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ABSTRACT: The hydrophobins are a class of amphiphilic proteins which
spontaneously adsorb at the air/water interface and form elastic membranes
of high mechanical strength as compared to other proteins. The mechanism
of hydrophobin adhesion is of interest for fungal biology and for various
applications in electronics, medicine, and food industry. We established that
the drainage of free foam ﬁlms formed from HFBII hydrophobin solutions
ends with the appearance of a 6 nm thick ﬁlm, which consists of two layers of
protein molecules, that is, it is a self-assembled bilayer (S-bilayer), with
hydrophilic domains pointing inward and hydrophobic domains pointing
outward. Its formation is accompanied by a considerable energy gain, which is much greater than that typically observed with free
liquid ﬁlms. The experiments at diﬀerent pH show that this attraction between the “hydrophilic” parts of the HFBII molecules is
dominated by the short-range hydrophobic interaction rather than by the patch-charge electrostatic attraction.

1. INTRODUCTION
The hydrophobins represent a class of relatively small proteins
(about 100 amino acid residues) that are produced by ﬁlamentous fungi, including the well-known button mushrooms. In
nature, these self-assembled ﬁlms coat fungal structures and
mediate their attachment to surfaces. Hydrophobins from the
fungus Trichoderma reesei have been isolated, puriﬁed, and
extensively studied, including the hydrophobin HFBII,1,2 which
is used in the present paper. The structure of HFBII determined
from crystallized samples3 shows that it is a single domain protein
with dimensions of 2.4  2.7  3.0 nm3. In aqueous solutions,
the class II hydrophobins form dimers (at low concentrations),
whereas tetramers are the dominant assemblies at mg/mL
concentrations.47 It was shown that the oligomerization increases with the rise of protein concentration.5 At the surface of
water, HFBII forms self-assembled monolayers.7,8 The adsorption of this protein is not accompanied by changes in its
secondary structure and ultrastructure.7,9 Detailed reviews on
the properties of hydrophobins have been published.1012 Their
special properties have found applications as stabilizers of foams
and emulsions,1316 as coating agents for surface modiﬁcation,1721
and for immobilization of functional molecules at various
surfaces.17,18,2224
In this Article we report results from the investigation of
HFBII stabilized free foam ﬁlms. We established that the
drainage of such a ﬁlm ends with the formation of a 6 nm thick
ﬁlm, which consists of two layers of protein molecules; that is, it is
a self-assembled bilayer (S-bilayer). The analysis of the driving
r 2011 American Chemical Society

force of its appearance brings information about the origin of the
adhesive action of HFBII. In section 2, we describe the experimental methods. In section 3, experimental results for the eﬀects
of pH and various electrolytes are presented. Finally, in section 4,
based on the obtained results, we discuss the nature of the
adhesion energy. Additional details are appended as Supporting
Information, including data for the eﬀect of cations and anions on
the S-bilayer formation (Appendix A), theoretical derivation of
the elliptic approximation for the meniscus proﬁle (Appendix B),
and theoretical analysis of the long-range branch of disjoining
pressure isotherms (Appendix C).

