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The hydrophobins are proteins that form themost rigid adsorption layers at liquid interfaces in comparisonwith
all other investigated proteins. Themixing of hydrophobin HFBII with other conventional proteins is expected to
reduce the surface shear elasticity and viscosity, Esh and ηsh, proportional to the fraction of the conventional pro-
tein. However, the experiments show that the effect ofmixing can be rather different depending on the nature of
the additive. If the additive is a globular protein, like β-lactoglobulin and ovalbumin, the surface rigidity is pre-
served, and even enhanced. The experiments with separate foam films indicate that this is due to the formation
of a bilayer structure at the air/water interface. Themore hydrophobic HFBII forms the upper layer adjacent to the
air phase, whereas the conventional globular protein forms the lower layer that faces the water phase. Thus, the
elastic network formedby the adsorbed hydrophobin remains intact, and even reinforced by the adjacent layer of
globular protein. In contrast, the addition of the disordered protein β-casein leads to softening of the HFBII
adsorption layer. Similar (an even stronger) effect is produced by the nonionic surfactant Tween 20. This can
be explained with the penetration of the hydrophobic tails of β-casein and Tween 20 between the HFBII mole-
cules at the interface, which breaks the integrity of the hydrophobin interfacial elastic network. The analyzed
experimental data for the surface shear rheology of various protein adsorption layers comply with a viscoelastic
thixotropicmodel, which allows one to determine Esh and ηsh from themeasured storage and lossmoduli,G′ and
G″. The results could contribute for quantitative characterization and deeper understanding of the factors that
control the surface rigidity of protein adsorption layers with potential application for the creation of stable
foams and emulsions with fine bubbles or droplets.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Surface dilatational and shear rheology of surfactant and protein ad-
sorption layers at liquid interfaces have been extensively studied in re-
lation to the stability of foams and emulsion [1–8]. Dense adsorption
layers that exhibit higher surface elasticity and viscosity can suppress
the Ostwald ripening and the coalescence of bubbles or drops [9].
The foams produced from protein solutions are coarse and unstable.
However, it was recently established that the protein hydrophobin,
which forms very rigid adsorption layers, is an excellent stabilizer of
foams with fine bubbles [10,11]. For this reason, the present article is
focused on the shear rheology of the viscoelastic adsorption layers
from hydrophobin and itsmixtures with other proteins and surfactants.

The hydrophobins represent a class of amphiphilic proteins that
upon adsorption at the air–water and oil–water interfaces form layers
of the highest surface elasticity and viscosity among the investigated
proteins [11–16]. The easiest way to visualize their special properties
is to shake a hydrophobin aqueous solution, which immediately be-
comes turbid because of the formation of numerous microscopic bub-
bles stabilized by this protein. A closer examination of these bubbles
indicates that they have irregular (non-spherical) shape [17,18]. The
latter is due to the fast solidification of the protein adsorption layer
at the bubble surface, which preserves the instantaneous elongated
bubble shape acquired in the course of stirring. These properties of
hydrophobins make them very efficient stabilizers of foams [11,12,
19–21] and emulsions [22–24]. For example, the shaking of water solu-
tions of common milk or egg proteins, like β-lactoglobulin (BLG),
β-casein, or ovalbumin (OVA), produces foams with millimeter to cen-
timeter sized bubbles, which decay within 1min to 1 h [25]. In contrast,
the agitation of hydrophobin solutions leads to the formation of foams
that remain stable for weeks and months and contain bubbles of
average diameter below 100 μm [10,11].

Another valuable property of hydrophobins is that they are rather
“sticky” molecules — they can adhere at various surfaces and are used
for the immobilization of functional molecules at substrates [26], and
as coating agents for surface modification [27,28]. The conventional
amphiphilic molecules stabilize foam or emulsion films because their
hydrophilic moieties, which are facing the film interior, give rise to a re-
pulsive force between the two film surfaces. In contrast, two adsorption
monolayers from hydrophobin HFBII, when brought in close contact,
stick to each other and form a self-assembled bilayer (S-bilayer) with
a significant energy gain [29]. It turns out that the “hydrophilic” parts
of the HFBII molecules are in fact slightly hydrophobic, and they can ad-
here to each other in aqueous environment. This adhesive force favors
the formation of hydrophobin multilayers [30] and the attachment of
hydrophobin aggregates to thefilm surfaces [18,29–31]. In turn, the ste-
ric overlap of the adherent aggregates gives rise to repulsion between
the film surfaces, which stabilizes the thin liquid films in combination
with the contribution from the electrostatic double layer repulsion
[18,29].

The hydrophobins are isolated from filamentous fungi. The self-
assembled films from these proteins coat fungal structures andmediate
their attachment to surfaces [31]. The application of hydrophobins for
the stabilization of foams and emulsions in food industry is impeded
by the relatively high price of these proteins. However, as demonstrated
in the present article, it is possible to replace a considerable part of the
hydrophobin with a milk or egg protein (like BLG and OVA) without
reducing the surface elasticity and viscosity. The disordered protein
β-casein and the nonionic surfactant Tween 20, which are often used
in foods, also produce a strong effect (softening) of the hydrophobin
adsorption layers. To understand how the differences between the rhe-
ological behavior of the investigated systems are related to the structure
of the respective mixed protein layers, one can apply experiments with
thin foam films, which give information about the film thickness, the
presence of trapped protein aggregates, and on the interactions in
such films. The obtained results indicate that it is possible to replace
up to 90–95% of the hydrophobin with a milk or egg protein without
any essential decrease of the surface elasticity and viscosity, and reveal
the possible reasons for this result.

As known, the surface shear elasticity is the property that makes the
difference between rigid andfluid interfacial layers [32] and plays a cen-
tral role in the rheology of viscoelastic protein adsorption layers. For this
reason, in Section 4 special attention is paid on the correct determina-
tion of the surface shear elasticity and viscosity Esh and ηsh from the
measured storage and loss moduli, G′ and G″. A viscoelastic thixotropic
model is developed, and its application is illustrated for adsorption
layers containing hydrophobin. The model could be applied for the in-
terpretation of rheological data for any viscoelastic interfacial layers,
and could be extended also to dilatational (not only shear) surface
rheology.

2. Experimental methods and systems

2.1. Rotational rheometer

A rotational rheometer, equipped with a biconical tool, is a useful
instrument for investigation of interfacial rheology [12,14,15,33]. The
working solution is poured up to the edge of the bi-cone (Fig. 1a). The
investigated ring-shaped interfacial layer is confined between the
outer radius of the bi-cone, R1, and the inner radius of the cylindrical
cell, R2. The primary data given by the apparatus are the rotational
angle γ and the torque τ as functions of time t. The shear stress can be
calculated from the measured torque by using the formula [33,34]:

τsh ¼ g fτ; g f ≡
1
4π

1
R2
1

−
1
R2
2

 !
ð1Þ

where gf is a geometrical factor. Eq. (1) is applicable to surface layers
of arbitrary viscoelastic behavior in the case of narrow gap, that is for
(R2 − R1)/R1 ≤ 0.1.

The shear strain is equal to tanγ. In the experiments described here,
the rotation angle is small so that tanγ≈ γ. For this reason, hereafterwe
will use the notation γ for both strain (measured in %) and rotation
angle (measured in radians); 1 mrad = 0.1%. Moreover, γa denotes
the strain amplitude (in oscillatory regime), and γ̇ denotes the rate of
strain, which represents also the angular velocity and the shear rate.

