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Shear rheology of hydrophobin adsorption layers at
oil/water interfaces and data interpretation in
terms of a viscoelastic thixotropic model†
Gergana M. Radulova,a Krassimir D. Danov,a Peter A. Kralchevsky,*a
Jordan T. Petkov‡b and Simeon D. Stoyanovcde
Here, we investigate the surface shear rheology of class II HFBII hydrophobin layers at the oil/water interface.
Experiments in two diﬀerent dynamic regimes, at a ﬁxed rate of strain and oscillations, have been carried out
with a rotational rheometer. The rheological data obtained in both regimes comply with the same
viscoelastic thixotropic model, which is used to determine the surface shear elasticity and viscosity, Esh and
hsh. Their values for HFBII at oil/water interfaces are somewhat lower than those at the air/water interface.
Moreover, Esh and hsh depend on the nature of oil, being smaller for hexadecane in comparison with
soybean-oil. It is remarkable that Esh is independent of the rate of strain in the whole investigated range of
shear rates. For oil/water interfaces, Esh and hsh determined for HFBII layers are considerably greater than for
other proteins, like lysozyme and b-casein. It is conﬁrmed that the hydrophobin forms the most rigid surface
layers among all investigated proteins not only for the air/water, but also for the oil/water interface. The wide
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applicability of the used viscoelastic thixotropic model is conﬁrmed by analyzing data for adsorption layers at
oil/water interfaces from lysozyme and b-casein – both native and cross-linked by enzyme, as well as for

DOI: 10.1039/c4sm00901k

ﬁlms from asphaltene. This model turns out to be a versatile tool for determining the surface shear elasticity
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and viscosity, Esh and hsh, from experimental data for the surface storage and loss moduli, G0 and G00 .

1. Introduction
Hydrophobins are stable, relatively small cysteine-rich
proteins composed of 70–100 amino acids. The foams from
aerated solutions of the class II hydrophobin HFBII
exhibit exceptional stability across a wide range of pH.1,2
Biotechnically produced hydrophobins can stabilize gel-like
emulsions with an oil mass fraction above 65% and Pickering
emulsions with hydrophobin-decorated clay nanoparticles.3–8
Hydrophobins are sticky molecules9,10 that have found
applications also for immobilization of functional molecules
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at surfaces11 and as coating agents for surface
modication.12,13
Surface rheological properties have a signicant impact on
the dynamics and stability of foams and emulsions.14–17 Dense
adsorption layers that exhibit higher surface elasticity and
viscosity can suppress the Ostwald ripening and the coalescence
of bubbles or drops.18 At an air/water interface, HFBII forms
lms of high mechanical strength with markedly greater surface
dilatational and shear moduli than those of other proteins.2,19–23
The HFBII adsorption layers undergo a transition from the twodimensional uid to the elastic membrane much faster (aer
several minutes)19 than the common milk and egg proteins,
which acquire shear elasticity aer 8 to 24 hours.24 The addition
of HFBII to solutions of milk proteins enhances the stability of
foams produced from these solutions.25,26
The properties of hydrophobin adsorption layers have been
studied mostly at the air/water interface. There are only a few
studies on hydrophobin layers at oil/water interfaces. The interfacial tension of HFBII at hexane–water relaxes to about 30 mN m1
aer several minutes.27 Using molecular dynamics simulations
with a chemically detailed coarse-grained potential, the behavior of
hydrophobins at the octane–water interface is studied.28 The
calculations of the interfacial adsorption energy indicate that the
hydrophobin adsorption is essentially irreversible.28
The surface shear rheology of protein adsorption layers at
oil/water interfaces is less studied than that at the air/water

