuse scattering is observed between 0.007 A~ and 0.3 A71,
The scattering intensity is about ten times higher than for the mea-
surement without lipid where the statistical noise level is reached. In the

4 T — T T

\ Emulsion with PC

d>/dQ [em']

p— —
S 3

w
Ll | T

diffuse £
zoslcattering i
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decomposition (see Supplementary Information), the different contri-
butions of the scattering patterns clearly show almost constant diffuse
scattering of the lipid and the protein. We attribute this to the loss of
order in the protein network formed without lipid. The correlations of
the proteins would appear as weak peaks below 0.007 A~!, but the
strong power-law scattering dominates, and so this particular informa-
tion is lost in our experiments.

In our previous paper, we derived formulae that connect different
power laws to the amount of material in the film or interface consisting
of protein and phospholipid [26]. The Porod Q* power law describes the
sharp interface of the oil droplet in relation to the residual components,
while the film or interface Q2 scattering describes a well-defined inter-
face between the oil and water. Both power laws are indicated in Fig. 1
by dotted lines. When employing different power laws, we have to
include the polydispersity corrections Cprorod @nd Cingerface- The main
contributions arise from differences in contrasts (scattering length
density differences Ap, see Table S1 in the Supplementary Information),
interface coverage fractions, ¢, and thicknesses of the considered
interface, d (Table 1). We can thus obtain the intensity ratio for the
Porod and interface scattering (see ref. [9]):

Table 1
The interface coverages of different components obtained from the power laws
of the SANS experiments.

Parameter Without phospholipid With PC With PG
Pprotein (q. 1) 80.3 % 72.0 % 73.6 %
Protal (eq. 1) - 104.0 % 84.4 %
Plipid = Protal ~ Pprotein - 32 % 11 %
Pripid (€q. 2) - 27.7 % 14.8 %
dproteinc[A] 27 27 27
diipia [A] - 20 18

10°F T T T

" Emulsion without Lipid
10k bulk

d>/dQ [em']

001 0l

QA"

Fig. 1. The most relevant scattering contrasts of the SANS experiment on the emulsions with p-Ig protein and the two phospholipids, PC and PG. The bulk contrast is
obtained from hMCT, protonated protein and phospholipid, and D»0. The interfacial film contrast is obtained from dMCT, protonated protein and phospholipid, and D20. The
intermediate contrast is obtained from dMCT, protonated protein and phospholipid, and a 60/40 H20/D»0 mixture. The power-law scattering is indicated by the dotted straight
lines. Guinier scattering from structure factor-free protein is indicated by the dotted red line for Q > 0.01 A~1. The incoherent background was always subtracted. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

B: The most relevant scattering contrasts of the SANS experiment on the emulsions with p-lg protein without any phospholipid. The colors and lines are identical

to Fig. 1A.
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A ) ® Pinterface ® dinterface b
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The interface coverage fractions obtained in this way are summa-
rized in Table 1 (lines 1-4) using eq. 1 with contrasts from Table S1, the
thicknesses from Table 1, and the polydispersity corrections from static
light scattering (Table S2). First, we identify the protein interface
coverage as 72-74 % when phospholipid is added, and 80 % without the
addition of phospholipid. The total interface coverage with phospho-
lipid ranges from 84 % to 104 %. The value larger than 100 % reflects an
uncertainty in the range of +4 %, which can be attributed to the sta-
tistical noise in the scattering experiment as well as additional un-
certainties in the sample preparation. From the difference of the
interface coverage, we can deduct the phospholipid interface coverage
alone. With the phospholipid PC, the coverage is 32 %, while with PG, it
amounts to 11 % — a considerable difference. While PC fills in all gaps of
the interface, PG leaves significant open spaces between the protein
molecules.

An alternative way of determining the interface coverage of the
phospholipid alone is based on the relation between the interface
coverage of the sample without phospholipid (ipterface) and the complete
coverage with phospholipid (Iinterface+lipid)- TWo identical power laws
are then used, and polydispersity no longer plays an important role:

Iinterface _ (A/)protein) 2 . (pprotein . (dprotein) 2 (2)

interface+1ipid — interface Aglipid Pripid dlipid

We can thus directly obtain the phospholipid interface coverage,
which is in the range of 15 % to 28 %. The previously mentioned un-
certainty of £4 % accounts for the differences with the other method
described above. In all cases, PC fills all gaps at the interface between the
proteins, while PG does not.

