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Abstract

In this work we investigate emulsion films (oil/water/oil), stabilized by �-lactoglobulin (BLG). Isotherms of disjoining pressure versus the film
thickness are measured experimentally, at different pH (4.0, 5.2, and 6.5), and ionic strength. The data are fitted successfully with the classic
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heory of DLVO (assuming superposition of electrostatic repulsion and van der Waals attraction). One adjustable parameter, the surface potential, is
etermined from the best fit; the results are used to calculate the surface charge density in the films. At the pH of 5.2 (which is the isoelectric point,
I, in the bulk solution), the interface is charged. Possible reason is the conformational change, which the protein undergoes upon adsorption. At
ulk pH of 4.0, the BLG-laden oil/water interface is close to isoelectric state (the surface charge density is very low). Under these conditions, there is
vidence for long-range steric repulsion, possibly due to favored aggregation at the interface. In some cases, after eventual collapse of the repulsion,
e observe formation of spots of very thin Newton Black Films (NBF). Addition of inorganic salt, NaCl, leads to increase of surface charge (up

o a certain limit). This effect is derived both from results with thin liquid films, and from zeta-potentials of emulsion drops. At the “natural”
H of 6.5, with 150 mM ionic strength, the extent of charging of adsorbed BLG is considerably lower than that in the bulk aqueous solution.
hus, also at pH 6.5, the charge state of the protein molecules residing on the oil/water interface is significantly influenced by the conformational

ransformations that accompany the adsorption. The emulsion films with BLG are less stable than the foam films, and rupture without overcoming
barrier (maximum) in the disjoining pressure isotherm. The latter fact implies that certain weakness of the interfacial layer is brought about by

he contact with the oil phase (hydrophobization).
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Thin liquid films of the type oil/water/oil are important for the
tability of O/W emulsions, because such films form between
rops which are pressed against each other either by some exter-
al force (for example, buoyancy), or due to restricted volume.
he conditions for film formation, and its consequences, are
iscussed in [1]. Emulsion- and foam-type films are convenient
s a model system that allows quantitative determination of the
urface forces (or the “disjoining pressure”, Π), as a function of
he thickness, h. Molecular interactions of different origin, van

∗ Corresponding author. Tel.: +359 2 8161 688.
E-mail address: tg@lcpe.uni-sofia.bg (T.D. Gurkov).

der Waals, electrostatic, steric, structural, hydration, protrusion,
etc. [2] contribute to Π and influence to a large extent the film
behavior (thinning and stability). One of the preferred experi-
mental methods for precise measurement of Π versus h involves
film formation in a porous glass cell (also called Mysels cell, or
Exerowa-Scheludko cell); it is suitable both for foam-type films
[3] and for emulsion films [4]. Depending on the pore size and
the interfacial tension, one can reach capillary and disjoining
pressures as high as thousands of Pascals [4].

�-Lactoglobulin (BLG) is the major whey protein in the milk;
its stabilizing role in films and emulsions is a topic of practical
interest in view of the numerous food applications. Air/water/air
films with BLG were investigated in [5]. The measured surface
force at larger thicknesses (h > ∼24 nm) was well represented
as a superposition of van der Waals attraction and electrostatic

927-7757/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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repulsion, while in thinner foam films a steep steric repulsion
arose [5]. In an earlier work, Clark [6] reported equilibrium
thicknesses of about 25 nm for foam films and ∼35 nm for
emulsion films with 0.02 wt.% BLG. Some other results with
thin aqueous films containing proteins (not specifically disjoin-
ing pressure data, Π(h)) are reviewed by van Aken et al. [7].
Isotherms Π(h) for foam films in the presence of �-casein and
BSA are reported in [8].

Our purpose in this work is to carry out a systematic study
of the surface forces in emulsion films stabilized by BLG. We
measured disjoining pressure isotherms, Π(h), at three different
values of pH (4.0, 5.2, which is the isoelectric point in the bulk
solution, and 6.5, the “natural” pH when protein is just dissolved
in water). The concentration of inorganic salt, NaCl, was also
varied.

