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The formation of viscoelastic networks at fluid interfaces by globular proteins is essential in many

industries, scientific disciplines, and biological processes. However, the effect of the oil phase on the

structural transitions of proteins, network formation, and layer strength at fluid interfaces has received

little attention. Herein, we present a comprehensive study on the effect of oil polarity on globular

protein networks. The formation dynamics and mechanical properties of the interfacial networks of

three different globular proteins (lysozyme, b-lactoglobulin, and bovine serum albumin) were studied

with interfacial shear and dilatational rheometry. Furthermore, the degree of protein unfolding at the

interfaces was evaluated by subsequent injection of disulfide bonds reducing dithiothreitol. Finally, we

measured the interfacial layer thickness and protein immersion into the oil phase with neutron

reflectometry. We found that oil polarity significantly affects the network formation, the degree of

interfacial protein unfolding, interfacial protein location, and the resulting network strength. These

results allow predicting emulsion stabilization of proteins, tailoring interfacial layers with desired

mechanical properties, and retaining the protein structure and functionality upon adsorption.

Introduction

Proteins are amphiphilic biomacromolecules, known to adsorb
to fluid–fluid interfaces. Protein adsorption leads to a decrease
in interfacial energy, rearrangement of the protein conformation,
and assembly into viscoelastic 2D nanofilms.1–3 These processes
are of interest in various scientific disciplines and industries.
In particular, emulsion stabilization by proteins is crucial in food
production, pharmaceutical formulations, agrochemical com-
modities, and in encapsulation processes.3–7 Furthermore, pro-
teins stabilize vital foams and emulsions utilized as endogenous
biotic materials by animals8,9 and the viscoelastic protein layers
serve as substrates for stem cell proliferation and for bacterial
biofilms.10–13 Moreover, protein behavior at fluid interfaces gains
attention in nutritional, medical, and pharmaceutical research
in areas such as protein crystallization, lipid bodies, protein

digestion, antibody stability, vaccination efficiency, biomimicking
protocells, and cell membrane functions.14–19

Protein adsorption is governed by the physicochemical
properties of both subphases. Previous research focused almost
exclusively on the role of temperature, concentration, and
precondition of proteins, as well as the parameters in the
aqueous phase, including pH and ionic strength.2,20–24 The
impact of the chemical properties of the hydrophobic subphase
is widely neglected and systematic studies are missing, even
though a small number of publications indicated changes in
interfacial processes at different hydrophobic interfaces.23,25–30

Globular proteins, such as b-lactoglobulin (BLG), bovine
serum albumin (BSA), and hen egg white lysozyme (LSZ),
consist of an amino acid chain which arranges into well-
defined secondary and tertiary structures. In water, they have
a sphere-like native configuration with most of their hydrophilic
amino acid groups at the exterior and hydrophobic residues
located at the interior. The native structure is considerably
stabilized by hydrophobic interactions and disulfide bonds
between cysteine residues.3 The number and in particular the
position of the cysteine residues which form disulfide bonds
determine the protein stability. LSZ has distant cysteine groups
forming disulfide bonds ensuring a more stable structure. However,
BSA’s cysteine group is located closely on the primary structure,
resulting solely in a local stabilization. BLG has the lowest structural
stability, due to a small number of cysteine residues.31
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Most globular proteins adsorb at fluid interfaces in a dis-
tinct orientation, with their hydrophobic cavity towards apolar
oil phases. However, molecular dynamics simulations predict
that at interfaces of oils with increased polarity, proteins adsorb
randomly oriented and increasingly insert themselves into the
hydrophobic phase.32 Proteins encounter stronger interfacial
elongational stresses at interfaces with lower polarity, which
accelerate unfolding.33 Analysis of the protein configuration in
solution and after interfacial adsorption resulted in an
increased rearrangement of the secondary and tertiary structures
at less at polar oil interfaces.31,34,35 Therefore, it is expected that
protein adsorption and unfolding are governed by oil polarity.
The pure oil–water interfacial tension g0 is regarded a good
measure for oil polarity.36 The rearrangement of the tertiary
structure at fluid interfaces can be amplified by addition of
disulfide-bond reducing agents such as dithiothreitol (DTT).37