To obtain the protein scattering at Q > 0.03 f\_l, we used the inter-
facial film contrast scattering (Fig. 1) instead of the deconvoluted scat-
tering function, Spp, from the Supplementary Information due the large
statistical noise here. We fitted a possible structure factor that also ap-
pears due to the film scattering, and divided the scattering data by this
structure factor in order to obtain a flat Guinier scattering. We then fed
this scattering function into the DENFERT program to obtain the pair
correlation function, p(r), in real space and a reconstructed real-space
structure (Fig. 2). In principle, the used contrast of the whole interface
would also include the phospholipid structure as well. However, we
obtained a pure dimer structure for the phospholipid PC. The space
between different proteins therefore fluctuates and does not allow for
the reconstruction of a real-space image of the surrounding phospho-
lipid. For the phospholipid PG, a reconstructed phospholipid structure
appears along the protein axis, while perpendicular to the axis it must be
strongly fluctuating. The binding of the PG phospholipid must therefore
be rather strong along the dimer axis.

P(r) [a.u.]

0 L L 1

0 20 40
r[A]
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3.2. Properties of oil/water interfaces

The oil/water interface was further characterized using conventional
methods: drop tensiometry for interfacial tension, dilatational rheology
for interfacial elasticity, and interfacial shear rheology for interfacial
network formation.

The interfacial tension for §-lg was reduced to 16.6 mN/m over a
period of 16 h. The addition of PG did not significantly change the
interfacial tension (16.8 mN/m), while the addition of PC increased the
interfacial tension to a value of 17.6 mN/m (see Table 2). Our mea-
surements for p-lg are comparable to 0.1 % f-lg after 12 h of droplet
ripening (15.8 mN/m) [12].

The interfacial network of f-1g was strong, with an elastic modulus G’
of 22.5 mN/m and a viscous modulus G" of 4.4 mN/m. This interfacial
network was disrupted by the addition of PC and PG, and led to low
elastic moduli around 0 mN/m (see Table 2). Comparable data were
reported for 0.1 % f-lg with 23 h of interfacial ripening (15 mN/m for G’
and 3 mN/m for G") [10].

For both interfacial tension and network, the differences between the
B-lg solution and the samples with PC and PG can be explained by the
results from the interfacial structure within the emulsion. The addition
of PC and PG disrupts the interfacial network. In the case of PG, PG binds
to the protein and less phospholipid is adsorbed at the interface (Table 1
and Fig. 1). The interfacial layer loses elastic properties and the PG does
not reduce the interfacial tension further. In the case of PC, it adsorbs
loosely to the protein interfacial layer with a higher concentration than
PG (Table 1 and Fig. 1). The interfacial layer loses elastic properties, but
the interfacial tension also increases. Such an increase in interfacial
tension is rather unusual. However, we also tested the addition of PC to
the p-lg solution with a concentration of 0.0001 %. Here, the droplet
ruptured within a short time frame. Moreover, PC exhibited higher
interfacial activity than PG during CIC measurements, as indicated in
2.1.

For interfacial viscoelasticity, the data behave differently. The elastic
modulus E’ (Fig. 3) for p-lg started at a high level of 46 mN/m, and
decreased with increasing amplitude to 20 mN/m (at 19 % amplitude).

Table 2

Interfacial tension and viscoelasticity of the interfacial network with the elastic
modulus, G’, and the viscous modulus, G", for 0.01w/w% f-lg, with the partial
addition of 0.00001w/w% phosphatidylcholine (PC) or phosphatidylglycerol
(PG) at pH 7 after 16 h of interfacial ripening. The different letters (A, a, a, and B,
b, b) indicate significant differences between the samples p < 0.05.

Interfacial tension (mN/m) G’ (mN/m) G"(mN/m)
p-Lg 16.61 + 0.02 a 2252+ 211a 4.43 £0.16 A
+PC 17.59 + 0.04 b -1.66 £2.29b 1.42 + 0.42B
+PG 16.80 + 0.07 a —1.84 +1.44b 1.32+0.39B

P(r) [a.u.]

0O 2b 4b éO
r[A]

Fig. 2. The pair correlation function p(r) in real space, which mainly indicates the protein structure (left) for emulsions with the phospholipid PC (blue) and PG
(green), and (right) for the emulsion without any phospholipid. The reconstructed real-space structures from the DENFERT program are also shown. The green spheres
indicate the protein dimer and the yellow spheres depict the protein that is not fluctuating. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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The elastic modulus for p-lg with the addition of PC or PG started at a
lower level of 38 mN/m and 29 mN/m, respectively. Both p-lg phos-
pholipid mixtures showed a reduction in the elastic modulus with
increasing amplitude. The reduction in elasticity was more pronounced
for p-lg and PG.