Let us estimate, as an order of magnitude, the typical pres-
sures exerted on the drops by buoyancy, in an O/W emulsion
with oil volume fraction, ϕ, of approximately 0.7, and mass
density difference �ρ ≈ 0.1 g/cm3 between the two phases. An
emulsion column of 10 cm height (H) will develop pressure
�ρgϕH ≈ 70 Pa (the gravity acceleration, g, is 981.55 cm/s2).
The disjoining pressures, Π, measured by us, are of this order
(see Section 4 below). Hence, such data would bear relevance,
for example, to stabilization of concentrated emulsions during
shelf storage.

We focus on the following particular tasks related to the Π(h)
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etc. [9]. All these phenomena are sensitive to electrostatic inter-
actions, since the energy is affected; they underlie applications
related to molecular recognition and detection, sensor design,
etc. The methods employed here may be helpful for determina-
tion of protein’s surface charge under various conditions (pH,
electrolytes, mixed adsorption layers), and in presence of spe-
cific ligands.

2. Materials and methods

2.1. Materials

The used protein was �-lactoglobulin from bovine milk, prod-
uct of Sigma, lyophilized, Cat. No. L-0130, Lot No. 20K7043,
mixture of A and B variants. Aqueous solutions with concentra-
tion of 0.02 wt.% were made. The “natural” pH of the solution,
without additives for controlling it, was measured to be 6.5. We
needed also solutions with pH lower than the natural pH; those
were prepared by addition of small portions of diluted solution
of HCl by means of a micropipette. Thus, the required pH was
not surpassed. The ionic strength that corresponds to the set pH
is taken into account as a contribution to the total ionic strength
(Section 3.1).

All solutions were prepared with deionized water, purified by
a Milli-Q system (Millipore). In some cases we added inorganic
electrolyte, NaCl (Merck), in the aqueous phase, with concen-
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ata obtained for films with 0.02 wt.% BLG:

To reveal what interactions are important in the films. For this
purpose, we fit the disjoining pressure curves with the known
theory of electrostatic and van der Waals forces. In most cases
the agreement is good; the surface potential and the surface
charge in the film are deduced from one adjustable parameter
in the fits.
To analyze how the electric charge state of the adsorbed protein
at the oil/water interfaces is influenced by the pH and the salt;
to explore if it is different from the charge state in the bulk
solution. Specifically, we have to clarify whether the surface
isoelectric point is the same as the pI in the aqueous phase (the
latter is equal to 5.2).
To compare the behavior and stability of emulsion and foam
films, and to see whether their rupture is associated with pass-
ing over a barrier (maximum) in the curve Π(h).

Determination of surface charge through fitting of force ver-
us distance data (obtained by means of surface force apparatus)
as accomplished by Sivasankar et al. [9], who investigated the
H-dependent electrostatic properties of a single binding face
f streptavidin. Thin film balance (porous plate method) was
sed in [10], where the surface charge was found by fitting of
isjoining pressure in films stabilized by alkyl glucosides. We
asically follow the data management procedures implemented
y those authors.

The question about the charge state of adsorbed protein, and
ow it differs from the protein in bulk solution, bears significance
or many biomolecular interactions. Such are, for instance, the
irected ligand associations, kinetic binding rates, bio-fouling,
rations 0.001, 0.002, 0.005, and 0.010 M. All solutions were
sed immediately after preparation. The pH was measured both
efore and after the experiments, and exhibited insignificant
ariation.

The oil phase was always soybean oil (from a local supplier).
t was purified by passing through a glass column filled with
lumina adsorbent (Florisil F101), as described by Gaonkar [11].

.2. Methods

.2.1. Liquid films in a porous glass cell
Equilibrium forces in thin liquid films are gauged by the

isjoining pressure, Π, which is a function of the distance of
eparation, or film thickness, h. At equilibrium, and in the flat
ortion of the film, the disjoining pressure, Π, is equal to the
apillary pressure, Pc. The latter is a measurable quantity, and
epresents the difference between the pressure in the outer phase
hat surrounds the film (in our case, oil), and the bulk liquid pres-
ure in the Plateau border, i.e., in the aqueous phase from which
he film is made.