Soft Matter, 2014, 10, 5777–5786 | 5777

Soft Matter

boundary; for review, see ref. 29 and 30. It was found that in the
presence of mono- and diglycerides, the viscoelasticity of
sodium caseinate adsorption layers at corn-oil/water interfaces
signicantly increases as indicated by the creep-compliancetime behavior.31 A rotational rheometer with a biconical disc
was used for studies of the interactions between tristearin
crystals and lysozyme at the tetradecane–water interface.32 An
interfacial stress rheometer based on a thin magnetized rod was
applied to measure the shear storage, G0 , and loss, G00 , moduli of
lysozyme and b-casein adsorption layers at hexadecane/water
interfaces.33,34 The addition of transglutaminase enzyme was
found to induce cross-linking in b-casein adsorption layers at
the tetradecane/water interface and to increase the shear
storage and loss moduli.35 The adsorption of bovine serum
albumin, lysozyme and insulin to oil/water interfaces has been
characterized by interfacial shear stress measurements using a
sensitive rheometer with a Du-Noüy-ring.36 The eﬀects of added
sodium dodecyl sulphate37 and heat-induced bers of b-lactoglobulin38 on the shear rheology of b-lactoglobulin adsorption
layers at oil/water interfaces have also been examined. A rotational rheometer with a biconical disc was used to measure the
surface rheological properties of liquid–liquid interfaces stabilized by protein brillar aggregates and protein–polysaccharide
complexes.39 The shear rheology of oil/water interfaces has been
used to characterize also some specic systems like recombinant spider-silk proteins40 and asphaltenes.41
The determination of the surface shear elasticity and
viscosity, Esh and hsh, from the measured shear storage and loss
moduli, G0 and G00 , is possible in the frames of a given rheological model. Diﬀerent rheological models lead to diﬀerent
relations between Esh and hsh with the experimentally determined G0 and G00 . It was established20–22 that the rheological
behavior of b-lactoglobulin, b-casein, HFBII, and mixed layers
of HFBII with b-casein, b-lactoglobulin, ovalbumin and Tween
20 at the air/water interface obeys a viscoelastic thixotropic (VT)
model. The determined shear elasticity and viscosity represent
universal functions of the rate of strain irrespective of the used
diﬀerent dynamic regimes: xed rate of strain and oscillations.
Here, we report results on shear rheology of adsorption layers
from a class II hydrophobin, viz. HFBII, on hexadecane/water and
soybean-oil/water interfaces. To the best of our knowledge, this is
the rst study on surface shear rheology of hydrophobin layers at
the oil/water interface. The rotational rheometer was used in two
diﬀerent dynamic regimes: xed rate of strain and oscillations.
Further, the VT model is applied to interpret the data obtained in
both regimes and to determine Esh and hsh as functions of the
shear rate. The results for three diﬀerent nonpolar uid phases,
air, mineral oil and vegetable oil, are compared and discussed.
The applicability of the VT model is also veried against literature data for G0 and G00 for adsorption layers from lysozyme,34 bcasein34,35 and asphaltenes41 at oil/water interfaces.

2 Materials and methods
2.1

Materials

In our measurements, the oil phase comprised of n-hexadecane
(C16) or soybean oil (SBO). The used hexadecane was a product
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of Merck with 99% purity. It was additionally puried by
passing it twice through a column lled with silica gel (Merck,
Germany) and activated magnesium silicate (Florisil, SigmaAldrich, Germany). The interfacial tension of the puried hexadecane against pure water was 54.0  0.5 mN m1, which is
close to the literature data.42 The viscosity of hexadecane is
3.06 mPa s at 25  C.43
The SBO was a food grade commercial product from a local
producer, which was puried by passing through a column lled
with the adsorbent bentonite (Teokom, Bulgaria) and activated
magnesium silicate. Up to three consecutive passages were
applied to obtain oil that is free of substances decreasing its
interfacial tension against water with more than 0.2 mN m1 for
30 minutes. The value of the interfacial tension of the puried
SBO was 30.5  0.5 mN m1, which is close to the literature value
of 31 mN m1.44 The viscosity of SBO is 54.3 mPa s at 25  C,45 i.e.
the SBO is considerably more viscous than hexadecane.
For the preparation of all solutions, deionized water of
specic resistivity 18.2 MU cm (Elix purication system, Millipore) was used. All experiments were performed at a temperature of 25  C.
In our experiments, we used hydrophobin HFBII produced
via fermentation using Trichoderma reesei.9 The HFBII sample
was provided as a gi by Unilever R&D. The molecular weight of
HFBII is 7.2 kDa. It is composed of 70 amino acids with 4
disulde bonds. In all described experiments the concentration
of HFBII in the aqueous phase was 0.005 wt%. Just before each
measurement, the solutions were sonicated in an ultrasound
bath for 5 min to disperse the formed protein aggregates.
At both air/water and oil/water interfaces, the interfacial
tension, s, of HFBII solutions rst decreases with the rise of
hydrophobin concentration, and then it levels oﬀ at higher
concentrations; see e.g. ref. 46. At the working concentration of
0.005 wt% HFBII in the aqueous phase, for the SBO/water
interface s decreases from 30.5 to 18.4 mN m1 within 10
seconds, and then it remains constant with indications for
surface “solidication”, i.e. for the formation of an elastic
(rather than uid) interfacial lm; see Fig. B1 in Appendix B.†
The surface solidication means that a dense HFBII adsorption
layer is formed at the oil/water interface. The present study is
dedicated to the investigation of the surface shear elasticity and
viscosity, Esh and hsh, of such dense layers. At lower HFBII
concentrations, non-densely packed HFBII adsorption layers of
lower Esh and hsh are expected to form, as detected by Cox et al.46
and Aumaitre et al.47 for the air/water interface. For oil/water
interfaces, this eﬀect could be a subject of a subsequent study.

2.2

Methods

Surface shear rheometry. Interfacial shear rheology
measurements were performed using a rotational rheometer
Bohlin Gemini, Malvern UK, equipped with a biconical disc
(Fig. 1).48–50 The bicone was rst positioned at the air/water
interface. Next, the oil phase was gently poured on top of the
solution until it formed a layer of thickness 2–3 mm. We waited
5 min before the start of the rheological measurements. This
time is large enough for a complete formation of viscoelastic
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Fig. 1 Sketch of the used rotational rheometer with a biconical disc.
The dimensions are R1 ¼ 2.81 cm and DR ¼ R2  R1 ¼ 0.19 cm. The
thickness of the oil layer is 2–3 mm.