Since the addition of PC or PG damages the interfacial network, this
also causes changes in the interfacial viscoelasticity. The elastic modulus
of both samples with phospholipids is also reduced. Due to the loosely
bound structure between p-1g and PC (see Table 1 and Fig. 2), desorption
and adsorption behavior during the oscillation of the droplet cause a
lower reduction in the elastic modulus with increasing amplitude. This
phenomenon is particularly pronounced for the high amplitudes.

3.3. Dynamics of interfaces within emulsions

The dynamics on a molecular scale were studied with NSE. In gen-
eral, two types of dynamics may be considered for the protein-stabilized
emulsion interface: (i) a (possibly constrained) 2D diffusion in the
interface plane, and (ii) height fluctuations of the interface layer. In the
following paragraphs, the possible contributions of the different types of
dynamics are described.

2D diffusion on the droplet interface: The 2D diffusion of a cylinder in a
membrane is described by the Saffman-Delbriick model. This model was
developed for the motion of membrane proteins in a phospholipid
bilayer [24]. If the interface viscosity in this model is simply the average
of the oil and water viscosities, then the mean square displacement <u?
> is related to the Stokes-Einstein diffusion coefficient by <u? >4Dt,
which is the result for translational diffusion on a two-dimensional
plane. In the three-dimensional case, <u? >6Dt, meaning that the
interface mobility contributes to two-thirds of the overall displacement.

Additionally, fluctuations perpendicular to the membrane will also be
present. The model of a fluctuating membrane patch by Zilman and
Granek [23] describes interfacial height fluctuations, but in the case of a
protein-stabilized interface, the SANS experiments showed that the
signal is a mixture of the protein form factor and the interface contri-
bution with the characteristic Q2 decay at low Q (see Fig. 4 and Sup-
plementary Information). Proteins will also follow the height
fluctuations in the z-direction and therefore present dynamics that can
be described by the Zilman—Granek model if this part can be described as
a coherent interface fluctuation. If the proteins at the interface fluctuate
individually in the z-direction, a 1D diffusive contribution will be
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Fig. 3. Elastic modulus, E’, for 0.01w/w% f-lg with the partial addition of
0.00001w/w% phosphatidylcholine (PC) or phosphatidylglycerol (PG) at pH 7
after 16 h of interfacial ripening, captured at 3-19 % amplitude in relation to
the droplet area, at 0.01 Hz.
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Fig. 4. Contributions to the dynamic structure factor comprise the interface
scattering at low Q and the protein form factor. NSE experiments were performed
in film contrast (D20, dMCT).

observed. The main difference between Zilman-Granek membrane
fluctuations and 1D diffusion in the z-direction with constraints is the
additional Q-dependence of the dynamics.

Since the interfacial layer is rather densely packed with proteins — as
corroborated by SANS [9] — the 2D diffusion in the plane will also
experience some “caging effects” from the surrounding proteins when
<u? > approaches the length scale of the protein of the order of 8 nm
(long axis for a p-lg dimer). This reduces the relaxation rate at longer
length scales (or smaller Q in NSE). Moreover, the increasing contribu-
tion of the interface dynamics and the decreasing contribution of the
protein motion become visible below ~0.08 A~!, where the interface
scattering emerges in the SANS intensity.

For this study, Fig. 5 shows the effective diffusion constant Deg (i.e.
F/Qz), which is obtained from a fit of the intermediate scattering
function I(Q,t) measured with NSE (see Supplementary Information,
Figs. S5, S6) using a stretched exponential function. This results in a
relaxation rate I' and a stretching exponent p. A correction for the
stretching exponent p must be applied according to Degs = p I/Q? / y(1/
B), in order to make D¢ comparable. Here, v is the Gamma function — not
to be confused with the relaxation rate, I, for the p-Ig in solution and for
the different emulsions — and  I" / y(1/p) is the mean relaxation rate of
the stretched exponential function.

For p-1g in solution, a Qz—dependence (i.e. a constant value of Degf) is
clearly observed, as expected for diffusive motion (see Fig. 5). The pure
protein diffusion is Degr = 7.3 +/— 0.1 A%/ns. The Q-range for the protein
solution was not extended to low Q, since for these rather dilute samples
we do not expect structure factor influences, and Deg at Q ~ 0.06 Al
already represents the long-range diffusion, as shown for a similar
dimeric protein BSA [25]. All emulsions, stabilized either with pure
protein or additionally with interfacially active phospholipids PG and
PC had a slightly lower average diffusion coefficient in the Q-region with
constant Degr, where protein motion dominates: around 4.6-5.2 A%/ns
(emulsion: 5.2 +/— 0.2, PC emulsion: 4.9 +/— 0.1, PG emulsion 4.6
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Fig. 5. Effective diffusion as a function of Q. Below Q = 0.08 10\’1, a linear increase is observed for the emulsions, while at a higher Q, Degr is almost constant. The
local protein motion (diffusive motion) at Q > 0.08 A~" is slightly reduced compared to the free three-dimensional diffusion of p-Ig in solution (averaged Deg from
IN15 and SNS-NSE). A strong caging effect can be observed below Q ~ 0.08 A~!, while at a very low Q, the scattering and the dynamics are dominated by the

membrane fluctuation of the interface (Q’2 scattering from SANS).