The force law (the disjoining pressure isotherm, Π(h)) was
easured with a thin-film balance, using a modified version

f the porous-plate Mysels cell [4]. The experimental cell is
hown schematically in Fig. 1. The film is formed by sucking
ut the inner liquid phase (aqueous solution). The cell is directly
onnected to a pressure transducer (Omega PC 136G01), the
eference pressure being the atmospheric one. This configuration
rovides the opportunity to investigate both emulsion-type and
oam-type films. The measured value of the pressure, Pm, should
e corrected for the hydrostatic pressure difference between the
lane of the film and the level of the measuring membrane of the
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Fig. 1. Schematic presentation of the experimental porous-plate (Mysels) cell,
suitable for emulsion and foam films up to high capillary pressures.

transducer (see Fig. 1). That difference is obtained by calibration
in the following way.

The porous cell is first loaded with the aqueous solution, and
the beaker, which contains the porous cell is filled up with oil
(Fig. 1); no film is made, and the aqueous layer in the cell is thick.
In mechanical equilibrium, the measured “calibration” pressure
is:

Pcal = −ρag�h + ρog�h∗ + ρwg�hf (1)

where ρa, ρo and ρw are the mass densities of air, oil, and water,
respectively, and the heights �h, �h* and �hf are designated in
Fig. 1. Then, in the presence of a thin emulsion film in the cell,
the measured running pressure accounted by the transducer is:

Pm = −ρag�h + ρog�h∗ − Pc + ρwg�hf (2)

therefore, from Eqs. (1) and (2) we see that the capillary pressure
in question is simply

Pc = Pcal − Pm (3)

In the case of foam films (air/water/air), the outer phase is
gaseous. Both the calibration and the experiments have been
performed in a saturated atmosphere in order to prevent the
evaporation of water from the film and the porous cell. Some
amount of the aqueous solution (a few ml) is put in the beaker,
which contains the porous cell (Fig. 1), with the liquid level
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The cell was attached on the table of a Jenavert microscope
(Carl Zeiss Jena), employing a special home-made device, which
provided a possibility to adjust the horizontality of the cell by
means of two screws. The latter adjustment was necessary in
order to ensure the plane of the film to coincide with the focal
plane of the objective. This is a condition for reliable determina-
tion of the film thickness. The microscope was equipped with a
long focal distance objective (Zeiss, 20×) and with a monochro-
matic light source. The experiments were visualized by means
of a highly sensitive video camera Sony SSC-C370P, and a VCR
Panasonic AG-7335. The film thickness (effective water thick-
ness) was determined via standard interferometry [12,13]. The
intensity of the reflected light is connected with the film thick-
ness, h, by the expression:

h = λ

2πn

(
lπ ± arcsin

√
I − Imin

Imax − Imin

)
(4)

where Imax and Imin denote the maximal and minimal intensity of
the reflected light, l =0, 1, 2, . . . is the order of the interference
maximum, λ is the wavelength of the incident light (546 nm
in our case), and n is the refractive index of the liquid forming
the film. A photo-multiplier tube was employed to determine the
intensity of the reflected light with great precision. Thus, the film
thickness, h, was calculated with maximum uncertainty of about
±1 nm (in the range h ≥ ∼20 nm). Since we measure directly
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eing below the edge of the cell. A glass plate is used as a lid
o cover the vessel. The pressure calibration is carried out by
sing the same procedure as above; Pcal is found with a thick
queous layer. The air pressure inside the beaker is equal to the
tmospheric pressure. After a thin film is formed, Eq. (3) holds.

Special care should be taken when one fixes the transducer
o the cell. The liquid column inside the connecting glass tube
hould be free from any air bubbles. Otherwise, the measured
alue of the pressure will be incorrect.