2. METHODS
2.1. Hydrophobin Sample Production. We used a HFBII
sample produced from yeast fermentation and purified according to
procedures described in detail elsewhere.25 Briefly, Saccharomyces
cerevisiae strain CEN.PK338 (gal1:URA3, leu2, ura3, pmt1) carried a
multicopy integration vector, integrated at the rDNA locus, containing
the protein coding sequence of Trichoderma reesei HFBII, linked to the S.
cerevisiae SUC2 signal sequence and under control of the GAL7 promoter and leu2d selectable marker to maintain a high copy number.26
The strain was grown in fed batch fermentations.27 The cells were
removed by centrifugation and filtration over a 0.2 μm filter, and the
supernatant containing the HFBII was freeze-dried. The pH of the
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Figure 1. S-bilayer formation in SE cell. (a) Sketch of the vertical cross
section of a SE cell: the foam ﬁlm is formed in the central part of the cell
and is observed from above in reﬂected light. (b) Foam ﬁlm from an
aqueous solution of 0.005 wt % HFBII and 25 mM CaCl2; a black ﬁlm of
thickness h ≈ 12 nm and average radius rc ≈ 105 μm is formed; it
contains rodlike protein aggregates. (c) After the appearance and
expansion of S-bilayer, h ≈ 6 nm, only a part of it is seen: the black
area. (d) The same S-bilayer at smaller magniﬁcation (the light gray
area); the average ﬁlm radius is rc ≈ 703 μm.
aqueous HFBII solutions was varied by addition of HCl or NaOH. The
working temperature was 25 °C.
2.2. ScheludkoExerowa (SE) Cell28. The SE cell was used in
the experiments with individual free foam films (Figure 1a). First, the
investigated solution is loaded in a cylindrical capillary through an orifice
in its wall. Thus, a biconcave drop is formed inside the capillary. Next,
liquid is sucked through the orifice 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, for which the thickness can be measured by means of an
interferometric method28 of accuracy (0.5 nm.29 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 of water from the film happens. In this case, the film can
become considerably thinner. Measurements under these conditions are
referred as experiments in open cell.
Two procedures for ﬁlm formation in the SE cell have been used.
First, the ﬁlm is formed immediately after the loading of HFBII solution
in the experimental cell. This procedure will be referred as the formation
of ﬁlms with fresh surfaces. The second procedure includes loading of the
solution in the experimental cell and waiting for 30 min. After that, we
form the foam ﬁlm. This procedure will be termed formation of ﬁlms
with aged surfaces.
2.3. Dippenaar Cell30. The Dippenaar cell is very similar to the SE
cell by construction and operational principle, but side-view observations are used (Figure 2a). For this reason, two opposite parts of the
cylindrical wall are polished flat to avoid optical distortion of the image
by the cylindrical wall. In our contact angle measurements, we simultaneously used side- and top-view observations of the same film in a
Dippenaar cell to compare the two different approaches for determining
the contact angle at the film periphery (see Appendix B in the Supporting Information). The construction of the SE and Dippenaar cells
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Figure 2. S-bilayer formation in Dippenaar cell. (a) Sketch of the cell:
the ﬁlm is formed as in SE cell, but side-view observations in transmitted
light are used. (b) The two air/water surfaces are approaching each other
due to the sucking of water from the biconcave drop. (c) First contact of
the two surfaces. (d) The same system after the S-bilayer appearance and
expansion; 2θ is the angle subtended between the two menisci at the
contact line. The used protein solution is the same as that in Figure 1. See
the Supporting Information for a video.