HFBII adsorption layers.20–22 To check the reproducibility of the
results, every experiment was repeated at least three times, each
time with new portions of HFBII solution and oil.
The primary data given by the apparatus are the rotation
angle, q, and the torque, s, as functions of time t. The greatest
rotation angle used in our experiments was 21 mrad, so that the
shear strain, g h tanq, can be approximately written as g z q
with a relative error that is smaller than 1.5  104. For that
reason, we will use g for both shear strain (measured in %) and
rotation angle (measured in radians); 1 mrad ¼ 0.1%. The outer
radius of the bicone is R1 ¼ 2.81 cm; the inner radius of the wall
of the cylindrical cell is R2 ¼ 3.00 cm, and the distance between
them is DR ¼ R2  R1 ¼ 0.19 cm. The latter represents the width
of the ring-shaped adsorption layer that is subjected to shear
deformation (Fig. 1). The surface shear stress, ssh, is calculated
from the measured torque s using the formula ssh ¼ gfs, where gf
¼ (R12  R22)/4p ¼ 12.36 rad m2 is the geometrical factor of
the used conguration.20–22
Oscillatory regime. In this regime, the rotation angle oscillates with xed amplitude ga and frequency n. The corresponding periodic variations in the torque are registered.
Experiments have been carried out at amplitudes ga ¼ 1.75,
5.23, 10.5, and 21 mrad and frequencies n ¼ 0.01, 0.02, 0.05, 0.1,
0.2, 0.5, 1, and 2 Hz. Higher frequencies and amplitudes were
not used because analogous rheological experiments at air/
water interfaces showed that the HFBII layers break at n > 2 Hz
and/or ga $ 21 mrad.21
In the oscillatory regime, the variations of the shear strain, g,
are sinusoidal:
g ¼ ga sin(ut),

(1)

where: ga > 0 is the amplitude; u ¼ 2pn is the angular frequency.
The ts of the experimental data for g(t) with eqn (1) (Fig. 2a
and b) showed that the oscillations of g are also sinusoidal. In
general, the registered shear stress ssh can be expressed in the
form:
ssh
¼ G0 sinðutÞ þ G 00 cosðutÞ;
ga
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(2)

Fig. 2 Illustrative dependences of the applied shear strain, g, and the
measured shear stress, ssh, on time t for adsorption layers from 0.005
wt% aqueous HFBII solution at the oil/water interface at frequency
n ¼ 1 Hz: (a) The oil is hexadecane; the strain amplitude is ga ¼ 0.522%.
(b) The oil is SBO; ga ¼ 1.05%. The solid lines for ssh are the best ﬁts with
eqn (2).

where G0 and G00 are the storage and loss moduli, respectively.
For a true linear response, G0 and G00 do not depend on u and ga,
whereas for a quasi-linear response (observed in our experiments) they depend on the rate of strain amplitude,21,22 i.e. on
the product gau.
Small systematic deviations from the linear regime are
visible in Fig. 2b at the greater strain amplitude ga ¼ 1.05%. In
such a case, the Fourier expansion of ssh(t) contains also the
third, h, etc. odd harmonics.21 We checked that under the
used experimental conditions (n # 2 Hz and ga < 2.1%) the
contribution of the higher harmonics to the calculated G0 and
G00 is negligible.
Thus, in each separate oscillatory experiment we worked at
xed frequency and strain amplitude, u and ga. Two alternative
automatic oscillatory regimes can be realized with the rotational rheometers: (i) frequency sweep: the frequency varies at
xed strain amplitude and (ii) strain sweep the strain amplitude
varies at a xed frequency. We did not use the sweep regimes,
because the respective measurements usually take longer time
and the protein adsorption layers could be aﬀected by aging
eﬀects.
Fixed-rate-of-strain regime. In this regime, called also “angle
_
ramp”,20 the rotation angle g increases with a constant rate, g,
during a given period of time (200 and 400 s in our experiments). During the whole experiment, g and ssh were recorded
Soft Matter, 2014, 10, 5777–5786 | 5779
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Fig. 3 Illustrative plot of the shear stress, ssh, vs. time, t: data obtained
in ﬁxed-rate-of-strain regime at ﬁxed g_ ¼ 35 mrad s1 for air/water and
oil/water interfaces with and without HFBII in the aqueous phase, as
denoted in the ﬁgure. For the three upper curves, the HFBII concentration is 0.005 wt%.