The maximum and minimum capillary pressures obtainable
ith the porous-plate technique are determined by the geometric

haracteristics of the porous holder. In our experiments, we used
cell in which the diameter of the hole that enclosed the film
as equal to 1.0 mm; the nominal pore size was about 16 �m.
he maximum capillary pressure Pc that could be reached was

imited by entry of oil/water menisci into the pores of the
ysels cell. The emulsion films in all studied systems with �-

actoglobulin ruptured at pressures lower than that limit.
nd independently the disjoining pressure (i.e., Pc) and the film
hickness, we are able to evaluate the disjoining pressure versus
istance isotherms, Π(h). The method allows us to explore only
he repulsive branches of the disjoining pressure curves.

Appropriate experimental procedure was contrived so as to
ttain equilibrium values of Π and h: after the initial film for-
ation, the pressure Pc was increased in small steps (1–2 Pa).
fter each step, the change of the thickness h was monitored
ntil a constant value was reached (that usually happened for
0–15 min), and the latter value was taken as the equilibrium
. In some runs, the Π(h) curve was scanned backwards, by
ecreasing the pressure Pc in steps of 1–2 Pa, and waiting for
he increasing thickness to equilibrate. The observed hysteresis
f h (increasing versus decreasing Pc) was minor, the differences
n the thickness for a given Π did not exceed ∼2 nm.

All measurements were performed at the ambient temper-
ture of 23 ± 0.5 ◦C. For each set of experimental conditions
e carried out several independent runs of Π(h) measurement.
epresentative curves are shown in Section 4 below.

.2.2. �-Potentials
We prepared O/W emulsions with 10% volume fraction of

oybean oil. The aqueous phase contained BLG at a concentra-
ion of 0.02 wt.%; sodium azide (0.1 g/l) was added to prevent
acterial contamination. Systems with different amount of inor-
anic salt, NaCl (0, 10, 75, 150, and 250 mM) were studied. The
ispersions were formulated by intensive stirring of correspond-
ng volumes of the protein solution and the soybean oil, by means
f a rotor-stator homogenizer Ultra Turrax T25 (Janke & Kunkel
mbH, IKA-Labortechnik), operating at 13,500 rpm. The dura-

ion of stirring was fixed at 5 min for all emulsions. The mean
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Sauter diameter of the produced emulsion drops, d32, was about
40 �m; the size distribution was rather polydisperse. It has been
previously verified that after 3 min of homogenization the mean
drop size does not change upon further stirring. The dependence
of the �-potential of the drops on the electrolyte concentration in
the aqueous phase was investigated, at the “natural” pH of 6.5.
This was done with a fraction of smaller drops in the emulsion
(with diameters below ∼5 �m), in order to avoid sedimentation
during the measurement of �. Such a fraction was obtained by
keeping the emulsion at rest for some time after the stirring, so
as to ensure that the large drops had separated.

The electrophoretic mobility, UE, was measured on a Zeta-
sizer II C equipment (Malvern Instruments, Ltd., England),
following the guidelines from Sections 3.1, 5.1 and 5.2 in the
Instruction Manual. The measurements in the low-salt systems,
below 100 mM NaCl and without added NaCl, were accom-
plished in a PC4 cell, after careful adjustment of the position
of the scattering volume with respect to the glass wall of the
cylindrical capillary containing the sample. This was necessary
in order to avoid the electroosmotic effect. The dispersions with
salt concentration above 100 mM NaCl could not be measured
in the standard PC4 cell for low ionic strength, because of the
large electric current. A special thin (∼1 mm) glass capillary,
with wall covered by hydrophilic polymer (to prevent electro-
osmosis), PC3 cell, was used for those experiments. The cell
was first rinsed with electrolyte solution, and subsequently, with
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resents the inverse Debye screening length; κ = κc
√

cel, with
κc = 0.001338 cm1/2 (a constant), and cel being the salt concen-
tration in cm−3.