The experimental results reported and discussed in the present arti-
cle have been obtained with a Bohlin Gemini rheometer (Malvern, UK),
using a biconical tool. For this setup, the parameters in Eq. (1) are:
R1 = 2.81 cm; R2 = 3.0 cm, and gf = 12.36 rad/m2.



Fig. 1. Sketches of the experimental setups. (a) Rotational rheometer with a biconical tool
[33]. (b) Scheludko–Exerowa (SE) cell [35,36], where a foam film of thickness h is formed
in a cylindrical capillary of inner radius R. (c) Mysels–Jones (MJ) cell [39], where the foam
film is formed in the center of a hole in a porous plate.
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Two types of rheological measurements have been carried out. In
fixed-rate-of-strain regime (angle-ramp regime) the biconical tool ro-
tates with a fixed angular velocity, γ̇ ≡ dγ=dt, and the increase of the
torque, τ, is recorded as a function of time, t. Six different fixed angular
velocities, viz. γ̇ = 8.73, 17.5, 35, 70, 140 and 280 μrad/s, have been
used. The maximal value of the rotation angle was γb = 14 mrad. The
experiments at fixed rate of strain allow one to determine whether
the adsorption layer complies with a rheological model of Kelvin's or
Maxwell's type (i.e. parallel or sequential connection of the elastic and
viscous elements) [15].

In oscillatory regime, the rotation angle oscillates with given ampli-
tude γa and frequency ν. The corresponding periodic variations in the
torque are registered. Experiments have been carried out at amplitudes
γa = 1.75, 5.23, 10.5 and 21.0 mrad and frequencies ν = 0.01, 0.02,
0.05, 0.1, 0.2, 0.5 and 1 Hz. Higher frequencies were not used to avoid
disruption of the viscoelastic protein adsorption layer. For example,
our experiments [15] showed that the hydrophobin interfacial layer
breaks at ν = 4 Hz.
2.2. Scheludko–Exerowa cell

The Scheludko–Exerowa (SE) cell [35,36] was used in the experi-
ments with individual free foam films. The investigated solution is
loaded in a cylindrical capillary (of inner radius R = 1.2 mm in our ex-
periments) through an orifice in its wall; see Fig. 1b. Thus, a biconcave
drop is formed inside the capillary. Next, liquid is sucked through the or-
ifice and the two menisci approach each other until a liquid film is
formed in the central part of the cell. By injecting or sucking liquid
through the orifice, one can vary the radius of the formed film. Its thick-
ness can bemeasured bymeans of an interferometricmethod [36] of ac-
curacy better than 0.5 nm [37]. For this purpose, the light reflected from
the film is supplied to a photomultiplier and computer, and the film
thickness is recorded in the course of the experiment. The SE cell is
placed in a closed container so that the water vapors are equilibrated
with the solution, and evaporation from the film is prevented. The
experiments under these conditions are referred as experiments in
closed cell. If the glass cover of the container is removed, evaporation
ofwater from the filmhappens. In this case, the film can become consid-
erably thinner. Measurements under these conditions are referred as
experiments in open cell. A modified version of this cell with two side
capillaries, which allow sequential adsorption of two proteins on the
film surfaces, was proposed by Wierenga et al. [38].

2.3. Mysels–Jones cell

The Mysels–Jones (MJ) cell [39], known also as thin-film-pressure
balance (TFPB) [40,41], allows one to press the two film surfaces against
each other at higher pressures (up to 3000 Pa in our experiments). The
cylindrical film holder is made of porous glass, so that the solution is
supplied in the cell through the pores. In our experiments, the average
pore diameter was relatively large, 40 μm, to avoid blocking of pores
by protein aggregates. The MJ cell enables one to measure isotherms
of the disjoining-pressure Π vs the film thickness h. Experimentally,
the applied pressure (which equals Π at equilibrium) is varied and the
respective equilibrium value of h is determined form the intensity of
light reflected from the film using the interference method [35,36]. A
detailed description of the usedMJ cell and of the operational procedure
can be found elsewhere [42].

2.4. Investigated systems and procedures

At low shear rates, the torque registered by the rotational rheometer
is entirely due to the rheological response of the interfacial adsorption
layer (rather than to the bulk friction), supposedly the layer has a suffi-
ciently high rheological response. Very appropriate for such studies are
the hydrophobins, which form adsorption layers of high surface shear
modulus [12]. The dilatational and shear elasticity of hydrophobin
HFBII layers has been investigated in Refs. [14–16]. In the present article,
our attention is focused on the effect of additives, such as the proteins
β-lactoglobulin; ovalbumin, and β-casein, as well as the nonionic
surfactant Tween 20.

The class II hydrophobin HFBII was produced via fermentation
using the fungus Trichoderma reesei [18]. HFBII has molecular weight
Mw=7.2 kDa and consists of 70 amino acidswith 4 disulfide bonds. Be-
fore use, the aqueous HFBII solutions were sonicated in an ultrasonic
bath to disperse the formedhydrophobin aggregates. At a concentration
of 0.005 wt.% HFBII, the surface tension levels off after 60 s, supposedly,
a dense adsorption layer is formed. The adsorption of HFBII at the air/
water interface is irreversible and the formed rigid adsorption layers
are incompressible, except the case of low surface coverage [16]. Any
compression leads to compaction of the HFBII layer, folding, and forcing
out of protein, which does not desorb, but forms adjacent “pimples”
[30]. Such complications are absent in the experiments considered
here, which refer to shearing at constant surface area.
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The used globular protein β-lactoglobulin (BLG) from bovine milk
has Mw = 18.4 kDa; consists of 162 amino acids with 2 disulfide
bonds. The used disordered protein β-casein from bovine milk has
Mw = 24 kDa and consists of 290 amino acids without disulfide
bonds. The used globular protein ovalbumin (OVA) from chicken eggs
has Mw = 45 kDa and consists of 385 amino acids with 1 intrachain
disulfide bond. The used nonionic surfactant Tween 20 (C58H114O26–
polyoxyethylene 20-sorbitan monolaurate) has Mw = 1228 kDa. The
critical micelle concentration (CMC) of Tween 20 is ≈50 μM [43]. At
Fig. 2. Plots of the shear stress, τsh, vs. time, t, at six different fixed angular velocities
denoted in the figures. The data are for mixed adsorption layers from 0.005 wt.% HFBII
with added: (a) 4.8 μM Tween 20; (b) 0.05 wt.% OVA; (c) 0.05 wt.% BLG. For all curves,
the shearing ends at the same rotational angle γb = 14 mrad.
concentrations below the CMC, Tween 20 is unable to displace the
hydrophobin from the interface, as indicated by the rheological data
(see below).

In the mixed solutions, all components (HFBII, Tween 20 and the
other proteins) were put together in the aqueous phase and sonicated
to disperse the formed aggregates before loading in the rheometer.
After loading the solution, we waited for 5 min for the formation and
consolidation of theprotein adsorption layer [14,15,34]. All experiments
were performed at a temperature of 25 °C.

Under the used low shear rates, the viscosity of the aqueous sub-
phase did not give any measurable effect. No rheological response was
registered also for solutions of conventional surfactants, like Tween
20. For the adsorption layers of OVA, a certain rheological response
was registered, whereas for BLG and β-casein this response was much
weaker — almost negligible. Well pronounced rheological response
was registered only if hydrophobin is present at the air–water interface,
i.e. for HFBII solutions andmixed solutions of HFBII with Tween 20, BLG,
OVA and β-casein. In other words, the sensitivity of the used rotational
rheometer is appropriate for measurements of surface rheology with
hydrophobin-containing interfacial layers. The surface rheological re-
sponse of protein layers from BLG and β-casein (without hydrophobin)
can be detected with other more sensitive devices [12].