In earlier studies, we elucidated the role of oil chemistry on
the adsorption of charged anisotropic cellulose nanocrystals
and various proteins. A clear correlation between the oil polarity
and the adsorption behavior was found.28,38 Furthermore, it was
shown that the oil properties significantly control the interfacial
network rheology and formation kinetics of BLG.29 Herein, we
systematically investigate the influence of oil polarity on layer
formation and rheological strength of the 2D nanolayers of three
different well-studied globular proteins (BLG, BSA, and LSZ) at
fluid interfaces. Additionally, neutron reflectometry was applied
to elucidate the interfacial layer structure depending on subphase
polarity. In order to highlight the fundamental differences in
interfacial behavior, low protein concentrations and long adsorp-
tion time-scales were chosen. n-Octane, 1-chlorooctane, and
1-octanol were selected as their hydrophobic structure consists
of an identical aliphatic 8-carbon chain with an increasingly more
polar head group, to ensure a high comparability.

Experimental section
Materials

BLG (97%) was provided by the Food and Bioprocess Engineering
group at the Technical University of Munich.39 LSZ (495%) was
purchased by VWR, and BSA (498%) by Sigma-Aldrich. The
proteins were dissolved in a pH 7 phosphate buffer (10 mM;
Milli-Q-water; Na2HPO4�H2O, Acros Organics; NaH2PO4�2H2O,
Sigma-Aldrich). n-Hexane (Merck), n-octane (Acros), 1-chlorooctane
(Alfa Aesar), MCT (BASF), octanal (Acros), 1-octanol (Sigma Aldrich),
and methyl-tert butyl ether (Sigma Aldrich) were purified from polar
contaminants with magnesium silicate Florisil (MgO�SiO2, 100–200
mesh, Sigma-Aldrich) as described in the literature.40 The purity
was tested with a droplet profile tensiometer, to ensure the correct
and constant interfacial tension to pure buffer. Solutions of 20 mM
dithiothreitol (DTT, Merck) were dissolved in 10 mM phosphate
buffer at pH 7.

Methods

Interfacial shear rheology. The viscoelastic shear properties of
the protein adsorption layer were measured with a shear rheometer

(MCR 501, Anton Paar) equipped with a biconical disk geometry, as
described by Erni et al.41 The network formation at a pure oil–water
interface was initiated by injecting 50 mL of 1 g L�1 protein solution
to the aqueous phase while simultaneously extracting the same
volume from the aqueous bulk, to ensure a constant interface
height. This method is described in detail in an earlier work.29

The final protein bulk concentration was 0.243� 0.006 g L�1 in the
interfacial measurement, determined by measuring the extracted
protein concentration with a total organic carbon analyzer
(TOC-L, Shimadzu). The interfacial time sweep was performed
at a deformation of 0.3% and a frequency of 1 rad s�1. After
reaching equilibrium, an amplitude sweep was performed from
0.1–100% at 1 rad s�1, to verify that the measurement was
performed in the linear viscoelastic regime. A general overview
on interfacial rheology is given by Sagis,42 Erni,43 as well as
Fuller and Vermant.44

Dilatational rheology. The purity of the oil phase was confirmed
by measuring the constant oil–water interfacial tension with a
droplet profile tensiometer (PAT-1, SINTERFACE Technologies), as
described in the literature.28,29,38,45,46 An oil droplet was formed at
the tip of an U-shaped capillary tip in 10 mg L�1 protein solution.
The interfacial tension was extracted from the contour of the drop,
monitored using a charge-coupled device camera, by axisymmetric
drop shape analysis. For dilatational rheology experiments, the drop
was kept at a constant surface area for 12 h to ensure complete
protein adsorption and an equilibrated interfacial layer. The linear
viscoelastic regime was confirmed with an amplitude sweep from
0.5 to 2%. Each oscillation cycle was performed for 30 min with a
constant frequency of o = 0.01 s�1. Between each oscillation cycle,
the drop was kept at a constant surface area for 20 min to ensure an
equilibrated drop. Dilatational modulus E0 was extracted from the
data according to Rühs et al.46,47 at the area change dA/A0 = 2%.