Let φ0 be the potential at the onset of the diffuse part of
the electric double layer, at each one of the two opposing film
surfaces. We ascribe φ0 = φ[x = 0] = φ[x = h]. The planes where
φ = φ0 lie very close to the respective physical surfaces [16], so
we accept that h is approximately equal to the thickness of the
aqueous core of the film. The balance of electric charge in the
film is written with account for the condition of total neutrality,
and leads to the relation [14]:(

dφ

dx

)
x=0

= −1

2
κ2

cΓch

(
dφ

dx

)
x=h

= 1

2
κ2

cΓch (6)

where Γ ch is the surface charge density, expressed as number
of elementary charges e (without sign), per unit area. From Eqs.
(5) and (6) one derives

Γch = 2

κc

√
2cel(cosh φ0 − cosh φm) (7)

Eq. (7) will be used below for evaluation of Γ ch.
The electrostatic disjoining pressure, Πel, can be found from

a simple formula which connects it with φm [14,15]:

Πel = 2celkBT [cosh(φm) − 1] (8)
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rotein solution. The �-potential was determined according to
he simple Smoluchowski formula, UE = (ε�/4πη), where ε, η

enote the dielectric permittivity and the dynamic viscosity of
he medium, respectively.

. Disjoining pressure according to the DLVO theory

Below we will examine if the experimentally obtained dis-
oining pressure isotherms, Π(h), would comply with the clas-
ical theory of DLVO [14,15], in the case of emulsion films
tabilized by BLG, at pH values of 4, 5.2, and 6.5. In the DLVO
ramework, the disjoining pressure is represented as a sum of
ontributions from van der Waals and electrostatic interactions
etween the film surfaces. Here follows a short summary of the
elevant equations, necessary for data interpretation, and expla-
ation of the fitting procedure.

.1. Electrostatic interactions

We denote by φ the dimensionless electric potential,
= eΨ /(kBT), where e is the electronic charge, kBT is the thermal

nergy, and Ψ is the absolute value of the potential. Integration of
he Poisson–Boltzmann equation in a plane-parallel film yields
14,15]:

dφ

dx

)2

= 2κ2[cosh φ(x) − cosh φm] (5)

n the case of 1:1 electrolyte. Here x is the coordinate perpen-
icular to the film surfaces, φm refers to the plane in the middle
f the film (where dφ/dx = 0 due to the symmetry), and � rep-
Eq. (8) suggests that Πel may be identified as the excess osmotic
ressure of ions in the middle of the film.) On the other hand,
m depends on the film thickness h in a straightforward manner.

ntegration of Eq. (5) from x = 0 to x = h/2 gives:

κh

2
=
∫ φ0

φm

dφ√
2 cosh φ − 2 cosh φm

(9)

q. (9) can be cast in an equivalent and more convenient form
ith the use of the Incomplete Elliptic Integral of the First Kind

14,15]:

κh

2
= K

∫ t0

0

dt√
1 − t2

√
1 − K2t2

= KF (t0, K) (10)

here

1

K2 = 1 +
[

sinh

(
φm

2

)]2

, t2
0 = 1 −

[
sinh(φm/2)

sinh(φ0/2)

]2

e adopt a procedure for calculation of Πel versus h that
nvolves one free parameter, the surface potential, φ0. After spec-
fying a value for φ0, we use Eq. (9) or (10) to determine φm for
given film thickness, h. Then, Eq. (8) provides the correspond-

ng value of Πel for this h. The curve Πel(h) is obtained under
he condition for constant surface potential, that is, φ0 is inde-
endent of h. According to Derjaguin [14], this regime ensures
inimum loss of free energy due to the electrostatic repulsion,

ompared to the regimes of constant surface charge or charge
egulation. The films which we investigate in this work are thick,
n the sense that κh is always larger than ∼2.5. In such a case, the
uantitative difference between the regimes of constant poten-
ial or charge becomes negligibly small [14]. The fact that we
ssume φ0 = const. leads to a slight dependence of Γ ch upon the
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film thickness, h (see Eq. (7), where φm depends on h). However,
for all studied systems this variation of Γ ch is less than a few
percent, so it will be disregarded.