3. Rheological dependences in different dynamic regimes

Here, we present and discuss results obtained in two different
dynamic regimes: (i) fixed-rate-of-strain and (ii) oscillatory regime.

3.1. Fixed-rate-of-strain regime

In this regime, the rotational angle γ increases at γ̇ = const. Fig. 2
shows plots of experimental data for τsh vs t, at six different shear
rates in the range 8.73 ≤ γ̇ ≤ 280 μrad/s for three different experimental
systems: HFBII + Tween 20; HFBII + OVA, and HFBII + BLG. In all runs,
the experiment ends atγ= γb ≡ 14 mrad. Because of the different γ̇, the
shearing time varies from 50 s for the fastest experiment to 1600 s for
the slowest experiment. In Fig. 2, for each of the three investigated
systems the shear stress τsh increases with time, t, and with the rise of
shear rate, γ̇.

Fig. 3a shows plots of experimental data for the shear stress τsh vs t
obtained at the same HFBII concentration (0.005 wt.%) and at the
same rate of strain, γ̇ = 35 μrad/s, but at 6 different concentrations of
added Tween 20. The data indicate that the rheological response of
the system weakens upon the rise of Tween 20 concentration.

The curves in Figs. 2 and 3 are very similar by shape to the analogous
rheological curves for HFBII alone and for HFBII + β-casein mixtures
[14,15], which comply with the Maxwell's rheological model of a
viscoelastic body (see the inset in Fig. 3b):

1
Esh

dτsh
dt

þ τsh
ηsh

¼ dγ
dt

: ð2Þ

Here, Esh and ηsh are, respectively, the surface shear elasticity and
viscosity. The integration of Eq. (2), along with the initial condition
τsh(t = 0) = 0, yields:

τsh ¼ ηshγ̇ 1− exp −
Esh
ηsh

t
� �� �

: ð3Þ

All experimental curves in Figs. 2 and 3 are in excellent agreement
with the Maxwell model. Eq. (3) fits to the data with a regression coeffi-
cients better than 0.9995. Fig. 3b illustrates the agreement between the
data and Eq. (3) for experimental curves measured at γ̇ = 70 μrad/s.
Esh and ηsh are determined from each fit as adjustable parameters. The
accuracy of the Esh and ηsh values estimated from the fit is very high.
For this type of rheological experiment, the accuracy of Esh and ηsh



Fig. 3. Plots of experimental data for the shear stress τsh vs. time t obtained in fixed-rate-
of-strain regime at HFBII concentration 0.005 wt.%. (a) Experimental curves obtained at
five different concentrations of added Tween 20 at the same shear rate, γ̇ = 35 μrad/s.
(b) Fits of typical experimental curves obtained at γ̇= 70 μrad/s; the solid lines are fits
by the Maxwell model (the inset); see Eqs. (2) and (3).

Fig. 4. (a) The shear elasticity, Esh, and (b) the shear viscosity, ηsh, plotted vs the rate of
strain, γ̇ , at 0.005 wt.% HFBII with and without additives. The lines are guides to the eye.
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obtained from a single curve is better than the reproducibility of the
experimental curves. The errors of Esh and ηsh due to the irreproducibility
are 5–10% for Esh and 2–5% for ηsh.

For each experimental curve in Figs. 2 and 3, γ̇ is fixed, so that the
values of the shear elasticity and viscosity determined from the fit of
such a curve refer to the respective γ̇, i.e. Esh = Esh( γ̇) and ηsh = ηsh( γ̇
). Fig. 4 shows the plots of Esh and ηsh vs γ̇ obtained from fits of exper-
imental curves. The results for HFBII alone, and for HFBII + β-casein are
from Refs. [14,15], whereas the results for HFBII + BLG, OVA, and
Tween 20 are those from Fig. 2. The curves in Fig. 4a show that the varia-
tion of Esh with γ̇ is relatively small in the experimental range of γ̇ values.
Esh is either constant or weakly increases. In contrast, ηsh strongly de-
creases with the rise of γ̇, and for this reason ηsh is plotted in log scale
in Fig. 4b. For the different systems, the ηsh( γ̇) dependencies are similar.
The lowest ηsh is detected for HFBII + Tween 20.

The most indicative criterion for the degree of solidification of the
protein interfacial layer is the value of the surface shear elasticity, Esh.
(We recall that Esh = 0 for a fluid layer.) From this viewpoint, the
most elastic (solidified) adsorption layers are those from HFBII + BLG
(Fig. 4a). It seems that these two proteins favorably interact with each
other so that their mixing results in a synergistic effect with respect
to Esh.

For the HFBII + OVA mixed adsorption layers, Esh is slightly greater
than for HFBII alone. In such a case, it is possible to replace a part of
HFBII with OVAwithout decreasing the high elasticity of the adsorption
layers, and hopefully, without deteriorating the stability and fine
dispersity of the produced foams.

Finally, the addition of β-casein and Tween 20markedly reduces the
elasticity of the HFBII adsorption layers (Fig. 3a). Both β-casein and
Tween 20 have hydrophobic chains, which are able to penetrate
between the HFBII molecules in the adsorption layer. Most probably,
this breaks the elastic network of adherent HFBII molecules and causes
the observed decrease of Esh (for more details, see Sections 5.2 and 5.3).

3.2. Oscillatory regime

In oscillatory regime, the variations of the rotational angle γ are
sinusoidal,

γ ¼ γa sin ω tð Þ ð4Þ

whereγa N 0 is the amplitude;ω=2πν is the angular frequency andν is
the conventional frequency. The measured shear stress τsh can be
expressed in the form:

τsh
γa

¼ G0 sin ω tð Þ þ G″ cos ω tð Þ ð5Þ

where G′ andG″ are, respectively, the storage and lossmoduli. For a true
linear response, G′ and G″ do not depend on the rate-of-strain ampli-
tude, γaω, whereas for a quasi-linear response (observed in our experi-
ments) they depend on γaω [15]. The experimental setup allows one to
vary γa and ω separately. In our previous study on protein adsorption



Fig. 6. Plots of the experimentally determined shear moduli vs. the rate-of-strain
amplitude, γaω, for adsorption layers from 0.005 wt.% HFBII solutions with and without
additives: (a) storage modulus G′; (b) loss modulus G″. Each point is the average from
six measurements. The dashed lines are guides to the eye.
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layers [15] we established that G′ and G″ depend on γa and ω through
their product, γaω. Here, this is seen in Fig. 6, where the data correspond
to four different γa values and seven different ω values.

In the case of linear or quasi-linear response of a viscoelastic
body, the plot of τsh vs. γ (the Lissajous plot) is an ellipse; see Eqs. (4)
and (5), and Fig. 5. At all studied amplitudes γa and frequencies ν
(see Section 2.1), the Lissajous plots are ellipses for the investigated sys-
tems. If the viscous contribution to the stress was negligible (G″ → 0),
the opening of the ellipse would disappear and it would transform
into a segment. The Lissajous plot in Fig. 5 shows that this is not the
case, and that the viscous contribution is significant for the investigated
systems. The small oscillations around the ellipse in Fig. 5 are due to
purely technical reasons — they originate from the electronic feedback
built in the used apparatus that preserves the amplitude and frequency
of γ(t) constant [33].