as functions of time, t. Fig. 3 shows illustrative data for the
dependence of the stress ssh on t at g_ ¼ 35 mrad s1. The
apparatus produces a perfect linear dependence of the strain,
_ The nal value of the strain is gb ¼ 0.7%, corresponding
g ¼ gt.
to a period of 200 s.
Low shear rates, 8.75 # g_ # 280 mrad s1, have been used in
our experiments. Under such conditions, in the absence of
HFBII (pure aqueous phase) we measured ssh ¼ 0 in the frames
of the experimental accuracy; see the lowest curve in Fig. 3. In
other words, at such low shear rates the bulk friction in the
adjacent oil and water phases does not contribute to the registered signal. This is fullled for both hexadecane and the more
viscous SBO. Hence, the whole signal registered in our experiments is due to the protein adsorption layer.
As seen in Fig. 3, the shear stress ssh registered for HFBII
adsorption layers at the oil/water interfaces is about 2 times
lower than at the air/water interface. Despite that, ssh can be
registered with a good precision for the investigated oil/water
interfaces. We could hypothesize that these lower ssh values
might be due to the penetration of oil molecules between the
hydrophobin molecules in the adsorption layer. These oil
molecules could act as a lubricant that reduces the rigidity of
the HFBII layer. The experimental data are presented in Section
3 and interpreted in Section 4.

3. Experimental results and
discussion
3.1

Fixed-rate-of-strain regime

Fig. 4 shows experimental results for the shear stress, ssh, versus
_
time at six diﬀerent values of the angular velocity (shear rate), g,
_ the
varying from 8.75 mrad s1 to 280 mrad s1. At greater g,
values of the measured shear stress ssh are also greater. At
higher angular velocities, the experimental curves are slightly
undulated. This is due to the action of a mechano–electronic
feedback built in the apparatus, which keeps g_ constant.
In Fig. 3 and 4, ssh is markedly lower for the hexadecane/
water interface in comparison with the SBO/water interface
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Fig. 4 Plots of the shear stress, ssh, vs. time, t, at six diﬀerent ﬁxed
angular velocities g_ denoted in the ﬁgure. The data are for adsorption
layers at the interface between 0.005 wt % aqueous solution of HFBII
and (a) hexadecane and (b) soybean oil. The rotation angle increases
up to a maximal value gb ¼ 14 mrad.

(compare Fig. 4a and b). This could be explained with the
smaller size of the hexadecane molecules as compared to the
triglycerides in the SBO. The smaller oil molecules could more
easily penetrate into the hydrophobin adsorption layer and
reduce its rigidity.
The shapes of the experimental curves in Fig. 3 and 4 are
similar to those for HFBII adsorption layers at the air/water
interface.20–22 Such shape of the stress-vs.-strain dependence is
predicted by the Maxwell model, where the total strain g is
equal to the sum of the deformations of the elastic and viscous
elements; see the inset in Fig. 5. In terms of rates-of-strain, this
reads:
1 dssh ssh dg
;
¼
þ
Esh dt
dt
hsh

(3)

where Esh and hsh are the shear elasticity and viscosity,
respectively. The integration of eqn (3) at constant Esh and hsh
yields:



Esh
t :
(4)
ssh ¼ hshgc 1  exp 
hsh
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Fig. 5 Typical dependencies of the shear stress, ssh, on time, t,
obtained in the ﬁxed-rate-of-strain regime at diﬀerent ﬁxed angular
_ the oil phase is hexadecane (C16). The solid lines are ﬁts
velocities, g;
by the Maxwell model, eqn (4). The inset shows a sketch of the Maxwell
model of a viscoelastic body: consecutively connected elastic element
(spring) of modulus Esh and viscous element (dash-pot) characterized
by viscosity coeﬃcient hsh.

Soft Matter

water interface the oscillations due to the automatic feedback
are superimposed on lower ssh values.
Fig. 6 compares the results for hsh vs. g_ obtained for C16/
water and SBO/water interfaces with those from ref. 21 for the
air/water interface. One sees that hsh is the highest for the air/
water interface and the lowest for the C16/water interface. The
values of the shear elasticity vary in the same order: Esh ¼ 160,
149 and 108 mN m1 for the air/water, SBO/water and C16/water
interfaces, respectively. As discussed above, this should be
expected because the cohesion between the adsorbed HFBII
molecules is the strongest at the air/water interface, whereas
C16 molecules (smaller than the triglycerides in SBO) can
penetrate more easily between the hydrophobin globules and
reduce the cohesion between them.
The variation of viscosity hsh with the shear rate g_ (Fig. 6) is
not in conict with the use of the Maxwell model to t the data
(Fig. 5). Indeed, in the xed-rate-of-strain regime g_ ¼ const. for
_ ¼ const. for each experimental curve,
each run, so that hsh(g)
like those in Fig. 3–5.