3.2. Van der Waals interactions

For the van der Waals force we use a description that takes into
account the finite thickness of the protein layers on the two film
surfaces [17]. We envisage the system oil/adsorbed protein layer
of thickness δ/aqueous core of thickness h/adsorbed protein layer
of thickness δ/oil. For such films (of plane-parallel geometry),
the van der Waals disjoining pressure, ΠvdW, is given by [17]:

ΠvdW = 1

6π

[
Apr−w−pr

h3 − 2Ao−pr−w

(h + δ)3 + Ao−pr−o

(h + 2δ)3

]
(11)

The respective compound Hamaker constants, Ai−j−k, pertain
to the interaction in a system that consists of a layer of phase j
sandwiched between two adjacent phases i and k (pr = protein,
w = water, o = oil). A combining relation [14,18] is used to
express Ao−pr−w:

Ao−pr−w = Apr−w−pr − Apr−w−o (12)

Values of the necessary constants, Apr−w−pr, Ao−pr−o, and
Apr−w−o, are taken from [18]:

A
pr−w−pr pr−w−pr
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experimentally measured data, using one adjustable parameter,
the surface potential φ0 (or Ψ0 in mV).

4. Results and discussion

Fig. 2 displays a series of four Π(h) isotherms obtained at pH
5.2 with different concentrations of NaCl. What we see is that in
all cases the agreement between the experiment and the DLVO
calculation is satisfactory. In the presence of 1, 2, and 5 mM NaCl
the plots are linear in the scale ln Π versus h (Fig. 2a–c). Such a
behavior is in agreement with the asymptote of the electrostatic
disjoining pressure in the limit of weak overlapping of the diffuse
layers at the two film surfaces [14,15]:

Πel ≈ 64cel kBT

(
tanh

φ0

4

)2

exp(−κh) (16a)

ln Πel = const. − κh (16b)

The slopes of the lines in Fig. 2a–c practically coincide with
the corresponding values of the inverse Debye screening length,
κ, as suggested by Eq. (16b). Indeed, in Fig. 2a, the slope is
9.9 × 105 cm−1, and κ = 10.4 × 105 cm−1; in Fig. 2b, the slope is
1.42 × 106 cm−1, and κ = 1.47 × 106 cm−1; in Fig. 2c, the slope
is 2.24 × 106 cm−1, and κ = 2.32 × 106 cm−1. One can conclude
that the predominant interaction in these films is the electrostatic
repulsion. Contingent influence of steric forces (which are also
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ν=0 = 0.645 kBT ; Aν>0 = 2.455 kBT ; (13a)

o−pr−o
ν=0 = 0.005 kBT ; A

o−pr−o
ν>0 = 2.325 kBT ; (13b)

pr−w−o
ν=0 − A

pr−w−pr
ν=0 = 0.010 kBT ;

pr−w−o
ν>0 − A

pr−w−pr
ν>0 = −1.570 kBT (13c)

olar and dispersion components [17] are designated by ν = 0
nd ν > 0, respectively. The effect of electrostatic screening of
he polar interactions across aqueous solution of salt is taken
nto account by using a correction for A

pr−w−pr
ν=0 , according to

he formula [17], [18]:

pr−w−pr = A
pr−w−pr
ν=0 (1 + 2κh) exp(−2κh) + A

pr−w−pr
ν>0 (14)

he polar components in Eqs. (13b) and (13c) are negligible, so
o–pr–o and (Apr−w−o − Apr−w−pr) are set equal to the dispersion
omponents.

In the case of foam films, oil is replaced by air (subscript a);
a–pr–a = Apr–pr = 23.42 kBT [18] (for interaction of protein layers
cross vacuum). Application of Eq. (11) requires that Aa−pr−w
hould be known; it is found from combining relations:

Aa−pr−w = Apr−pr − Aw−w + Apr−w−pr (15)

here Aw−w = 0.71 kBT (1 + 2κh)exp(−2κh) + 8.28 kBT for the
ater phase [17].
The effective thickness of the protein adsorption layer is taken

o be δ = 1.5 nm, as suggested by the neutron reflection results
eported in [19]. Thus, the van der Waals disjoining pressure,
q. (11), is calculated without any free/adjustable parameters.