In the case of nonlinear response, Eq. (5) acquires the form of a
Fourier expansion that contains sines and cosines of nωt, where
n = 1, 3, 5, 7, …. The presence of only odd Fourier modes is related to
the fact that the clockwise and anticlockwise rotations aremechanically
equivalent (i.e. produce the same elastic and viscous effects) [15,44]. In
our present experiments, nonlinear response was observed only at the
greater amplitude, γa = 2.1%, in the case of the HFBII + Tween 20
mixed system. Because the nonlinear response indicates the onset of
disruption of the viscoelastic protein layer [15], in the subsequent anal-
ysis we take into account only the experimental results that correspond
to quasi-linear response, i.e. elliptical Lissajous curves.

Fig. 6 shows experimental data for the storage and loss moduli, G′
and G″, as functions of the rate-of-strain amplitude, γaω. At the lower
values of γaω, the effect of the additives on G′ is better pronounced. As
seen in the figure, the addition of BLG andOVA increasesG′with respect
to HFBII alone. In contrast, the addition of Tween 20 decreases both G′
and G″, i.e. Tween 20 diminishes the rheological response of the HFBII
monolayers.

In Fig. 6, at the greater γaω the values of G′ become insensitive to
the type of additive. In this region, G′ decreases and approaches zero
at γaω≈ 0.15 s−1, which is an indication for fluidization of the adsorp-
tion layer at the larger rate-of-strain amplitudes.

It should be noted that G′ and G″ are empirical parameters defined
by Eq. (5) and determined directly from the experimental data in oscil-
latory regime. Characterization of the protein interfacial layer with
surface shear elasticity and viscosity, Esh and ηsh, is possible only in the
framework of an adequate rheological model; see the next section.
Fig. 5. Lissajous plots of the stress, τsh(t), vs the strain, γ(t), for 0.005 wt.%
HFBII + 0.05 wt.% OVA at frequency ν = 1 Hz and at three different values of the
strain amplitude, γa = 0.523%, 1.05%, and 2.10%.
4. Viscoelastic thixotropic model for interfacial layers

The adequate rheological model can be identified by analysis of
a combined set of data obtained in fixed-rate-of-strain and oscillatory
regimes [15]. Here, the approach developed in Ref. [15] is applied to
analyze data for mixed monolayers from HFBII with BLG, OVA and
Tween 20.

4.1. Conventional Maxwell model

First, let us consider the conventional Maxwell model with constant
Esh and ηsh. In this case, substitutingγ(t) and τsh(t) fromEqs. (4) and (5)
into Eq. (2), and separating the coefficients before the orthogonal
functions sin(ωt) and cos(ωt), we derive expressions for Esh and ηsh in
terms of G′ and G″:

Esh ¼ G02 þ G″2

G0 ð6Þ

ηsh ¼ G02 þ G″2

G″ω
: ð7Þ



Fig. 7. Plots of the characteristic frequency of rheological response vs the mean rate
of strain: (a) 0.005 wt.% + 4.8 μM Tween 20; (b) 0.005 wt.% + 0.05 wt.% OVA;
(c) 0.005 wt.% + 0.05 wt.% BLG. For the fixed-rate-of-strain regime, the plot is νch ≡ Esh/ηsh
vs γ̇ . For the oscillatory regime, the respective mean quantities are plotted, 〈νch〉 ≡ G″ω/G′
vs γ̇h i. The lines represent the best fits by Eqs. (10) and (14).
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By definition, the characteristic frequency νch (that equals the
reciprocal relaxation time) of the viscoelastic body is:

νch ≡
Esh
ηsh

¼ G″ω
G0 ð8Þ

At the last step, we have used Eqs. (6) and (7). In the next section,
Eqs. (6), (7) and (8) are generalized to the case of thixotropic layer
with variable Esh and ηsh.

4.2. Basic equations of the viscoelastic thixotropic model

As illustrated in Fig. 3b, the data obtained at fixed rate of strain γ̇
indicate that the τsh-vs-t plots obey theMaxwell law, Eq. (3). The values
of the shear elasticity and viscosity, Esh and ηsh, determined from the fit
with theMaxwell lawdepend on γ̇; see Fig. 4. As alreadymentioned, Esh
and ηsh should be the same irrespective ofwhether the rotation is clock-
wise or anticlockwise. For this reason, Esh, ηsh and νch must depend on
the absolute value of γ̇:

Esh ¼ Esh γ̇j jð Þ; ηsh ¼ ηsh γ̇j jð Þ; νch γ̇j jð Þ ¼ Esh
ηsh

: ð9Þ

Eq. (2) with variable Esh and ηsh represents the basic equation of the
viscoelastic thixotropic model [15] with a single Maxwell element.
Acierno et al. [45,46] have considered more general models based on a
series of Maxwell elements; see also Section 8.3 in Ref. [47]. It is
worthwhile noting that numerous experiments with interfacial layers
in Langmuir trough indicate that their viscoelastic behavior complies
with the Maxwell model, or its modified versions [48–52].

At fixed rate of strain, the experiments with protein adsorption
layers at the air–water interface (rotational rheometer) indicate that
the dependence of νch on γ̇ obeys a power law [14,15]:

νch γ̇ð Þ ¼ Q j γ̇ jm: ð10Þ

The coefficient Q and the power m are constant parameters of the
model. It has been established [14,15] that adsorption layers from
HFBII, BLG and β-casein, alone, and by mixed HFBII + β-casein layers
obey Eq. (10). Calculatingνch= Esh/ηsh fromour data in Fig. 4, we obtain
that Eq. (10) is also obeyed for themixed solutions of HFBII with Tween
20, OVA and BLG; see Fig. 7, where the full symbols correspond to the
fixed-rate-of-strain regime.

What concerns the oscillatory regime, the substitution of γ(t) and
τsh(t) from Eqs. (4) and (5) into Eq. (2) yields:

νchG″þ G0
� �

cos ωtð Þ þ νchG0−G″
� �

sin ωtð Þ ¼ Eshω cos ωtð Þ: ð11Þ

Here, in view of Eq. (9) νch and Esh depend on t via γ̇ ¼ γaω cos ω tð Þ.
Themultiplication of Eq. (11) by sin(ωt) and cos(ωt), with a subsequent
integration and some transformations, leads to [15]:

νchh i ≡ G″ω
G0 ¼ 2

π

Zπ
0

νch ξð Þ sin2ξ d ξ ð12Þ

Eshh i ≡ 2
π

Zπ
0

Esh ξð Þ cos2ξ d ξ ¼ G0 þ 2G″

πω

Zπ
0

νch ξð Þ cos2ξ d ξ ð13Þ

where ξ ≡ ωt is an integration variable; 〈νch〉 and 〈Esh〉 are the mean
characteristic frequency and the mean surface shear elasticity; see also
Eq. (8). If νch and Esh are independent of time (of ξ), as in the fixed-
rate-of-strain regime, then Eqs. (12) and (13) yield 〈νch〉 = νch and
〈Esh〉 = Esh as it should be expected.
In the case of oscillatory regime, we substitute νch ξð Þ ¼ Q j γ̇ jm from
Eq. (10) with γ̇ = γaωcos(ξ) in the right-hand side of Eq. (12). The
integral can be solved and the result can be presented in the form [15]:

νchh i ¼ Q γ̇h im ð14Þ

γ̇h i ≡ μγaω; μ ≡
Γ m=2þ 0:5ð Þ
π1=2Γ m=2þ 2ð Þ

� �1=m
: ð15Þ
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Here, Γ(x) is the gamma function; Q, m and μ are constant parame-
ters. In analogywith Eq. (10), Eq. (14) expresses themean characteristic
frequency 〈νch〉 as a power function of the mean shear rate 〈 γ̇〉 defined
by Eq. (15). The mean surface shear viscosity can be defined as follows
[15]:

ηsh
� 	

≡
Eshh i
νchh i : ð16Þ

The combination of the above equations yields [15]:

Eshh i ¼ G02 þ mþ 1ð ÞG″2
G0 ð17Þ

ηsh
� 	 ¼ G02 þ mþ 1ð ÞG″2

G″ω
: ð18Þ

Eq. (17) can be derived by substituting νch from Eq. (10) into the
last integral in Eq. (13) and transforming the result of integration with
the help of Eqs. (12), (14) and (15). Eq. (18) can be derived by substitut-
ing 〈Esh〉 from Eq. (17) and 〈νch〉 = G″ω/G′ into Eq. (16). Note that
form =0 Eqs. (17) and (18) reduce to the relationships of the conven-
tional Maxwell model, Eqs. (6) and (7). In other words, Eqs. (17) and
(18) represent a generalization of Eqs. (6) and (7) for a viscoelastic
thixotropic body.