DTT injection to interfacial shear rheology. For the DTT
injection experiments, 20 mL of 20 mM DTT in 10 mM pH 7
phosphate buffer solution were injected with simultaneous
extraction of 20 mL bulk solution. The approximated DTT
concentration in the measurement system was 2 mM. This
results in a DTT concentration in the two orders of magnitude
higher than the number of cysteine. The circular dichroism
spectroscopy (JASCO, EastonMD) spectra showed only slight
changes in the protein structure after 24 h in solution upon
addition of 5 mM DTT in bulk (see the ESI,† Fig. S1). The DTT
injection was started once the protein interfaces reached steady
G0 and G00 values. The time sweep experiment was continued
until the system equilibrated again, followed by an amplitude
sweep to validate the viscoelastic linearity.

Neutron reflectivity. Interfacial neutron reflectivity experi-
ments were performed at SINQ, the Swiss Spallation Neutron
Source at Paul Scherrer Institute (Villigen PSI, Switzerland) with
an AMOR time-of-flight reflectometer.48 A custom-made aluminium
Langmuir trough was used. Experiments were performed with
65 mL of 0.01 wt% and 0.1 wt% BLG at 25 1C. The protein solution
was covered with methyl tert-butyl ether (MTBE) or n-hexane. The
reflectivity measurement was started after 3 h, when the oil phase
was macroscopically evaporated and a constant interface, D2O
phosphate buffer covered with a thin layer of oil, was formed.
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Neutron reflection was recorded at three angles of incidence
y (0.5, 1.3, and 2.81) and varying neutron wavelengths l (3.5 to
12 Å), thereby covering a q range of 0.01–0.187 Å�1 within 10.5 h
at full neutron flux. The first angle of incidence (y = 0.51) was
repeated at the end of the experiment to verify that the layers did
not undergo significant changes. The measured neutron reflec-
tivity was fitted by the Parratt algorithm49 to assess the interfacial
structure of the BLG layers.

Results and discussion
Interfacial shear viscoelasticity of protein layers

The network formation kinetics were observed by measuring
the interfacial shear viscoelasticity during the adsorption,
rearrangement and interconnection of the proteins at oil–water
interfaces (Fig. 1). Initially, the clean oil–water interface with no
detectable viscoelastic response is measured. After 5 min, the
protein solution is injected at the bottom of the aqueous
subphase over a time period of 50 min, as described in an
earlier study.29 Subsequently, the proteins diffuse to the inter-
face and adsorb gradually. After a certain time which is specific
for respective combinations of oil and protein, the interfacial
storage modulus G0 increases. At this point, a continuous
detectable interface has developed. In the following time,
G0 increases and crosses the interfacial shear loss modulus
G00 at the cross-over time, indicated with red circles in Fig. 1. At
the cross-over time a sufficient number of proteins cover the
interface to form a covalently bond network or a jammed
network with dominant elastic properties. Finally, G0 and G00

asymptotically equilibrate toward the final values, G01 and G001.
Amplitude sweeps were measured after equilibration to ensure
that the measurements were performed in the linear regime,
shown in the ESI† (Fig. S2). We monitored the interfacial
network formation of the globular proteins BLG, BSA, and
LSZ at the n-octane, 1-chlorooctane, and 1-octanol interfaces.
Increasing oil polarity in Fig. 1 is represented from dark to
light colors and indicated with red arrows. The cross-over time
is delayed with an increase in oil polarity for all proteins.
This delay arises from slower adsorption kinetics and stronger

competition between the proteins and the polar oil molecules
at the interface.29,38