Figure 3. Plot of disjoining pressure, Π, versus ﬁlm thickness, h,
obtained in MJ cell. The foam ﬁlm is formed from an aqueous solution
of 0.005 wt % HFBII and 0.5 mM Na3Citrate; pH = 6.0. At low pressure,
the ﬁlm of thickness h ≈ 12 nm is due to vertical HFBII tetramers
sandwiched between the two surface monolayers. At higher pressure, the
tetramers are reoriented horizontal, which corresponds to h ≈ 9 nm.
From the top of branch B, a transition to S-bilayer of thickness h ≈ 6 nm
(branch C) occurs. The dashed lines are guides to the eye.
does not allow one to apply capillary pressures higher than ca. 85 Pa in
closed cell. In open cell, the acting hydrodynamic pressure can be higher,
with its magnitude being proportional to the evaporation rate.31
2.4. MyselsJones (MJ) Cell32. The MJ cell allows one to press
the two film surfaces against each other at higher pressures, up to 1500 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 disjoining-pressure versus film-thickness isotherms, Π(h); see
Figures 3 and 4. Experimentally, the applied pressure (which equals Π at
equilibrium) is varied and the respective equilibrium value of h is
determined form the intensity of the light reflected from the film, using
the same interference method as with the SE cell. A detailed description of
the used MJ cell and of its operational procedure can be found elsewhere.33
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Figure 4. Eﬀect of pH on the S-bilayer formation. Experimental data for Π versus h, as in Figure 3, obtained at diﬀerent pH values in the presence of
3 mM NaCl. (a) pH = 3.5; (b) pH = 4.8. The solid line is the best ﬁt of the branch A with eqs 3 and 4; κ is the Debye screening parameter. Branch B,
corresponding to h ≈ 6 nm, represents S-bilayer.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Experiments in SE Cell. Here, we investigate the formation of S-bilayers as a result of thinning of foam films from
aqueous solutions of 5  103 wt % HFBII þ 25 mM CaCl2.
(S-bilayers appear also in the presence of other electrolytes; see
Appendix A in the Supporting Information.) After a foam film is
formed in the SE cell (Figure 1a), its thickness gradually decreases
due to the drainage of liquid from the film toward the surrounding meniscus. In closed cell, the film drainage stops when the
thickness becomes ≈15 nm. The obtained film contains rodlike
HFBII aggregates. Further thinning can be observed if we open
the experimental cell, which leads to evaporation of water from
the film. Then, the film thins down to 12 nm (Figure 1b).
A few minutes after the formation of the 12 nm ﬁlm, a sudden
and fast transition to thickness ≈ 6 nm occurs. Because the
dimension of the HFBII molecule along the normal to the interface
is ≈3 nm, the ﬁlm of thickness 6 nm consists of two layers of protein
molecules; that is, it is a self-assembled bilayer (S-bilayer). The latter
is a compact membrane of HFBII, which (to some extent)
resembles the S-layer, a self-assembled protein monolayer34 found
on the cell surface of some common bacteria and archaea.
During the S-bilayer formation, the ﬁlm radius spontaneously
increases from about 100 μm to ≈700 μm (and even larger in
other experiments; see Appendix A in the Supporting Information). This considerable increase of the ﬁlm area (about
50 times) gives evidence that the formation of S-bilayer is
accompanied by a signiﬁcant energy gain; that is, the adhesion
of the two HFBII monolayers is energetically very favorable. In
Figure 1c, only a small part of the formed S-bilayer is seen. It
looks black because the reﬂection from a 6 nm thick ﬁlm is rather
low. To measure the radius of the latter ﬁlm, we used lower
magniﬁcation (Figure 1d) where the S-bilayer looks gray because
of the diﬀerent aperture and illumination.
The formed S-bilayers were stable; they did not break during
the whole period of our observations of a given ﬁlm, up to 12 h.
Only in some of the experiments with AlCl3 and fresh ﬁlm surfaces,
the formed bilayers ruptured in the process of their formation (see
Appendix A in the Supporting Information), which can be attributed
to an incomplete consolidation of the elastic HFBII membranes on
the ﬁlm surfaces. (The respective ﬁlms with aged ﬁlm surfaces were
stable.)

3.2. Experiments in Dippenaar Cell. Video frames from the
process of approaching of the two film surfaces and the S-bilayer
formation after their contact are shown in Figure 2. (See the
Supporting Information for the whole movie.) By sucking of
water from the Dippenaar cell30 through the side capillary
(Figure 2a), we bring the two film surfaces closer (Figure 2b)
until they touch each other (Figure 2c). Soon after that, we
observe the formation of an S-bilayer, which is manifested as a
fast and considerable expansion of the contact zone. The state
with the S-bilayer is stable; configurations such as that in Figure 2d
did not change during the whole period of subsequent observations (from 1 to 12 h).
From the side-view photographs, like that in Figure 2d, we
measured the contact angle θ by using a goniometer. Mean
arithmetic was taken for the values of θ determined from the leftand right-hand side meniscus proﬁles. For the system in Figure 2,
the goniometric method yields θ = 50.0° ( 1.4°, which is an
average from ﬁve experiments.
We developed also another method for determination of θ
from the radius rc of the three-phase contact line around the ﬁlm.
This method (applicable with both SE and Dippenaar cells) is
described in Appendix B in the Supporting Information. There,
an elliptic approximation for the meniscus proﬁle is used to
derive the following expression for θ:

tan θ ¼

rc =R
ð1  rc 2 =R 2 Þ2

ð1Þ

R is the radius of the inner cylindrical wall of the experimental
cell; see Figure 1a for the notations. In our case, R = 1.2 mm.
Substituting the experimental values of R and rc in eq 1, we
calculated θ = 51.5° ( 1.1°, which is average for the same ﬁve
experiments, for which the goniometric method was applied (see
above). The values of θ obtained using the two diﬀerent methods
are in good agreement.
3.3. Contact Angle and Interaction Energy. The energy of
attraction per unit area of the film, ΔW, is related to the film
contact angle, θ, by means of the equation:35
ΔW ¼ 2σð1  cos θÞ

ð2Þ

where σ is the tension of the HFBII membrane at the meniscus
surface. Because the S-bilayer expands during its formation, the
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menisci around it are compressed and sometimes wrinkles are
observed. Experiments with HFBII monolayers in a Langmuir
trough16 indicate that the tension of a dense monolayer (membrane), just before its wrinkling, is σ ≈ 12 mN/m. Substituting
the latter value and θ ≈ 51° in eq 2, we obtain ΔW = 8.9 mJ/m2.
This is only an estimate, because the tension of an elastic
membrane can vary depending on its degree of extension, unlike
the equilibrium surface tension of a surfactant solution.
The equilibrium contact angle of the S-bilayer, θ ≈ 51°, is
much greater than the contact angles of foam ﬁlms stabilized by
conventional surfactants, which are typically in the range 13°
for nonionic surfactants36,37 and could reach a maximum of 10°
for ionic surfactants at high salt concentrations.35,38 The interaction energy ΔW = 8.9 mJ/m2 estimated above is also by order
of magnitude greater than the greatest values of ΔW measured
with Newton black soap ﬁlms.35 This signiﬁcant diﬀerence
indicates that in the case of the S-bilayer we are encountering
an eﬀect of diﬀerent physical nature (see below).
Multiplying ΔW with the area per molecule, Ap = 2.4  2.7 =
6.48 nm2, we obtain ΔW2 = 5.8  1020 J ≈ 14kT per pair of
interacting HFBII molecules (k, Boltzmann constant; T, temperature). ΔW2  ApΔW is the energy of adhesion of the
hydrophilic parts of two protein molecules belonging to the two
opposite surfaces of an S-bilayer.
Here, for the ﬁrst time, the formation of a protein bilayer with
such a high energy gain is observed as evidenced by the
spontaneous increase of the ﬁlm area (g50 times) and the large
equilibrium contact angle of the formed ﬁlm (θ > 50°). The
formation of black ﬁlms, which represent protein bilayers, has
been observed many times, but never with such large contact
angles. For example, the maximum equilibrium contact angles of
protein black ﬁlms reported in the literature are θ = 0.9° in
the case of bovine serum albumin (BSA) þ 0.15 M NaCl,39
θ = 1.7° for R-chymotrypsin þ 0.1 mM NaCl,40 and 2.7° for
R-lactalbumin.41
Because the surfaces of the protein black ﬁlms adhere to each
other, there is contact angle hysteresis, so that the advancing
angle (at a shrinking contact line and detaching ﬁlm surfaces),
θadv, can be considerably greater than the equilibrium one. The
following maximum values of the advancing angles have been
reported for diﬀerent systems: θadv = 1.4° for BSA,39 θadv = 1.8°
for human serum albumin,40 and θadv ≈ 7° for R-lactalbumin.41
The greatest value of the advancing angle was detected for
β-casein black ﬁlms in the presence of bridging Ca2þ ions:
θadv ≈ 90° at a rate of contact line shrinking e 10 μm/s.42
In the case of HFBII, the spontaneous increase of the area of a
forming S-bilayer eventually stops at a certain value of the ﬁlm
radius, rc, and contact angle, θ. After that, the values of rc and θ
remain constant during the whole period of observations (up to
12 h) and are considered as equilibrium ones. Next, if we begin to
pump solution in the Plateau border around the ﬁlm, the contact
angle increases at immobile contact line (at ﬁxed rc). When the
contact angle approaches 90°, the two ﬁlm surfaces suddenly
detach. Under such circumstances, there is no deﬁnite value of
the advancing contact angle, θadv. After their detachment, the
two ﬁlm surfaces have an irregular shape, which gradually relaxes