+/-0.1 Az/ns). The contribution of a pure, unhindered 2D diffusion on
the interface of the emulsion droplet would be two-thirds of the 3D value
of Der (2/3 x 7.3=4.9 A?/ns). The measured diffusion coefficient for all
emulsions likely also includes an additional contribution of the height
fluctuations, as will be discussed below. Due to the droplet size >1 pm,
overall droplet translational or rotational diffusion does not contribute
to the dynamics on the length- and time-scales of the NSE experiment.

With a diffusion constant for the protein in solution of D = 7.3 A%/ns,
the corresponding length scale of the root mean squared displacement at
a time of 40.0 ns is <u® > /2 = (6Dt)(1/2) = 4 nm in 3D, while in 1D
(only ‘z’ contribution) it is 1/3 RMSD = 1.4 nm, corresponding to the
approximate distance which the protein moves perpendicular to the
interface during this time interval.

The diffusion coefficient of the p-lg emulsions containing the phos-
pholipids PC and PG are similar to that of the pure emulsion, with a
slight decrease observable for the PG emulsion. The effect of the phos-
pholipids on height fluctuations and on the in-plane mobility at mo-
lecular length scales will be discussed below in more detail.

In the emulsions studied here, we observe a deviation from the Q?
behavior below Q < 0.08 A™! for the pure emulsion, indicated by a
gradual change in slope. The emulsions containing PC and PG show this
deviation from a constant Deg below Q < 0.06 1"\’1, corresponding to
characteristic length scales of 21/Q of about 8 nm for the pure emulsion
and 10 nm for the emulsions with PC and PG.

The sudden decrease of Deg at low Q by a factor of ~3 cannot be
attributed to the slightly larger interface scattering compared to the
protein form factor contribution (see Supplementary Information).
Instead, it clearly indicates jamming at the interface, as p-1g proteins are
hindered from diffusing further on the oil droplet interface than the
above-mentioned ~10 nm distance. The change in D therefore reflects
a mixture of (predominantly) blocked 2D diffusion on the droplet
interface and Q-dependent diffusion from height fluctuations according
to Zilman and Granek, where D,(Q) ~ kgT/ (67I1])(kBT/K)1/ 2 Q (see
Supplementary Information).

The curve shape of the decay in S(Q,t) can indicate the nature of
mobility — either membrane height fluctuations with a stretched expo-
nential decay or diffusive behavior with a simple exponential decay. The
stretching exponent f§ is 1 (+/— 0.1) for the pure protein in solution
(individually fitted to each Q), as expected for particles following Sto-
kes-Einstein diffusion, with a simple exponential decay of I(Q,t), as
presented in Fig. S6. The emulsions are best fitted with a slightly lower
( 0.9 +/— 0.1), which is typical for deviations from pure diffusive
behavior. For pure membrane fluctuations, § = 2/3 could be expected.
The observed p is in good agreement with the mixture of protein scat-
tering and interface scattering (see Supplementary Information). As
described above, the deduced diffusion coefficient Degr was corrected for
the effects of different stretching exponents by using the mean relaxation
rate, making the values comparable.

The Q?-dependence at large Q therefore indicates that the protein or
protein/phospholipid layer does not form a fully continuous rigid
interface, but still exhibits some reduced in-plane mobility on the length
scales corresponding to the molecular size, along with a significant
“jamming” effect on larger length scales. Hydrodynamic interactions,
which influence the diffusion constant in concentrated solutions at low
Q, may be seen as a related effect [26,27]. Above Q = 0.07 ;\’1, this no
longer plays a significant role, and only the combination of 2D diffusion
and interface height fluctuations contribute to the dynamics.

An upper limit for the height fluctuation contribution is the lowest
value of Deg at low Q, which is 1.5 A%/ns. According to D,(Q) ~ (kgT/
(6nh))(kBT/1<)1/ 2 Q (Zilman-Granek model), this corresponds to a
bending rigidity of about 18 kgT. This should be considered a lower limit
for , since long-range diffusive behavior of p-1g on the emulsion droplet
interface towards very low Q cannot be definitively determined due to
the accessible Q-range of the NSE.