The viscoelastic response upon shear stresses is weaker for
BSA layers at all oils (Fig. 1a) compared to BLG layers (Fig. 1b),
which is in good agreement with the literature.22 Nevertheless,
both, BSA and BLG interfaces, are developing lower G01 at more
polar oils, due to the decreased unfolding and the plasticizing
effect of the incorporated polar oils in the network. The fast
network formation indicates an unfolded and interconnected
network for BLG and BSA at apolar interfaces. At polar inter-
faces, BLG and BSA only partly unfolded and incorporated oil
molecules interfere with protein–protein interactions and
weaken the network. At the 1-octanol interfaces, the BSA net-
work is weakened to an extent that no viscoelastic response was
detected over a measuring time of 100 h. LSZ network formation
differs significantly (Fig. 1c). LSZ forms interfaces with identical
G01 at all subphases. Furthermore, the onset, the cross-over time,
and the equilibrated G01 are reached after significantly longer
times compared to fast unfolding BLG and BSA. Mitropoulos
et al.22 also found that LSZ layers have longer network formation
times compared to BSA and BLG and G01 are independent of the
hydrophobic subphase, measured for air–water and limonene–
water interfaces. LSZ has the most compact structure and the
highest unfolding energy of the three proteins.22 Simulations
showed no preferred spatial adsorption orientation and no
significant difference in the protein–octane interaction energy
between the compact and extended states.50 Structural analysis
indicated no consequential changes in its tertiary structure of
adsorbed LSZ. In particular, the disulfide bonds remain
intact.31,51–54 Hence, LSZ adsorbs in its native structure with
minor structural changes and forms non-covalent aggregated
networks at fluid interfaces.55 The formation of a continuous
interfacial layer with native LSZ requires more time. Thus, we
suggest that due to the absence of significant structural expan-
sion an increased number of adsorbed proteins form a jammed
network. Furthermore, the higher amount of LSZ at the inter-
faces leads to a denser interface with a comparably high G01.
In conclusion, the interfacial network formation dynamics of
globular proteins are governed by the adsorption driving forces

Fig. 1 Interfacial shear time sweeps of the network formation of (a) BSA, (b) BLG, and (c) LSZ at the n-octane, 1-chlorooctane, and 1-octanol interfaces.
Red circles indicate the cross-over time and the red arrows indicate the increase in oil polarity. Data for BLG are taken from an earlier publication.29

The equilibrated moduli of BLG and BSA at n-octane after 10 h are extrapolated with dotted lines.
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at the different interfaces as well as the protein interfacial location,
unfolding, and intermolecular interactions, which all change with
oil property.

Dilatational rheology of interfacial protein layers

The viscoelastic response of the adsorbed protein layer at oil
droplet interfaces upon expansion and compression, the dilata-
tional moduli, was measured after the protein interfaces reached a
steady state (constant interfacial pressure). The adsorption kinetics
of proteins at these interfaces were reported in a previous
contribution.38 All interfacial layers displayed a pronounced elastic
response (E0 4 E00). The dilatational elastic moduli E0 are demon-
strated in Fig. 2 as a function of gow. Additionally, E0 values from
the literature were incorporated,27,29,56–62 listed in the ESI† (Table
S1). All the experimental data from the literature were measured
within pH 6.7–7.0, an ionic strength of 10–150 mM and a protein
concentration higher than the minimal interfacial coverage, above
which a constant equilibrated interfacial pressure is measured
(0.005–0.007 for BSA,63,64 0.002 for BLG,62,65 and 0.001–0.002 for
LSZ64,66). At apolar interfaces the network exhibited the highest
mechanical strength, which decreases with more polar oils. The
dilatational viscoelastic moduli of globular protein at oil interfaces
can be generalized (black dotted fit in Fig. 2) by:

E0 p 0.5�gow
4/3 (1)

The dependency of the network formation of globular pro-
teins on oil–water surface tension derives from two mechanisms:
(a) polar interfaces have lower surface stresses,33 which leads to
slower and less protein unfolding. Furthermore, polar oils inter-
act increasingly by hydrogen bonds with the hydrophilic residues
at the exterior of the native proteins. This decreases the thermo-
dynamic driving force to rearrange the hydrophobic residues
towards the oil phase.29,32 The decreased rearrangement of the
protein secondary and tertiary structure at more polar interfaces
was confirmed with structural analysis and simulations.31,34,35