Fig. 5 shows ts of experimental curves with eqn (4). From
each t, Esh and hsh are determined as adjustable parameters.
The results indicate that the viscosity hsh is calculated with a
good precision, whereas the values of the shear elasticity are
scattered around the values Esh ¼ 108 mN m1 for C16 and
Esh ¼ 149 mN m1 for SBO, which are obtained in the oscillatory
regime; see Section 3.2. For this reason, we tted all experimental curves obtained in the xed-rate-of-strain regime by
varying only one adjustable parameter, hsh, at xed Esh values
equal to those determined in the oscillatory regime. The
obtained values of hsh are plotted in Fig. 6 versus the shear rate.
As seen in Fig. 5, even a single adjustable parameter, hsh,
provides a very good agreement between the calculated and
experimental curves – the regression coeﬃcients are greater
than 0.996. The relative scattering of the experimental data for
the oil/water interface is greater than that for the air/water
interface20–22 at the same shear rates. This is because for the oil/

3.2

_ for HFBII
Fig. 6 Plots of the shear viscosity, hsh, vs. the rate of strain, g,
adsorption layers at the air/water, SBO/water and hexadecane/water
interfaces obtained in the ﬁxed-rate-of-strain regime. The lines are a
guide to the eye.

Fig. 7 Plots of experimental data for the surface shear moduli vs. the
rate-of-strain amplitude, gau, for HFBII adsorption layers at air/water,
SBO/water interfaces and C16/water interfaces. (a) Storage modulus
G0 . (b) Loss modulus G00 . The lines are a guide to the eye.

This journal is © The Royal Society of Chemistry 2014

Oscillatory regime

Fig. 7 shows the determined values of the storage and loss moduli,
G0 and G00 , as functions of the rate-of-strain amplitude, gau. Each
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experimental point is the average from six measurements, corresponding to 3 runs with diﬀerent portions of the working solution
with 2 measurements during each run. The duration of the run
with a given solution is inversely proportional to the frequency of
oscillations. Fig. 7 summarizes data from experiments (i) at xed
amplitude ga ¼ 1.75 mrad and 8 diﬀerent frequencies between
0.01 to 2 Hz and (ii) at xed frequency n ¼ 1 Hz and two diﬀerent
amplitude: ga ¼ 5.23 and 10.5 mrad. In this way, the rate-of-strain
amplitude, gau, covers the range from 104 to 7  102 rad s1 by
varying both the amplitude and frequency.
The data for the storage modulus G0 in Fig. 7a follow the
same tendency as those in Fig. 3 for ssh (xed rate of strain), viz.
G0 is the greatest for HFBII layers at the air/water interface and
the lowest for such layers at the C16/water interface. The highest
loss modulus G00 is measured for HFBII layers at the SBO/water
interface (Fig. 7b).
The moduli G0 and G00 are phenomenological parameters
dened by eqn (2). The interface can be characterized by shear
elasticity and viscosity, Esh and hsh, only in the frames of a given
model. As mentioned above, the relations of Esh and hsh with G0
and G00 are diﬀerent for diﬀerent rheological models.21 Our data
from the experiments in the xed-rate-of-strain regime (Fig. 5)
unequivocally show that the investigated protein layers comply
with a model of Maxwell type, viz. the VT model, which is briey
presented in the next section.

4. Rheological model
The experimental data obtained in a xed rate of the strain
_ the time
regime indicate that for each xed shear rate, g,
dependence of the stress ssh obeys the Maxwell model (Fig. 5).
Thus, from the t of each ssh(t) curve with eqn (4) one deter_
mines the shear elasticity and viscosity as functions of g:
_ hsh ¼ hsh(|g|).
_
Esh ¼ Esh(|g|),

(5)

In general, the elasticity and viscosity are functions of the
_ because they do not depend on whether the
absolute value |g|,
rotation is clockwise or anticlockwise.21,51
Eqn (3) with variable Esh and hsh represents the basic equation
of the viscoelastic thixotropic (VT) model21 with a single Maxwell
element. Acierno et al.52,53 have considered more general models
based on a series of Maxwell elements; see also section 8.3 in ref.
54. It is worth noting that numerous experiments with interfacial
layers in a Langmuir trough indicate that their viscoelastic
behavior complies with the Maxwell model, or its modied
versions.55–59 Our rst task here is to check whether the data for
HFBII layers at the oil/water interface also obey the VT model.
For this goal, let us consider the characteristic frequency, nch,
dened by the relationship:
:
Esh ð| g|Þ
nch ðgÞh
(6)
: :
hsh ð| g|Þ
_
In the VT model, nch is a power function of |g|:
_ ¼ Q|g|
_ m.
nch(|g|)
5782 | Soft Matter, 2014, 10, 5777–5786

(7)

For the data obtained in the xed-rate-of-strain regime, the
fulllment of eqn (7) can be directly veried (see below). For the
data obtained in the oscillatory regime, the fulllment of eqn (7)
can be veried in terms of the mean characteristic frequency:21
ð
G 00
2 p
hnch ih 0 u ¼
nch ðxÞsin2 xdx;
(8)
G
p 0
where x h ut is an integration variable and it is taken into
account that g_ ¼ gau cos x. Substituting eqn (7) in eqn (8) and
integrating, we obtain:21
_ m.
hnchi ¼ Qhgi
1=m

 
Gðm=2 þ 0:5Þ
c
g hmga u ; mh 1=2
:
p Gðm=2 þ 2Þ

(9)
(10)