to a spherical meniscus.
The adhesive interactions between the HFBII molecules lead
to their irreversible aggregation in the bulk of solution. As
mentioned above, initially the tetramers are the most abundant
oligomers in the mg/mL concentration range.47 The mean
aggregate size increases with time, which was studied by light
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scattering.13 Micrometer-sized and larger aggregates are directly
visible by optical microscopy.43 They can be destroyed by
sonication of the solution, but after that the aggregate growth
commences again.
The attraction between the “hydrophilic” parts of the HFBII
molecules (that is responsible for the S-bilayer formation) favors
not only the protein aggregation in the bulk of solution but also
the attachment of the formed aggregates to the interfacial protein
adsorption layer. Micrometer-sized rodlike (ﬁbrillar) aggregates
were observed at the surfaces of aqueous hydrophobin solutions,4 especially in the cases with added electrolytes.43
3.4. Experiments in MJ Cell. Figure 3 shows a typical experimental Π(h) dependence (Π is disjoining pressure = surface
force per unit area;44,45 h is the film thickness) obtained by the
MJ cell.32 The foam film is formed from a solution of 0.005 wt %
HFBII and 0.5 mM Na3Citrate. The experimental curve consists
of three branches which are denoted A, B, and C. Branch A
corresponds to large h and relatively small Π; its physical
interpretation is similar to that of the A branches in Figure 4
(see below). The transition from branch A to branch B occurs by
the appearance and expansion of dark spots (of smaller
thickness) in the foam film. Branch B begins at h ≈ 12 nm,
which corresponds to the thickness of two HFBII adsorption
monolayers (2  3 = 6 nm) plus the size of sandwiched HFBII
tetramers (6 nm); see the lower inset in Figure 3. (Films of
thickness 12 nm are often observed in the SE cell; see Figure 1b
and Appendix A in the Supporting Information.) Upon a further
increase of pressure, h decreases from 12 to 9 nm. Such a
transition can be explained with a forced reorientation of the
sandwiched tetramers, which are anisodiametric particles of
dimensions 6  6  3 nm. Indeed, if the short (3 nm) side of
the HFBII tetramer is oriented along the film thickness, we
obtain h = 3 þ 2  3 = 9 nm (the middle inset in Figure 3).
Finally, at pressure Π ≈ 1300 Pa, the film undergoes a transition
to S-bilayer (h ≈ 6 nm) which, as always, appears with a sudden
and fast expansion of the film area; see branch C and the upper
inset in Figure 3.
3.5. Effect of pH on the S-Bilayer Formation. Π(h) isotherms were obtained by the MJ cell with films from solutions
containing 0.005 wt % HFBII plus 3 mM added NaCl or 1 mM
added Na2SO4 at various pH values. For both electrolytes, in all
experiments, we observed the formation of S-bilayer of thickness
≈ 6 nm at the end of film thinning irrespective of the pH value,
which was 3.5, 4.8, 5.8, 6.5, 7.5, and 8.2 in these experiments. In
most of them, the S-bilayer was the only observed stable state of
the film. In some experiments at pH < 5.5, the formation
S-bilayer (the branch B in Figure 4a and b) was preceded by
the appearance of thicker stable films; see branch A in Figure 4a
and b. The appearance of the A branch is more typical for
solutions containing NaCl; its height considerably varies in
different experiments at the same solution composition.
A possible hypothesis for explanation of the long-range A
branches in Figures 3 and 4 is that they are due to a steric
(osmotic overlap) repulsion induced by HFBII aggregates adherent to the HFBII monolayers at the ﬁlm surfaces. As mentioned above, HFBII exhibits a tendency to form rodlike aggregates of nanometer, and even of micrometer, size (see e.g.
Figure 2b). Their average length depends on the HFBII concentration and on the solution’s age (after the initial sonication).5,12 Even at low surface concentrations, the adsorbed
aggregates can produce a signiﬁcant steric repulsion.46
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Table 1. Critical Concentration for S-Bilayer Formation,
CSBL
anionsa
electrolyte