(b) Molecules of the polar oils are incorporated into the protein
network leading to softening of the mechanical properties. The
increased polar interaction of the hydrophilic protein residues
and the polar oils enable the oils to act as plasticizers and reduce
the interconnectivity of the protein layers. At more polar inter-
faces, the proteins are conserved in a more native structure and
the formation of intermolecular bonds is prevented. These
results are in line with earlier findings for BLG,29 where they
were schematically illustrated. Hence, this indicates that the
correlation between the interfacial strength and the oil polarity
are applicable for other globular proteins.

Protein conformation and DDT-induced unfolding at the
oil–water interface

Upon adsorption, globular proteins are presumed to unfold
and interconnect at fluid interfaces. However, the adsorption
experiments in Fig. 1 indicate that different network structures
occur. In particular the difference between fast unfolding (BLG
and BSA) and more stable globular proteins (LSZ) is striking.
To elucidate the structural conformation of the proteins at the
interface, interfacial shear rheology with in situ injection of a
disulfide bond reducing agent was performed with BLG and
LSZ. First, the proteins were injected at the oil–water interfaces.
DTT injection was started once an equilibrated network devel-
oped, indicated with red arrows in Fig. 3. The time sweep was
continued until an equilibrated interface was reached. The
amplitude sweeps of the equilibrated DTT-reduced interfacial
networks confirmed that the measurements were performed in
the linear regime and that the rupture of the interfacial net-
works follow a gel-like behavior, shown in the ESI† (Fig. S3).
CD measurements were performed to follow the denaturation
of the proteins in the bulk phase upon the addition of DTT. The
conformational changes are negligible in bulk after 24 h,
shown in the ESI† (Fig. S1). However, DTT is a slightly inter-
facial active compound, as shown in the ESI† (Fig. S4) and in
the literature.67 Due to the increased interfacial DTT concen-
tration, the protein unfolding is increased by disulfide bond
reduction at fluid interfaces. Furthermore, the constant or
increasing G0 and G00 moduli after DTT injection in Fig. 3 show
that DTT does not displace the proteins at the interfaces, as
reported for highly surface active surfactants.68 At the start of
the DTT injection, G0 and G00 drop slightly due to mechanic
destabilization of the interface through the injection process
itself. The injection pump system induced a flow in the aqueous
phase which results in an intermediate weakening of the
network.

The BLG network at the apolar n-octane interface in Fig. 3a
remains unaffected by the DTT injection. This is in line with
neutron reflectometry measurements at the air–water interface,
which showed no effect on the BLG layer thickness after
addition of 20 mM DTT.37 At polar interfaces, an increase of
G0 and G00 was detected following a lag phase. The long lag
phases originate from the low electrostatic attraction between
the negatively charged deprotonated thiolate of DTT and the
negative charged BLG at pH7. The gain in G0 and G00 and the lag
phase were more pronounced at the most polar 1-octanol

Fig. 2 Elastic dilatational modulus E0 of BSA, BLG, and LSZ plotted over
gow. The black dotted line represents the fit for all globular proteins (eqn (1))
including values from the literature,27,29,56–62 listed in the ESI† (Table S1).
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interfaces. The unaffected G01 underlines that all BLG mole-
cules are unfolded at the apolar n-octane. Furthermore, the
absence of layer weakening evidences that BLG layers are not
cross-linked by intermolecular disulfide bonds as proposed in
the literature,30,69 but rather connected by intermolecular
b-sheets.70 In 1-chlorooctane, BLG is partly conserved in a more
native structure. The native molecules are then unfolded by the
injected DTT, resulting in a G0 increase. The same behavior is
found more pronounced at 1-octanol, as more BLG is in their
native configuration. The final viscoelastic modulus after DTT
injection is still dependent on the oil polarity, even though all
proteins are unfolded. These differences originate from the
plasticizing effect of the incorporated polar oils.