Eqs. (17) and (18) allow one to determine the mean surface shear
elasticity and viscosity, 〈Esh〉 and 〈ηsh〉, from the values ofG′ andG″mea-
sured in oscillatory regime. For this goal, 〈νch〉 = G″ω/G′ is plotted vs
γaω in double logarithmic scale, and the power m is determined from
the slope of the linear regression (in double-log scale) in accordance
with Eqs. (14) and (15); see Fig. 7. With the obtained value of m one
calculates 〈Esh〉 and 〈ηsh〉 fromEqs. (17) and (18) substituting the exper-
imental values of ω, G′ and G″.

4.3. Test of the model against experimental data

Following the above procedure, from the experimental data for
G′ and G″ obtained in the oscillatory regime (Fig. 6) we calculated
〈νch〉 = G″ω/G′ and plotted it vs γaω to determine m. Next, μ
was calculated from the determined m using Eq. (15). Furthermore,
the values of 〈 γ̇〉 ≡ μγaω are calculated, and 〈νch〉 is plotted vs 〈 γ̇〉 —
see the empty points in Fig. 7. Fig. 7a shows that the data for
HFBII + Tween 20 obtained in fixed-rate-of-strain and oscillatory
regimes are in excellent agreement and comply with the same
straight line in double-log scale, in accordance with Eq. (14). Such
agreement between the results in fixed-rate-of-strain and oscillatory
regimes has been established for HFBII + OVA (Fig. 7b), HFBII alone
and for the HFBII + β-casein mixture in Ref. [15]. From the slope and
intercept of the respective linear regression, one can determine the
parameters m and Q again, this time from the combined sets of
data obtained in the oscillatory and fixed-rate-of-strain regimes.

The determined m and Q, and the respective μ calculated from
Eq. (15), are given in Table 1, where they are compared with the values
Table 1
Rheological parameters of viscoelastic adsorption layers determined from fits of
experimental data; see Eqs. (14) and (15), and Fig. 7.

Solution m Q [sm − 1] μ

0.005 wt.% HFBIIa 0.88 134 0.413
+0.03 wt.% β-caseina 1.18 1538 0.440
+4.8 μM Tween 20 0.92 157 0.417
+0.05 wt.% OVA 0.88 116 0.413
+0.05 wt.% BLG (oscillatory regime) 0.96 187 0.421
+0.05 wt.% BLG (fixed rate of strain) 0.95 395 –

a Data from Ref. [15].
of the same parameters obtained for HFBII alone and for the HFBII + β-
casein mixture in Ref. [15]. For the investigated systems, the parameter
values in Table 1 are not so different. Most probably, the reason is that in
all investigated cases the rheological response of the systems is domi-
nated by the hydrophobin. This is seen also in Fig. 5a (HFBII + Tween
20) and Fig. 7b (HFBII + OVA), where the experimental points for the
mixed systems are not so far from the dashed line corresponding to
the best fit for HFBII alone.

The only case in which the double-log plots of data for 〈νch〉 vs 〈 γ̇〉
from the fixed-rate-of-strain and oscillatory regimes do not
comply with the same straight line is the case of mixed layers from
HFBII + BLG — see Fig. 7c. In this case, the data obtained in the two
regimes comply with two different straight lines with almost the same
slope m, but with different intercepts, Q; see the last two rows of
Table 1. In our opinion, this difference is due to the enhancement of
the surface rheology caused by BLG, which can be registered during
the gentle treatment of the layer at fixed rate of strain. It seems that
the long and more intensive agitation of the interfacial layer during
the oscillatory measurements partially fluidizes the BLG sub-layer
and eliminates the enhancement of surface rheology due to the BLG
(see Section 5.1 about the structure of the adsorption layers from
HFBII + BLG).

4.4. Surface shear elasticity and viscosity vs the rate of strain

As described above, in fixed-rate-of-strain regime we directly obtain
the dependencies Esh γ̇ð Þ and ηsh γ̇ð Þ; see Fig. 4 and the related text. In
contrast, the oscillatory regime gives the dependence of the mean
shear elasticity and viscosity, 〈Esh〉 and 〈ηsh〉, on the rate-of-strain
amplitude,γaω; see e.g. Fig. 8a. To obtain the curves in Fig. 8a, the values
of G′ and G″ (from Fig. 6) have been substituted in Eqs. (17) and (18),
together with the respective values of m from Table 1. As seen in
Fig. 8a, the values of 〈Esh〉 are the greatest for HFBII + BLG, intermediate
for HFBII + OVA, and the lowest for HFBII + Tween 20.

Our next task is to obtain the Esh γ̇ð Þ and ηsh γ̇ð Þ dependencies from
the data in oscillatory regime, and to compare them with the respective
dependencies in fixed-rate-of-strain regime. For this goal, following Ref.
[15] we seek Esh γ̇ð Þ in the form of an empirical expression:

Esh γ̇ð Þ ¼ E1 exp −t1j γ̇ jð Þ þ E2 exp −t1j γ̇ jð Þ 1− exp −t2j γ̇ jð Þ½ � ð19Þ

where E1, E2, t1 and t2 are constant parameters. First, using them as ad-
justable parameters, Eq. (19) can be fitted to the data for Esh γ̇ð Þ in
Fig. 4a. Second, Eq. (19) with γ̇¼ γaω sinξ yields the dependence
Esh(ξ) under the first integral in Eq. (13), which allows one to determine
E1, E2, t1 and t2 as adjustable parameters from the fits of the depen-
dences of 〈Esh〉 on γaω in Fig. 8a.

We combined the two fits and determined E1, E2, t1 and t2 in Eq. (19)
as adjustable parameters by fitting simultaneously the data obtained in
fixed-rate-of-strain (Fig. 4a) and oscillatory (Fig. 8a) regimes. The pa-
rameter values obtained in this way are given in Table 2. The best fits
are presented with the continuous lines in Fig. 8b, where the points
are the data for Esh vs. γ̇ in fixed-rate-of-strain regime from Fig. 4. The
best fits are presented also with the dashed lines in Fig. 8a, in terms of
〈Esh〉 vs. γaω for the data obtained in the oscillatory regime. The excel-
lent agreement between the theoretical curves and the data points
in Fig. 8a and b demonstrates that with the same model (with the
same values of the parameters in Tables 1 and 2) one can describe the
rheological behavior of the viscoelastic layer in two quite different
dynamic regimes: oscillatory and fixed rate-of-strain. In the special
case of HFBII + BLG (the upper curve in Fig. 8a), the fit with Eq. (19)
was applied only to the data obtained in oscillatory regime; see the
discussion related to Fig. 7c above.