The interfacial tension contribution resulting from a bending rigidity
of 18 kgT over a lateral distance of r = 8.2 nm is 2.2 mN/m (with 2k /12
= Ybends), See also [28] and Supplementary Information. This value is
lower than the total interfacial tension, meaning that k contributes about
10-20 % to the interfacial tension.

The two phospholipids serve as lubricants between the proteins and
break up the rather strong network between the protein dimers that
interact through hydrogen bonds, as observed by interfacial rheology. It
should be noted that the dimers are already highly crowded at the
interface. While PC shows a tendency to fully cover the interface, and
therefore has a higher extensional modulus similar to the purely protein-
covered interface, PG leaves spaces uncovered and therefore has a lower
extensional modulus. The higher-Q NSE data reveal 2D diffusion of the
encaged protein dimers, which appear to be largely unaffected by
networking or lubrication. The dimers are already highly crowded (as
seen from the interface coverage) and the dominating modes of move-
ment are therefore largely unaltered by the phospholipid. Interestingly,
the caging observed at lower-Q NSE also appears to be very similar for
all systems, and only the large-scale diffusion (which could not be
resolved by NSE) might display differences. This topic therefore leaves
open questions for future measurements and highly interesting details
about the stabilization mechanisms in emulsions.

Expanding the accessible Q-range further towards even lower Q
values and extending the time range towards ps might enable a better
separation of bending modes from other diffusive modes at the interface.
This will help us to better understand the stabilization mechanisms in
emulsions.

4. Conclusions

The combined approach of advanced and conventional methods
enables us to answer many research questions about the interfacial
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structure, rheology, and dynamics of any interface. These results provide
insights for the characteristics of emulsions in food, cosmetics, and drug
delivery systems. The interfacial structure affects the interfacial
rheology, which in turn governs emulsion stability. A highly elastic
interfacial layer stabilizes the emulsion against destabilization mecha-
nisms. The interfacial dynamics affect emulsion destabilization pro-
cesses such as coalescence.

In this study, we chose to investigate a complex mixed interface
stabilized by p-lactoglobulin and phospholipids. We found that the head
group of phospholipids strongly affects both interfacial structure and
rheology. The interfacial structure was resolved through detailed data
analysis of small-angle neutron scattering results. Contrast variation
between oil, water, and interface components allowed us to obtain
partial structure factors and thus gain an exceptionally detailed under-
standing of the structure of the multi-component interface. Assigning
the results to specific scattering functions and cross-correlations, fol-
lowed by coarse-grained modeling, enabled us to determine the inter-
facial composition and arrangement. Phosphatidylcholine is loosely
bound to the interfacial layer alongside the p-lactoglobulin molecules.
Phosphatidylglycerol is partly bound to the f-lactoglobulin molecule
due to hydrophobic interactions or hydrogen bonds, but it is also partly
loosely attached to the interfacial layer.

The p-lactoglobulin interface formed a viscoelastic interfacial layer
with a strong elastic network. The addition of phospholipids disrupted
this interfacial network. The rheology of the sample containing loosely
bound phosphatidylcholine is dominated by desorption and adsorption
behavior, particularly at high amplitudes.

Another study investigated the interfacial properties of p-lactoglob-
ulin-stabilized emulsions with the addition of phosphatidylcholine or
phosphatidylethanolamine containing either 18:0 or 18:1 fatty acids
[29]. The unsaturated phospholipids displaced the proteins [29], as was
partly observed in our study. Displacement effects at the interface are
always dependent on the concentration ratio used.

Interfacial dynamics at the molecular level are described by 2D
diffusion within the interfacial layer of the oil droplet, and by height
fluctuations perpendicular to the interfacial layer. The diffusion coeffi-
cient of p-lactoglobulin in all interfacial layers of the emulsions is only
slightly reduced compared to the free 3D protein diffusion in solution.
The proteins remain mobile on molecular length scales. A strong jam-
ming effect is observed for length scales that are roughly larger than the
dimension of the p-lactoglobulin.

Local protein mobility appears to be an important property of this
type of stable emulsion, which is present both with and without protein
network formation at the interface. The challenges of NSE experiments
on samples with a very low protein concentration and with limited
stability meant that the accessible Q-range is limited. Extending this
range to both smaller and larger Q values will be the aim of future
studies. It can also help to provide further insights into the interfacial 2D
mobility of “free”, jammed, and 2D-cross-linked proteins at the inter-
face, and how this relates to the rheological properties and macroscopic
function of protein-stabilized emulsions.
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