Eqn (9) is the averaged form of eqn (7) for the oscillatory
regime; G(x) is the gamma function and m is a constant.
If nch was a constant, independent of time (as it is in the
xed-rate-of-strain regime), then eqn (8) would yield <nch> ¼ nch,
as it should be expected. In the oscillatory regime, G0 and G00 are
directly obtained from the experimental data, so that the mean
characteristic frequency, hnchi ¼ G00 u/G0 , can be also determined
from the data. Eqn (7) and (9) imply that if we plot the data from
_ and the data from the
the xed-rate-of-strain regime as nch vs. g,
_ in double-log scale both sets
oscillatory regime as hnchi vs. hgi,
of data should comply with the same straight line with slope m
and intercept Q. The plots in Fig. 8 indicate that this indeed is
fullled for HFBII adsorption layers at the C16/water and SBO/
water interface. The long-dashed line in Fig. 8 represents the
best t of analogous data for HFBII layers at the air/water
interface.21 These results mean that the rheological behavior of
HFBII layers at both the oil/water and air/water interface obey
the VT model, which is based on eqn (3) and (7).
For each interface, the parameters m and Q are determined
from the slope and the intercept of the straight lines in Fig. 8 in
accordance with eqn (7) and (9); m is calculated from the second
formula in eqn (10). The obtained values are given in Table 1,

Fig. 8 Plots of the characteristic frequency vs. the rate of strain for
HFBII adsorption layers at the C16/water, SBO/water and air/water
interface, as denoted in the ﬁgure. For the ﬁxed-rate-of-strain regime,
_ For the oscillatory regime, the plot is hnchi vs. hgi.
_
the plot is nch vs. g.
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Table 1 Rheological parameters determined from the ﬁts of experimental data

Interfaces

m

Q (sm1)

m

Esh (mN m1)

K (N s1m m1)

Air/water
C16–water
SBO–water

0.88
0.90
0.95

134
233
389

0.413
0.415
0.419

160a
108
149

1.19  103a
4.63  104
3.83  104

a

Mean values determined in the xed-rate-of-strain regime.20

where comparison data for the air/water interface20,21 are also
shown.
Having determined m, we can further nd the mean surface
shear elasticity and viscosity, hEshi and hhshi from the data for G0
and G00 using the respective formulae of the VT model:21
hEsh i ¼

G 0 þ ðm þ 1ÞG00
;
G0

(11)

hhsh i ¼

G0 þ ðm þ 1ÞG00
:
G 00 u

(12)

2

2

2

2

For m ¼ 0 eqn (11) and (12) reduce to known relationships of
the conventional Maxwell model.21 In Fig. 9, the values of hEshi
and hhshi calculated from the data for G0 and G00 in Fig. 7 are
shown. It turns out that the shear elasticity hEshi is constant, i.e.
independent of the rate-of-strain amplitude, gau, in the whole
range of amplitudes and frequencies investigated (Fig. 9a). This
result is remarkable in view of the rather irregular shape of the
experimental curves for G0 and G00 in Fig. 7a and b. The mean
values of Esh are given in Table 1 for the three investigated
interfaces. For all of them, the shear elasticity of the HFBII
adsorption layers is high, Esh > 100 mN m1. The smallest and
the greatest elasticities are determined for the C16/water and
air/water interfaces, respectively.
To compare the data for the shear viscosity obtained in the
two kinetic regimes, in Fig. 9b we have plotted the data from the
xed-rate-of-strain regime (Fig. 6) as hsh vs. g_ and for the
_ The plot shows an excellent
oscillatory regime – as hnchi vs. hgi.
agreement between the values of hsh obtained in these two
diﬀerent regimes. The values of hsh for the C16/water interface
are only slightly smaller than for the SBO/water interface. The
linear dependence on the double-log scale (Fig. 9b) follows from
eqn (6) and (7):
hch ¼

Esh
Esh
¼
;
nsh Q|g|
c m

(13)

where Esh is constant (Fig. 9a). Eqn (13) indicates decrease of
_ i.e. shear
surface viscosity with the rise of the shear rate, g,
thinning.
In the conventional Ostwald–de Waele model for viscous
bodies (Esh h 0),60 the shear thinning is described by the
expression:
ssh ¼ Kg_ n ¼ hshg_

0

hsh ¼ Kg_ n1,

(14)

where the coeﬃcient K is termed consistency, and n is the ow
behavior index. The comparison of eqn (13) and (14) shows that
n ¼ 1  m, and K ¼ Esh/Q. The values of K calculated from the
latter expression are also shown in Table 1. Note that the use of
eqn (14) and K to characterize the viscosity hsh is meaningful
_
only if Esh is constant [otherwise K ¼ K(g)].
In general, Esh can depend on g_ in the frame of the VT model;
see eqn (5). The fact that Esh is constant for HFBII layers at C16/
water and SBO/water interfaces in a wide range of shear rates
(Fig. 9a) is a remarkable property of these interfacial layers. For
HFBII adsorption layers at the air/water interface, Esh is
constant only at the lower g_ values.21 For the mixed adsorption
layers of HFBII with b-casein, b-lactoglobulin, ovalbumin and
Tween 20 at the air/water interface, the plot of Esh vs. g_ represents a non-monotonic dependence with a maximum.21,22