The solid lines in Fig. 8c are calculated from the expressionηsh γ̇ð Þ=
Esh γ̇ð Þ/νch γ̇ð Þ, where Esh γ̇ð Þ is given by Eq. (19) with E1, E2, t1 and t2
from Table 2, and νch γ̇ð Þ — by Eq. (10) with Q and m from Table 1.



Fig. 8. (a) Plots of 〈Esh〉 vs. the rate-of-strain amplitude, γaω. (b) Plot of the dependence
Esh( γ̇) calculated using Eq. (19) and analogous expressions in Ref. [15]; the points are
from Fig. 4a. (c) Plot of the dependence ηsh( γ̇ ) = Esh( γ̇ )/νch( γ̇ ) calculated using
Eq. (10) with parameter values from Table 1; the points are from Fig. 4b.

Table 2
Parameters in Eq. (19) determined from fits of data for mixed solutions containing
0.005 wt.% HFBII.

System E1 [mN/m] E2 [mN/m] t1 [s] t2 [s]

+4.8 μM Tween 20 63.2 88.9 5.66 1189
+0.05 wt.% OVA 168 22.2 10.6 608
+0.05 wt.% BLG 160 53.4 13.1 2926
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For HFBII alone and HFBII + β-casein, the respective expressions and
parameter values have been determined in Ref. [5]. The symbols repre-
sent the data from Fig. 4b for ηsh vs γ̇ obtained at fixed rate of strain.
Again, there is an excellent agreement between the experimental points
and the calculated curves.

The comparison of the curves for the different systems in Fig. 8b,c
indicates that the addition of BLG and OVA increases both Esh and ηsh,
whereas the addition of Tween 20 and β-casein decreases both Esh
and ηsh. However, for the mixed systems their ratio νch = Esh/ηsh
remains close to that of HFBII alone; see Fig. 7. As mentioned above,
the main parameter that indicates solidification of the adsorption
layer is Esh, rather than νch. As seen in Fig. 8a and b, initially Esh increases
with the shear rate, but at higher γ̇ the shear elasticity decreases.

Because the shear deformation occurs at fixed surface area, in a com-
pact adsorption layer the breakage of the contact between two neigh-
boring molecules is followed by the establishment of contacts with
new neighboring molecules. In this way, the shearing is accompanied
with the breakage and formation of intermolecular (inter-protein)
bonds. Most probably, the increasing branch of Esh at the lower γ̇ corre-
sponds to predominant bond formation, whereas the decreasing branch
at the higher γ̇ — to predominant bond breakage.
4.5. Special behavior of the mixed layers from hydrophobin + β-lactoglobulin

For this system, the greatest enhancement of the surface rheology is
observed. As seen in Fig. 8a,b, in oscillatory regime themaximal values of
〈Esh〉 and Esh γ̇ð Þ are approaching 200mN/m for the HFBII + BLGmixed
solutions. At a fixed rate of strain, the weakly disturbed HFBII + BLG
layer rests in another state of higher elasticity — the maximal value
of Esh is about 330 mN/m in Fig. 4a. Among all investigated systems,
the HFBII + BLG mixture is the only one, for which the states of the
monolayer in fixed-rate-of-strain and oscillatory regimes correspond
to two different viscoelastic bodies, as indicated by the difference
between the respective lines in Fig. 7c. For this reason, the Esh data for
HFBII + BLG in Fig. 4a (fixed rate of strain) cannot be fitted together
with the respective data for 〈Esh〉 in Fig. 8a. For the same reason, the
Esh vs γ̇ curve for HFBII + BLG in Fig. 8b, representing the fit of the
data in oscillatory regime, is not expected to comply (and it does not
comply) with the respective experimental points at fixed rate of strain
in Fig. 4a.

The experimental results for the HFBII + BLG mixture presented
above were obtained at a weight ratio 10:1 in favor of BLG, i.e. at
xBLG = 0.91 weight fraction of BLG in the mixture with HFBII. To clarify
what is the effect of xBLG on the values of Esh and ηsh, we carried out a se-
ries of rheological experiments at various compositions of the protein
Fig. 9. Shear elasticity, Esh, andviscosity,ηsh, ofmixedadsorption layers plotted vs. theweight
fraction of BLG, xBLG, at afixed total HFBII+ BLG concentration, ctot= 0.055 wt.%. Esh and ηsh
are measured in fixed-rate-of-strain regime at angular velocity γ̇ = 35 μrad/s.
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mixture in the range 0.5 ≤ xBLG ≤ 1 at a fixed total protein concentration
of 0.055 wt.%. The results are shown in Fig. 9.

Because at xBLG = 1, our rotational rheometer registers no rheologi-
cal response (Esh and ηsh are rather low for a layer from BLG alone),
we expected that in an intermediate value of xBLG there should be a tran-
sition from a state of viscoelastic layer with high Esh and ηsh values to a
state with zero (undetectably low) values of these parameters. The data
in Fig. 7 show that this transition exists and occurs at xBLG ≈ 0.95.
In other words, we can replace up to 95% of HFBII with BLG without re-
ducing the elasticity and viscosity of the mixed interfacial adsorption
layer.

From a structural viewpoint, at 0 b xBLG b 0.95 the more surface
active HFBII occupies the air/water interface and forms a rigid adsorp-
tion layer, whereas BLG forms a second adsorption layer below the
hydrophobin layer, as indicated by the experiments with thin foam
films (see the next section). In contrast, at 0.95 b xBLG b 1 the concentra-
tion of HFBII is too low so that the hydrophobin cannot cover the inter-
facewith a dense solidifying layer. In this case, amixed adsorption layer
of BLG + HFBII is formed, which leads to a significant decrease in both
Esh and ηsh, as seen in Fig. 9.

5. Surface forces vs rheological behavior of protein adsorption layers

The experiments with thin liquid films give direct information for
the surface forces acting in the films and for the possible structure of
the adsorption layers. We performed experiments by the SE and MJ
cells. Illustrative results are shown in Figs. 10 and 11. Themost probable
film structures derived by analysis of the obtained data are sketched in
Fig. 12. Details are following.

5.1. Mixed solutions of hydrophobin and globular proteins

The foam films from 0.05 wt.% BLG are relatively thick and stable
(Fig. 10a). The addition of 0.005 wt.% HFBII leads to the appearance of
aggregates, which are initially trapped in the film (Fig. 10b). At a higher
applied pressure, a black film of thickness h = 17 nm appears in the
middle of the film and gradually expands (Fig. 10c). Eventually, a sud-
den transition to a 6 nm thick bilayer (S-bilayer) occurs, which is typical
for the films from HFBII alone [18,29]. The structure of the S-bilayer is
illustrated in Fig. 12d. The S-bilayer spontaneously and considerably ex-
pands and occupies a much larger area than the film in its preceding
states. Thus, the photograph in Fig. 10d, takenwith the samemagnifica-
tion as the other photos in Fig. 10, shows only a small portion of the
S-bilayer (the upper-left part of the photo).