Fig. 3b shows that G0 and G00 of LSZ networks increase
considerably by up to the order of one magnitude at all interfaces
with a distinctly shorter lag phase than BLG after DTT injection.
The reduced lag phase arises due to electrostatic attraction
between the negatively charged deprotonated thiolate of DTT
and the positively charged LSZ at pH 7. The disulfide bond
reduction leads to a rearrangement of LSZ at the interface into a
significantly more elastic layer. This confirms literature findings,

which showed interfacial LSZ unfolding upon disulfide bond
reducing agent resulted in a decrease of the surface tension
within minutes.71 Li et al. reported that LSZ undergoes a rapid
amyloid-like (b-sheet stacking) assembly after unlocking the
disulfide bonds by a reducing agent.71 This further supports
that pristine LSZ forms interfacial networks with a mostly native
protein conformation. The equilibrated viscoelastic moduli after
DTT injection revealed a dependency on the oil polarity, in more
polar oils lower G01 and G001 are gained. Therefore, LSZ is also
affected by the plasticizing incorporation of polar oils after LSZ
loses its native configuration. These results emphasize that more
stable proteins (LSZ) form an interfacial network best described
by a 2D particle gel and fast unfolding proteins (BLG and BSA)
form 2D cross-linked polymer gels.

Structure of the adsorbed interfacial layer

Elucidating the morphology of interfacial networks at oil–water
interfaces is challenging, as the covering oil phase makes
most interfacial characterization techniques difficult to apply.
Several attempts were carried out with neutron reflectometry at
oil–water interfaces.72,73 We present a new approach, exploiting
the formation of a protein layer at a volatile oil–water interface.
Methyl tert-butyl ether (MTBE) was used as a polar and
n-hexane as an apolar oil. Neutron reflectometry was started
after 3 h, when a BLG layer was formed and the oil phase was
mostly evaporated. Fig. 4a depicts the neutron reflectivity
curves of 0.001 g L�1 and 0.01 g L�1 BLG at air, n-hexane,
and MTBE interfaces. The reflectivity data were fitted using the
Parratt algorithm to obtain structural information of the BLG
layers (Fig. 4a). The interfacial layers were best described by a
model accounting for a thin covering oil phase, a protein
monolayer, and the underlying aqueous phase. The model
parameters used for the fit are presented in Fig. 4b in the form
of scattering length density profiles as a function of layer depth.
The layer thickness and roughness obtained from the fits are
compiled in Table 1. In Fig. 4c these results are schematically
illustrated. At all interfaces, the layer thickness was indepen-
dent of the protein concentration, indicating that at the tested
concentration BLG forms continuous monolayers. The BLG
layer at the air–water interface had a thickness of approximately
14 Å. In bulk, BLG appears at pH 7 mostly as a dimer of two
impinging BLG spheres with 35 Å diameter. The dimers are
assumed to dissociate upon contact with the interfaces.37,74

Therefore, BLG rearranges at the air–water interface, resulting
in a flattened structure, in agreement with the literature, in
which the layers range from 10–21 Å at pH 7.7,37,75–79 At the
apolar n-hexane interface, BLG forms interfacial layers of 16 Å
thickness. This indicated a similar structure to that at the air–
water interface. However, the slightly higher roughness reveals
that the hydrophobic parts of BLG are partly dissolved in the
hydrophobic subphase, in line with results of Campana et al.73

for BSA at the hexadecane–water interface. A similar layer
thickness at apolar and air interfaces was also found for
BSA.73,80 At the polar MTBE–water interfaces, a layer thickness
of 32 Å was measured, which shows that BLG remains mostly in
its native configuration. Furthermore, the roughness of 20–25 Å

Fig. 3 Interfacial shear rheology time sweeps of (a) BLG and (b) LSZ at oil
interfaces with different polarities with a subsequent injection of the
disulfide bond reducing agent DTT. The red arrows indicate the point of
DTT injection. The dotted lines indicate the extrapolation of equilibrated
moduli.