(a) Plot of the mean shear elasticity hEshi vs. the rate-of-strain
amplitude gau, calculated from the experimental G0 and G00 using eqn
(11). (b) Plot of the shear viscosity vs. the rate of strain. For the ﬁxed_ For the oscillatory regime,
rate-of-strain regime, the plot is hsh vs. g.
_ The lines represent the best ﬁts with the
the plot is hhshi vs. hgi.
parameters from Table 1.
Fig. 9
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5. Comparison with data for lysozyme
and b-casein
Here, our goal is to verify whether other viscoelastic layers at the
oil/water interface also obey the VT model, i.e. whether this
model can be used as a universal tool to determine the surface
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shear elasticity and viscosity, hEshi and hhshi, from the storage
and loss moduli, G0 and G00 . A criterion for the applicability of
the VT model to a given system is whether the characteristic
frequency hnchi ¼ G00 u/G0 exhibits power law behavior as a
function of the strain amplitude gau; see Fig. 8 and eqn (9) and
(10). This criterion is applied to analyze sets of published
rheological data for lysozyme and b-casein34 (in this section), as
well as for b-casein layers cross-linked by the enzyme transglutaminase,35 and for asphaltene lms at toluene–heptane/
brine interfaces41 (see Appendix A†). The values of hEshi and
hhshi determined for these adsorption layers are compared with
the respective values for HFBII.
In ref. 34, the shear moduli, G0 and G00 , of lysozyme and
b-casein adsorption layers at the C16/water interfaces have been
measured in the frequency sweep oscillatory regime. In other
words, G0 and G00 have been measured as functions of u at a
xed amplitude, ga ¼ 2%. The used concentrations of lysozyme
and b-casein are 5 and 8.5 mg L1 (5 and 8.5  104 wt%),
respectively; both of them correspond to 0.35 mM. pH ¼ 7 was
maintained by 100 mM phosphate buﬀer. The working
temperature was 23  C. The aging time of the protein adsorption layers was 24 h. During this period, equilibration and
consolidation of the adsorption layer took place.
_ for lysozyme and bFig. 10a shows the plots of hnchi vs. hgi
casein adsorption layers at the C16/water interface calculated
from the data for G0 and G00 in ref. 34. In the double-log scale,
the two sets of data perfectly comply with linear dependences,
and consequently, the respective viscoelastic layers obey the VT
model. The values of the parameters m and Q, determined from
the slope and intercept, are listed in Table 2. For comparison,
the values of m and Q for b-casein layers at the air/water interface from ref. 21 are also given. The values of m for all systems in
Table 2 are in the range from 0.856 to 1.04. Such values indicate
_
that, in general, the surface elasticity and viscosity depend on g.
We recall that the conventional Maxwell model (with constant
Esh and hsh) corresponds to m ¼ 0.
Substituting m determined from the linear plot (like that in
Fig. 10a) and the experimental G0 and G00 values in eqn (11) and
(12), we calculate hEshi and hhshi vs. the rate of strain; see
Fig. 10b. The plots show that for both lysozyme and b-casein
_ For
hEshi increases, whereas hhshi decreases, with the rise of hgi.
the lysozyme (a globular protein), hEshi and hhshi are markedly
greater than for the disordered protein b-casein. However, for
both of them the shear elasticity hEshi is considerably smaller
than that for HFBII (see Fig. 9a).
In Appendix A,† it is shown that the VT model is applicable
also to determine hEshi and hhshi from the experimental G0 and
G00 values measured for b-casein layers cross-linked by the
enzyme transglutaminase,35 and for asphaltene lms at
toluene–heptane/brine interfaces.41 The values of the parameters m, Q and m are determined also for these systems and
compared with those in Tables 1 and 2. For both cross-linked
b-casein and asphaltene hEshi and hhshi are considerably
_
smaller than those for HFBII adsorption layers at the same hgi;
compare Fig. 9 with Fig. A1 and A2 in Appendix A.†
The comparison of the data for HFBII adsorption layers at oil/
water interfaces in Fig. 9a with analogous data for other proteins
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Fig. 10 Rheological parameters of lysozyme and b-casein adsorption
layers at the C16/water interface determined from literature data34 for
G0 and G00 . (a) Plot of the characteristic frequency hnchi ¼ G00 u/G0 vs.
_ in accordance with eqn (9). (b) Plots of the surface
the rate of strain hgi
_ calculated from eqn (11)
shear elasticity hEshi and viscosity hhshi vs. hgi
and (12).