Fig. 11a shows experimental dependences of the disjoining pressure
Π on the film thickness h obtained by the MJ cell for foam films formed
from solutions of 0.005 wt.% HFBII + 0.05 wt.% BLG at two ionic
strengths: I = 1.5 mM (due to NaN3), and I = 11.5 mM (due to
1.5 mM NaN3 + 10 mM NaCl). Branch A of the experimental curves,
which is registered at the greater thicknesses, can be explained with a
Fig. 10. Photos of foam films in SE cell. (a) Equilibrium film from a solution of 0.05 wt.% BLG; thi
(b) Thick filmwith aggregates in closed cell; (c) Appearance of a dark spot of thickness h=17
h = 6 nm. The solutions contain 1.5 mM NaN3. The reference bar of 100 μm is the same for all
superposition of steric and electrostatic interactions due to charged pro-
tein aggregates that are attached (adherent) to thefilm surfaces. Similar
branches of the Π(h) isotherm have been registered and discussed in
Ref. [29]. The presence of electrostatic contribution to the registered
Π(h) isotherms is evidenced by the decrease of the barriers to
the A → B and B→ C transition upon the addition of 10mMNaCl: com-
pare the lower and upper Π(h) dependencies in Fig. 11a. Branch C at
h ≈ 6 nm corresponds to an S-bilayer. The S-bilayer can be easily rec-
ognized by its thickness equal to the diameters to two HFBII molecules
and by the fact that the film area suddenly and significantly increases
upon its appearance due to the considerable energy gain that accom-
panies the adhesion of the two hydrophobin monolayers [29].

The appearance of S-bilayer means that only two HFBII monolayers
remain in the film at the end of film thinning. In other words, during
the B → C transition (Fig. 11a) the whole amount of BLG has been
squeezed out of the film. Thus, we could expect that branch B corre-
sponds to the two-layer film structure depicted in Fig. 12a. The outer
layer is that of themore hydrophobic HFBII, which completely occupies
the air–water interface. The BLGmolecules form a second (inner) layer,
which is adherent to the HFBII layer. Probably, the BLG molecules are
attached to the interfacial hydrophobin layer at the openings of their
hydrophobic pockets [53] as sketched in Fig. 12a. The squeezing of BLG
from the film during the B → C transition (Fig. 11a) can be interpreted
as a transition from the configuration in Fig. 12a to that in Fig. 12d.

The results for foamfilms fromHFBII+OVA solutions are complete-
ly analogous to that for the films from HFBII + BLG solutions. In partic-
ular, in both cases at the last step we have a transition from a film
of thickness h ≈ 14 nm (Fig. 12a) to an S-bilayer of uniform thickness
h ≈ 6 nm (Fig. 12d). The formation of S-bilayer is a specific property
of HFBII [29]. Such strong adhesion of the adsorption layers on the
two film surfaces is not observed with monolayers from BLG or OVA.

The data from the foam film experiments indicate the formation of a
two-layered protein structure at the film surfaces: outer layer from
HFBII and inner layer from the globular protein (BLG or OVA). This inter-
facial structure correlates with the fact that the addition of BLG or OVA
leads to the increase of both Esh and ηsh in comparisonwith HFBII alone;
see Figs. 4 and 8. As already mentioned Esh and ηsh are rather low
(τsh ≈ 0) for adsorption layers from BLG and OVA alone. Hence, the
rheological effects from the adjacent HFBII and BLG layers in Fig. 12a
are not simply additive (otherwise, we would not register a rise of Esh
due to BLG). The enhancement of the surface rheology is probably due
to the linking of adsorbed HFBII molecules by adherent BLG (or OVA)
molecules. The binding energy between HFBII and BLGmust be smaller
than the adsorption energy of HFBII at the air–water interface. Other-
wise, HFBII would be incorporated in joint aggregates with the BLG in
the bulk, andwewould not register the presence of dense hydrophobin
adsorption layers in our rheological and thin-film experiments.

The aggregation of BLG in the bulk ismostly due to the patch-charge
attraction [54], i.e. to the interaction between positively and negatively
charged patches on the surface of the BLGmolecule [55]. As indicated by
ckness h=57 nm in closed cell. Films from solutions of 0.05 wt.% BLG+ 0.005wt.% HFBII:
nm in open cell, followed by (d) the appearance and expansion of an S-bilayer of thickness
photos.



Fig. 11. Disjoining pressure, Π vs. h, isotherms measured by MJ cell. (a) 0.005 wt.%
HFBII + 0.05 wt.% BLG with electrolytes. (b) 0.005 wt.% HFBII, 0.016 wt.% β-casein and
their mixture. (c) 0.005 wt.% HFBII, 0.005 wt.% Tween 20 and their mixture.

Fig. 12. Sketches of foam films stabilized with HFBII + additives: (a) HFBII + BLG; the
sharp cones in the BLG molecules symbolize the hydrophobic pockets of BLG that are
expected to contact with the hydrophobin. (b) HFBII + β-casein; (c) HFBII + Tween 20,
and (d) S-bilayer from HFBII molecules obtained as a final stage of film thinning.
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our rheological measurements, the patch–charge interactions do not
lead to high Esh and ηsh for the BLG adsorption layers, as this happens
with the HFBII adsorption layers, which are compacted by hydrophobic
interactions [29].

The sketches in Fig. 12 are idealized— except the S-bilayer, which is
rather uniform, the HFBII layers may contain voids and adherent
hydrophobin aggregates [18,30,31]. From this viewpoint, all rheological
properties, such as G′, G″, Esh and ηsh, represent averaged macroscopic
characteristics of the interfacial layer.
5.2. Mixed solutions of hydrophobin and a disordered protein

Here, we consider and discuss experimental Π(h) dependences for
foam films formed from mixed solutions of HFBII with the disordered
protein β-casein in the presence of 0.5 mM Na3Citrate. Na3Citrate was
used because it lowers the electrostatic barrier to the S-bilayer forma-
tion [18,29].

At concentrations 0.005 wt.% HFBII + 0.005 wt.% β-casein, the
experimental Π(h) dependences look similar to those in Fig. 11a, with
S-bilayer formation at the final stage. However, at concentration
0.005 wt.% HFBII + 0.016 wt.% β-casein (Fig. 11b), the final film from
the mixed solution has a thickness in the range 12.8 b h b 15.2 nm
(depending on the applied pressure) and no transition to S-bilayer has
been observed even at the highest applied pressure, Π = 2860 Pa.
This result indicates that the β-casein molecules are built in the HFBII
monolayer and they cannot be forced out of the film as this happens
with the BLG or OVA molecules (see above). The situation is similar at
the higher concentration of 0.03 wt.% β-casein, which has been used
in our rheological experiments (Fig. 8b and c).

Fig. 11b compares theΠ(h) dependencies measured with themixed
system with those measured with films formed from solutions of the
single proteins: 0.005 wt.% HFBII and 0.016 wt.% β-casein, separately,
all of them containing 0.5 mMNa3Citrate. The right-hand side branches
(at 24 b h b 64 nm) can be explained with the combined electrostatic
and steric effects due to the sandwiching of charged protein aggregated
within the film, in analogy with branch A in Fig. 11a. The intermediate
branches (at 12 b h b 16 nm) are close for β-casein and for the mixed
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system, which indicates that the hydrophobic part of the β-casein
molecule is imbedded into the hydrophobin monolayer, whereas the
negatively charged part of the β-casein chain is protruding from the
interface and provides the combined steric-overlap and electrostatic
repulsion that stabilizes these films, as sketched in Fig. 12b.

The β-caseinmolecule consists of a shorter hydrophilic part (≈20%)
and a longer hydrophobic part (≈80%), 290 amino acids in total. The
hydrophilic chain includes the amino-acids at position from 1 to 43 at
the N-terminus. This chain has 21 negative charges and 5 positive
charges so that its net charge is −16 [56]. If the length per amino acid
residue is 0.3 nm [57], then the length of the extended hydrophilic
chain of β-casein is about 13 nm. However, in water this chain forms
an undulated tail of shorter end-to-end distance.