cationsa
CSBL, mM

electrolyte

CSBL, mM

NaI

100

TMABrb

100

TMABr

100

NaCl
Na2SO4

100
1

NaCl
CaCl2

100
25

Na3Citratec

0.5

AlCl3

10

a

The respective anions and cations are typed bold. b TMABr =
Tetramethylammonium bromide. c The concentration of Citrate3 is
0.135 mM (pH = 6).

To check the above hypothesis, we ﬁtted the A branches of the
experimental Π(h) dependences in Figure 4a and b with the
expression:
Π ¼ Πel þ Πvw þ Πst

ð3Þ

For the electrostatic, Πel, and van der Waals, Πvw, components of
disjoining pressure, we used known theoretical expressions;45 see
Appendix C in the Supporting Information. The data comply
with a steric component of disjoining pressure, Πst, that exponentially decays with the ﬁlm thickness h:


Πst ¼ A exp  bðh  ha Þ
ð4Þ
Here, ha = 6 nm is the net thickness of the HFBII adsorption
layers at the two ﬁlm surfaces; the parameters A and b have been
determined from the ﬁts as adjustable parameters. For the two
pH values in Figure 4, we obtained the same b = 1.1 nm1,
whereas the values of A are diﬀerent: 1.0  109 Pa in Figure 4a
versus 1.3  108 Pa in Figure 4b. The latter could be explained
with irreproducible surface density of the attached aggregates in
diﬀerent runs because of the rather low protein concentration
(0.005 wt %). All three terms in eq 3 give comparable contributions to Π; for details, see Appendix C in the Supporting
Information.
3.6. Effect of the Type of Electrolyte. We investigated
whether and how the type and concentration of electrolyte affect
the formation of S-bilayers. All experiments were carried out in
the SE cell at 5  103 wt % HFBII concentration at the
solutions’ natural pH (5.56.0). A detailed description of the
experimental results is given in Appendix A in the Supporting
Information. In Table 1, the experimental critical concentration
for S-bilayer appearance in the SE cell, CSBL, is listed for various
electrolytes. The increase of the valence of both anions and
cations leads to a decrease in CSBL. In this respect, anions, such as
SO42 and Citrate3, produce a stronger effect than cations as
Ca2þ and Al3þ. This can be explained with the fact that at pH =
5.56.0 the net charge of the HFBII monolayer is positive (the
isoelectric point is at pH = 6.7; see below); that is, the anions play
the role of counterions. The easiest formation of S-bilayer was
observed in the presence of Citrate3 ions with respect to (i) low
electrolyte concentration; (ii) in closed cell, without water
evaporation from the film, (iii) at relatively small film radius
(≈100 μm), and (iv) soon after the film formation.
In general, the electrolytes produce a twofold eﬀect. First, they
suppress the electrostatic repulsion between the two ﬁlm surfaces, promoting their close contact and the formation of S-bilayer.
Second, the electrolytes favor the formation of HFBII aggregates,

which adsorb at the ﬁlm surfaces and impede the formation of
S-bilayer. In other words, the addition of electrolyte lowers the
electrostatic barrier, Πel, but increases the steric barrier, Πst.
Consequently, to promote the formation of S-bilayer, the
electrolyte concentration should be high enough to suppress
the electrostatic repulsion but it should not be too high to avoid
the blockage of ﬁlm thinning by adsorbed aggregates.
The values of CSBL in Table 1 have been obtained by experiments in the SE cell at a relatively small applied pressure difference (<85 Pa). The MJ cell allows one to apply greater
pressure diﬀerences, which leads to the appearance of S-bilayers
at lower electrolyte concentrations due to overcoming of the
electrostatic and steric barriers to ﬁlm thinning.