1696 | Soft Matter, 2021, 17, 1692�1700 This journal is The Royal Society of Chemistry 2021

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
ju

ov
la

m
án

nu
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

02
6-

01
-2

8 
13

:3
2:

39
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm01870h


indicates that BLG inserts itself partly into the polar subphase
and polar oil molecules are incorporated into the protein
network, as predicted in the literature.29,32 Similar results were
found by Jia et al.81 for BSA with dynamic force microscopy. At
an apolar interface BSA formed a 30 Å layer and at a polar
interface the layer was 60 Å, measured. These results further
highlight that fast unfolding proteins such as BLG and BSA
rearrange at apolar interfaces. At polar interfaces, these proteins
are conserved in their native structure and oil molecules are
incorporated into their interfacial layer.

Conclusions

We have presented a systematic investigation of 2D protein
layer assembly at fluid interfaces as a function of protein
stability and oil polarity. The interfacial network formation is
strongly controlled by the oil polarity. The interfacial viscoelastic
strength of the formed protein network is significantly lowered at
increasing oil polarity in shear and dilatational rheology. Interfacial
shear rheometry reveals that with increasing oil polarity globular
proteins require more time to form elastic interfaces. Furthermore,
fast unfolding globular proteins such as BLG and BSA form weaker
interfacial networks at more polar interfaces. However, LSZ, a more
stable globular protein, needs significantly longer network formation
times and the final moduli at all interfaces are identical. The
dilatational moduli of globular protein layers follow a generalized
power law depending on the interfacial tensions of the clean oil–
water interfaces and also describe experimental data from previous
studies. The protein structural stability upon adsorption to different
fluid interfaces was elucidated by performing interfacial shear
rheometry with a subsequent injection of disulfide bond reducing
DTT. Fast unfolding globular proteins unfold at apolar interfaces
and form polymer-like 2D networks and thus remained unaffected
by DTT. At interfaces with increased polarity, DTT injection leads to
a strengthening of protein layers, indicating that at polar oils the
native protein structure is conserved. This is supported by neutron
reflectometry measurements, which showed that BLG size is lower at
air and apolar oils compared to the bulk. However, at the polar
interface, a layer thickness was assessed which corresponds closely
to the diameter of a native BLG monomer. The interfacial shear
moduli of more stable globular proteins increase drastically upon
DTT injection at all interfaces and exhibit a dependency on the oil
polarity. Thus, more stable globular proteins remain in their native
structure independent of the interface. The gradual decrease in G01
after unfolding at polar interfaces of all proteins originates from the
plasticizing incorporation of polar oils into the protein network,
resulting in a softening of the interfacial layer. The incorporation of
polar oil molecules arises due to their chemical ability to interact
with the hydrophilic protein residues.

Our data underline the importance of the oil properties in
interfacial protein assembly and its related applications. By
choosing a suitable oil, an interfacial protein network with
desired viscoelastic properties and protein denaturation state
can be achieved. Furthermore, protein adsorption to a polar oil
interface may be applied for concentrating protein solution
without changing the structural conformation. While this study

Fig. 4 (a) Neutron reflectivity of BLG layers at air, apolar (n-hexane), and
polar (MTBE) interfaces for 0.01 and 0.1 wt% BLG concentration. (b) Fitted
scattering length densities as a function of layer depth z. (c) Schematic
illustration of the conformation and location of BLG at different interfaces.

Table 1 Thickness h and roughness s of BLG layers at air, apolar
(n-hexane), and polar (MTBE) interfaces obtained from neutron reflectometry
and data fitted with the Parratt algorithm

Subphase

c [wt%]

Air n-Hexane MTBE

BLG 0.01 0.1 0.01 0.1 0.01 0.1

Protein layer h [Å] 15 13 16 16 32 32
s [Å] 4 4 5 7 20 25

Oil layer h [Å] 0 0 14 16 8 10
s [Å] 0 0 5 7 5 5
w2 [10�1] 1.66 1.30 0.34 0.78 2.8 1.04
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broadens the understanding of protein adsorption and network
formation at fluid interfaces, there is still a long way ahead of
us to be able to fully predict and understand these processes,
which are of essential importance in many industries and
scientific fields.
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