The remaining 80% of the β-casein molecule is very hydrophobic;
its net charge is either +1 or +2, depending on the pH. The water is
a poor solvent for this chain, so that the β-casein forms micelles of
diameter ≈ 13 nm in aqueous solutions [58]. Upon adsorption at the
air/water interface, the hydrophobic chain of the β-casein molecule
forms trains and loops, whereas the charged hydrophilic part protrudes
as a tail in the water phase [59–61]. The same could happen if the
hydrophobic part of the β-casein molecule is imbedded into the HFBII
adsorption layer (Fig. 11b). As already mentioned, the thickness of
the thinnest films with β-casein and with the mixed system, in the
range 12 b h b 16 nm (Fig. 11b), can be explained with the combination
of the steric-overlap and electrostatic repulsion, which is due to the
protruding hydrophilic parts of the β-casein molecules; see Fig. 12b.

For the surface shear rheology, it is important that the hydrophobic
chain of the β-casein molecule is embedded in the HFBII adsorption
layer. Note that this hydrophobic chain is about 3.5 times bigger
(by number of amino acid residues) than the whole HFBII molecule.
At this situation, we could expect that the incorporation of β-casein in
the HFBII surface layers should strongly affect their rheology. In our
experiments, this has been observed as an essential reduction of both
the surface shear elasticity Esh and viscosity ηsh — see Figs. 4 and 8.
In other words, the addition of β-casein decreases the rigidity of
the hydrophobin adsorption layers because of the penetration of
the β-casein long hydrophobic chains between the adsorbed HFBII
molecules (Fig. 12b) and breakage of their adhesive contacts.
5.3. Mixed solutions of hydrophobin and Tween 20

The experiments with MJ cell show that in the absence of HFBII, for
0.005 wt.% Tween 20 alone, theΠ(h) dependence corresponds to elec-
trostatic repulsion screened by the added electrolyte; see the right-
most curve in Fig. 11c. Such repulsion is often observed with nonionic
surfactants. It has been attributed to the attachment of OH− ions to
the air–water interface between the surfactant headgroups [62].

At a concentration of 0.0008 wt.% (6.5 μM) Tween 20, added to a
0.005 wt.% HFBII solution, the Tween 20 almost completely suppresses
the appearance of the intermediate branch of the Π(h) isotherm for
HFBII alone (that at h = 9–10 nm for HFBII in Fig. 11b,c). This could
be due to a partial hydrophilization of the lower surface of HFBII mono-
layer by adsorbed Tween 20molecules, which prevents the attachment
of HFBII aggregates (oligomers) that give rise to the appearance of the
considered Π(h) branch [29].

At a higher concentration of 0.005 wt.% (40.7 μM) of added Tween
20, S-bilayer of thickness h ≈ 6 nm is not observed at all, even at the
highest attained pressure,Π=1100 Pa (Fig. 11c). Instead, the thickness
of the final film varies in the range 8.5 ≤ h ≤ 12.1 nm, depending on the
applied pressure. This result indicates that the Tween 20 molecules are
firmly attached to the HFBII monolayer (Fig. 12c) and they cannot be
forced out of the film as this happens with the BLG and OVA molecules
(see above). The thickness of the respective films can be explainedwith
the steric-overlap repulsion between the hydrophilic chains of the
Tween 20 headgroups.
As in the case of β-casein, the penetration of the hydrophobic chains
of the Tween 20 molecules between the HFBII molecules (Fig. 12c) de-
creases the rigidity of the hydrophobin adsorption layers. This is evi-
denced by the pronounced decrease in both surface shear elasticity Esh
and viscosity ηsh for the adsorption layers from mixed HFBII + Tween
20 solutions — see Figs. 4 and 8. The decreasing of the viscoelastic
response of theHFBII adsorption layers upon the increase of the concen-
tration of added Tween 20 is also visible in Fig. 3a.

6. Conclusions

The hydrophobins form the most rigid adsorption layers at the
air/water interface in comparison with all other investigated proteins.
Consequently, one could expect that the mixing of hydrophobin with
another conventional protein should lead to a reduction of the surface
shear elasticity and viscosity, Esh and ηsh, proportional to the fraction
of the conventional protein. However, the experiments show that the
effect of mixing can be rather different depending on the nature of the
additive.

If the additive is a globular protein, like BLG and OVA, the surface
rheological response of the mixed adsorption layers remains high up
to 95 wt.% of the additive in the mixed solutions with HFBII. The exper-
iments with separate foam films indicate that this is due to the forma-
tion of a bilayer structure at the air/water interface, viz. the more
hydrophobic HFBII forms the upper layer that is adjacent to the air
phase, whereas the conventional globular protein (BLG, OVA) forms a
second adsorption layer, which is adherent to the hydrophobin layer
and faces the water phase (Fig. 12a). Thus, the elastic network formed
by the adsorbed hydrophobin remains intact, and even reinforced by
the adjacent layer of globular protein. This structure of the adsorption
layer allows one to replace up to 95wt.% of hydrophobin in the solution
with a conventional globular protein without reducing the surface elas-
ticity and viscosity. At fraction N 95 wt.% of the conventional protein in
the bulk, the surface elasticity and viscosity steeply decrease, which can
be explained with the penetration of conventional protein in the HFBII
adsorption layer and breakage of the elastic hydrophobin network.

If the additive is the disordered protein β-casein, it leads to softening
of the mixed adsorption layer at fractions comparable or higher than
those of HFBII. Similar (an even stronger) effect is produced by the
nonionic surfactant Tween 20. This can be explained with the penetra-
tion of the hydrophobic tails of β-casein and Tween 20 between the
HFBII molecules at the interface (see Fig. 12b and c), which breaks the
integrity of the hydrophobin interfacial elastic network.

To quantify the effect of proteins and additives on the shear rheology
of viscoelastic adsorption layers one has to determine the surface shear
elasticity and viscosity, Esh and ηsh. This is a nontrivial task, because the
experiment (oscillatory regime) yields the surface storage and loss
moduli,G′ andG″, which are empirical parameters. The surface elasticity
and viscosity, Esh and ηsh, can be determined only in the framework
of an adequate rheological model. The experimental data obtained in
(at least) two different dynamic regimes must comply with the same
model, if it is adequate. This can serve as a criterion for determining
the correct model.

For the investigated viscoelastic layers, appropriate are the regimes
of (i) fixed rate-of-strain and (ii) oscillations, realized with a rotational
rheometer. The viscoelastic thixotropic model described in Section 4,
which is based on Eqs. (2) and (10), turns out to be the adequate rheo-
logical model. The criterion for the applicability of this model is the lin-
earization of the experimental data when plotting the characteristic
frequency, νch ≡ Esh/ηsh, vs. the rate of strain, γ̇ , in double log scale;
see Eq. (10) and Fig. 7. This criterion is satisfied for all investigated ad-
sorption layers. Moreover, for most proteins (HFBII, BLG, and β-casein
alone, and for the mixtures HFBII + OVA and HFBII + Tween 20),
the data from the fixed-rate-of-strain and oscillatory regimes comply
with the same straight line; see e.g. Fig. 7a and b. Only the data for
HFBII + BLG complies with two different, but close lines (Fig. 7c),



160 K.D. Danov et al. / Advances in Colloid and Interface Science 222 (2015) 148–161
which could be explained with a partial fluidization of the respective
mixed layer in oscillatory regime. The model provides simple expres-
sions, Eqs. (17) and (18), for calculating Esh and ηsh from the measured
moduli G′ and G″.

The results presented and discussed in this article could contribute
for the quantitative characterization and deeper understanding of
the factors that control the surface rigidity of protein adsorption
layers with potential application for the creation of stable foams and
emulsions with fine bubbles or droplets.
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