4. DISCUSSION ON THE NATURE OF THE ADHESIVE
ENERGY
The experimental data presented above imply that an intensive attraction exists between the hydrophilic parts of the HFBII
molecules, which leads to the spontaneous formation of a S-bilayer
(see the upper inset in Figure 3) as a ﬁnal stage of ﬁlm thinning.
Another consequence of this attraction is the experimentally
observed growth of aggregates in the aqueous HFBII solutions
and the adhesion of these aggregates to the interfacial protein
monolayers. There are (at least) two possible explanations of the
attraction between the hydrophilic parts of the HFBII molecules.
First, the eﬀect could be explained with the electrostatic patchcharge attraction, which is due to the presence of an equal number
of positive and negative charged groups arranged in a mosaic
pattern at each of the two ﬁlm surfaces in such a way that unlike
charges face each other. This eﬀect was theoretically described47
and proposed as an explanation of the attractive energy in the
Newton black soap ﬁlms.48 Recently, this interaction was investigated by the colloidal-probe AFM technique.49 The structure of the HFBII molecule indicates that both negative and
positive charges are present at that part of the HFBII molecule,
which is facing water in the adsorption layer (Figure 5). In principle, this makes possible the existence of patch-charge attraction
between the two adsorption layers.
A second source of attraction can be the short-range hydrophobic interaction due to the presence of amino-acid residues with
hydrophobic side chains on the water-facing part of the HFBII
molecule. There are six such residues: Ala37, Ile38, Phe39, Ala41,
Ala44, and Leu 51 (Figure 5). Hence, the hydrophobic attraction45,50,51 can also be operative. It is expected to be present at
every pH, providing the thinning ﬁlm has overcome the barrier
due to the electrostatic and steric repulsion.
In contrast, the patch-charge attraction is expected to appear
in the vicinity of the isoelectric point, where there are equal
numbers of positive and negative groups on each of the two ﬁlm
surfaces. Calculations by the program ProtParam, based on the
protein primary structure data, predicted that the isoelectric
point is at pH = 6.7 for an isolated protein molecule in water.6,52
The electrophoretic measurements with HFBII-covered bubbles
give a slightly higher isoelectric point, pI = 7.5, which can be
explained with the fact that a part of the anionic groups (Asp20,
Asp25, and Asp59; Figure 5) are embedded in the closely packed
protein adsorption layer that covers the bubble surface.43
The results for the Π versus h dependencies reported above
(see, e.g., Figure 4) show that S-bilayers are formed irrespective
of the pH value in the investigated interval, 3.5 e pH e 8.5. The
latter fact indicates that the physical origin of the adhesive force
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Figure 5. Interaction of two HFBII molecules in an S-bilayer in relation to the protein structure. Sketch of two interacting HFBII molecules: the
ionizable groups in the zone of contact are shown together with bound counterions. The HFBII amino acid sequence between the ﬁrst and last Cys
residues is also shown with residue numbering and secondary structures.2,10,11 The portion of the sequence that is facing the water phase in a dense
HFBII adsorption layer at the air/water interface is denoted. Upon contact, the ionizable groups are neutralized by condensed counterions, whereas the
hydrophobic groups are able to engender an adhesive force that is the most probable reason for the S-bilayer formation at various pH values.