Parameters of the VT model determined by ﬁts of data for
hnchi ¼ G00 u/G0 in accordance with eqn (9)

Table 2

System

m

Q (sm1)

m

Referencea

Lysozyme at C16/water
b-Casein at air/water
b-Casein at C16/water

1.04
0.90
0.856

34
885
74

0.428
0.415
0.411

34
21
34

a

Source of data for G0 and G00 .

and amphiphiles in Fig. 10b, A1 and A2 indicate that at shear
_ ¼ 104  101 s1 the shear elasticity Esh remains
rates hgi
_ for the other
constant for HFBII, whereas Esh increases with hgi
systems being considerably lower than for hydrophobin. The
_ seems to be a property of
constancy of Esh at not too high hgi
hydrophobin, because it is observed also with HFBII at the air/
water interface; see e.g. Fig. 12a in ref. 21. However, for the mixed
layers of HFBII with b-lactoglobulin, b-casein and Tween 20, Esh
exhibits a non-monotonic dependence on the shear rate:
_ and decreases at the higher hgi.
_ 22
increases at the lower hgi
The high and constant value of Esh for HFBII adsorption
layers in the investigated range of shear rates could be related to
the ability of the hydrophobin molecules to strongly and quickly
stick to each other at the interface, which leads to the
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solidication of their adsorption layer within 10 s; see e.g.
Fig. B1 in Appendix B.† The surface solidication (the appearance of non-zero G0 and Esh) may take 12 h for other proteins. 24.
The shear deformation of a viscoelastic body includes breakage
of cohesion contacts between neighboring molecules and
establishment of such contacts with the new neighbors. In this
respect, the enhanced cohesion of the HFBII molecules
certainly contributes to the high surface shear elasticity of their
adsorption layers.

6. Summary and conclusions
To the best of our knowledge, the present article is the rst
study on the surface shear rheology of hydrophobin layers at oil/
water interfaces. Experiments in two diﬀerent dynamic regimes,
xed-rate-of-strain and oscillations, have been carried out with
a rotational rheometer. The rheological data obtained in both
regimes comply with a viscoelastic thixotropic (VT) model,
which is used to determine the surface shear elasticity and
viscosity, Esh and hsh.
For HFBII layers, the values of Esh and hsh at oil/water
interfaces are somewhat lower than for the air/water interface.
Moreover, Esh and hsh depend on the nature of the oil, being
smaller for the hexadecane/water in comparison with the
soybean-oil/water interface. It seems that oil molecules can be
incorporated in the HFBII adsorption layer, where they may
reduce the hydrophobic adhesion of the protein molecules and
serve as a lubricant upon shearing. In this respect, the smaller
molecules of hexadecane produce a greater eﬀect, because they
can easily enter voids in the hydrophobin interfacial layer.
In addition, it is remarkable that for HFBII layers at oil/water
interfaces the surface shear elasticity Esh is independent of the
_ in the whole investigated range of shear rates
rate of strain, g,
(Fig. 9a), which is not the case with HFBII at the air/water
interface and with other systems (Section 5). For all investigated
_ i.e. shear thinning is observed. For
systems, hsh decreases with g,
oil/water interfaces, Esh and hsh determined for HFBII adsorption layers are considerably greater than for other proteins, like
lysozyme and b-casein. It is conrmed that the hydrophobin
forms the most rigid surface layer among all investigated
proteins – the present data indicate that this is fullled not only
for the air/water, but also for the oil/water interface.
Another remarkable fact is that the rheological behavior of all
interfacial layers investigated here (oil/water interfaces), as well
as in ref. 20–22 (air/water interfaces), comply with the VT model.
In Section 5 and Appendix A,† we conrm the applicability of the
VT model by analyzing literature data for adsorption layers at oil/
water interfaces from lysozyme and b-casein – both native and
cross-linked by an enzyme, as well as for lms from asphaltene.
Thus, the VT model turns out to be a versatile tool for determining the surface shear elasticity and viscosity, Esh and hsh,
from raw data for the storage and loss moduli, G0 and G00 .
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29 J. Krägel, S. R. Derkatch and R. Miller, Adv. Colloid Interface
Sci., 2008, 144, 38–53.
30 B. S. Murray, Curr. Opin. Colloid Interface Sci., 2011, 16, 27–
35.
31 G. Doxastakis and O. Sherman, Colloid Polym. Sci., 1986, 264,
254–259.
32 L. G. Ogden and A. J. Rosenthal, J. Colloid Interface Sci., 1997,
191, 38–47.
33 E. M. Freer, K. S. Yim, G. G. Fuller and C. J. Radke, J. Phys.
Chem. B, 2004, 108, 3835–3844.
34 E. M. Freer, K. S. Yim, G. G. Fuller and C. J. Radke, Langmuir,
2004, 20, 10159–10167.
35 R. Partanen, M. Lille and P. Forssell, Annu. Trans. Nord.
Rheol. Soc., 2011, 19, 1–4.
36 S. G. Baldursdottir, M. S. Fullerton, S. H. Nielsen and
L. Jorgensen, Colloids Surf., B, 2010, 79, 41–46.
37 V. Ulaganathan, N. Bergenstahl, J. Krägel and R. Miller,
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