in the S-bilayer is the hydrophobic attraction, rather than the
patch-charge attraction. Hence, the S-bilayers are diﬀerent from
the Newton black ﬁlms35,48 by the source of their attractive
energy. This could be related also to the fact the contact angles of
S-bilayers (θ ≈ 50°, see above) are considerably greater than
those of Newton black ﬁlms (θ e 10°).35
The formation of an S-bilayer was observed in the presence of
various ions, both monovalent and multivalent, and at various
ionic strengths: from 0.5 mM Na3Citrate (Table 1) to 500 mM
TMAB (Appendix A, Supporting Information). All these results
indicate that in the considered case the main role of the
electrolyte is to eliminate the electrostatic repulsion between
the two ﬁlm surfaces by suppressing the diﬀuse electric double
layers and by surface-charge neutralization due to counterion
binding. This allows the surfaces to come suﬃciently close to
each other to enable the short-range hydrophobic attraction to
initiate the S-bilayer formation.
The energy of short-range hydrophobic attraction per unit
area of a plane-parallel ﬁlm can be estimated from the formula:45
Whb ¼  2w eH=λ0

ð5Þ

H = h  ha is the distance between the two hydrophobic surfaces;
typically, the coeﬃcient is w = 1050 mJ/m2, and λ0 = 12 nm.
Setting H = 0 in eq 5, we can estimate the magnitude of the
hydrophobic adhesion energy of two protein molecules, like
those sketched in Figure 5:
jΔW2 j ¼ 2wRAp

ð6Þ

Here, Ap = 6.48 nm is the area per HFBII molecule and R is the
fraction of this area where hydrophobic groups belonging to the
two interacting molecules are in contact. Substituting |ΔW2| =
5.8  1020 J (see above) in eq 6 along with the mean value w =
30 mJ/m2, we obtain R = 0.15, which is a reasonable value having
in mind that not all amino acid residues in the contact zone have
hydrophobic side chains (Figure 5).
An upper estimate for the hydrophobic adhesion energy can
be obtained from the maximum measured energy:50,51 2w ≈ 100
mJ/m2, multiplied by the maximal contact area of two HFBII
molecules, 6.48 nm2, which gives 6.48  1019 J, that, is 157kT.
As mentioned above, the hydrophobic adhesion energy per pair
of HFBII molecules is expected to be lower, because only a part
2

of the amino acid residues expressed at the protein/water
boundary have hydrophobic side chains; see the estimate based
on eq 6.
The adsorption of various proteins on surface ﬁlms of hydrophobin was recently investigated, and it was concluded that the
surface adhesion is due to selective Coulombic charge interactions.21 The data reported there are not in contradiction with our
conclusions about the role of the short-range hydrophobic
attraction. Except at the isoelectric point, an electrostatic barrier
exists (see Appendix C in the Supporting Information), which
impedes the protein adsorption, as well as the formation of
S-bilayers in the SE cell, as reported above. In our experiments
with the MJ cell, we applied an additional external pressure to
overcome the electrostatic (and steric) barriers. In the experiments on protein adsorption, such external force is missing, so
that the adsorbing molecules can overcome the barrier only in the
vicinity of the isoelectric point, as indicated by the peaks in the
adsorption versus pH dependencies in ref 21.
In summary, the obtained results support the conclusion that
the energy of adhesion of the two monolayers in an S-bilayer is
dominated by the hydrophobic attraction. The electrostatic
interaction is repulsive and impedes the S-bilayer formation,
but its eﬀect can be suppressed owing to the binding of counterions. In this respect, eﬃcient are electrolytes containing Cl,
SO42, and Citrate3 ions, which neutralize the predominantly
positive ionizable groups (of Lys and His), present on the waterfacing side of the HFBII adsorption layer. The obtained new
information (the S-bilayer attraction and the repulsion due to
adherent protein oligomers) is important for the control of
longevity of hydrophobin-stabilized foams and emulsions. The
hydrophobic origin of the adhesive force is essential for the
application of hydrophobins as immobilizing agents: The immobilized functional molecule or particle should be hydrophobic, and appropriate electrolytes have to be used to suppress the
electrostatic repulsion.

’ ASSOCIATED CONTENT

bS

Supporting Information. Appendix A, eﬀect of cations
and anions on the S-bilayer formation; Appendix B, Elliptic
approximation for the meniscus proﬁle; Appendix C, long-range
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branch of disjoining pressure; and a Movie showing the whole
process of S-bilayer formation in a Dippenaar cell (see Figure 2).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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