The theoretical isotherm of total disjoining pressure, Π =
vdW + Πel, as a function of h, Eqs. (8) and (11), is fitted to the
xponential versus h) should be ruled out. The decay length of
he electrostatic repulsion is equal to the Debye screening length,
nd the latter depends on the salt concentration; so do the slopes
f the lines in Fig. 2a–c. At higher salt (Fig. 2d), the van der
aals attraction becomes significant (the plot is curved).
Another important aspect of the results in Fig. 2 is that the

rotein adsorption layers at pH 5.2 are charged (the concrete
alues of Ψ0 will be discussed below). In bulk aqueous solu-
ion, the molecules of BLG are electrically neutral at this pH,
ince the isoelectric point, pI, has been reported to lie at 5.2
20]. Therefore, it seems likely that the conformational changes,
hich accompany the adsorption lead to a shift in the isoelectric
oint. The charged state of the protein on the oil/water boundary
s different from that in the bulk.

Fig. 3 shows disjoining pressure curves at the “natural” pH
f 6.5 (no acid or base has been added to the solution). The
easured data are in compliance with the DLVO theory. The

ituation changes when the pH is set to 4.0 (see Fig. 4). The
sotherms Π(h) presented in Fig. 4 exhibit peculiar behavior. The
lectrostatic and van der Waals interactions (DLVO) are predom-
nant at thicknesses larger than ∼23–24 nm. In thinner films a
teep repulsion emerges (Fig. 4); its origin is probably from steric
nteraction. The films with h = 23-24 nm are much thicker than
he size of the individual molecule of �-lactoglobulin; the latter
s a sphere with diameter of 3.58 nm [21]. A plausible physical

echanism for explanation of this relatively long-range repul-
ive force is the existence of protein aggregates residing on the
wo opposing film surfaces. As suggested by Tcholakova et al.
22], chain-like aggregates can extend and dangle in the aqueous
hase. Steric repulsion is brought about when such chain-like
rotein aggregates at each surface experience hindrance from
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Fig. 2. Disjoining pressure isotherms of emulsion films stabilized by BLG at pH 5.2, with different concentrations of NaCl: (a) 1 mM; (b) 2 mM; (c) 5 mM; (d)
10 mM. The films rupture at the highest measured value of �. The lines represent the best DLVO fits.

those attached at the other surface. More detailed description of
this interaction, with numerical estimates, is provided in [22].
Thus, the aggregation of BLG on the liquid boundary seems to
be favored at pH 4.0.

From the above, we can infer that pH 4.0 should be close to
the isoelectric pH of the adsorbed protein on the oil/water inter-
face (while in the bulk pI = 5.2). Such a hypothesis is supported
by direct observation of emulsion films, by means of interfer-
ence microscopy. It turns out that in some films, at pH 4.0, a
thickness transition occurs, with step-wise formation of very
thin Newton Black Film (NBF). This is illustrated in Fig. 5b and
c. The NBF is essentially a bilayer; shortly after its appearance
the film ruptures. The pictures in Fig. 5b and c are taken just
before the rupture.

At pH values different from 4.0 we did not register formation
of spots of Newton Black Film. Fig. 5 shows films at pH 3.0 and
5.2 (cases a, d). They stay relatively thick, due to the electrostatic

stabilization. On the other hand, one can envisage that at pH 4.0
the surface charge is low (see below), and the aggregation is
promoted, so the films are stabilized at h ∼ 23–24 nm by steric
repulsion; the aggregates which are responsible for this may
eventually collapse and/or be expelled from the film, and then
NBF forms (Fig. 5b and c); afterwards the film ruptures.

Let us now discuss the charge state of the protein on the film
interfaces. For this purpose we will use the surface potential,
φ0, determined from the best fit of experimental Π(h) data with
the DLVO theory. The charge per unit area, Γ ch, is calculated
from φ0 through Eq. (7), and the results are plotted in Fig. 6.
As expected, the charge density at pH 4.0 is very low, which
substantiates our conjecture that this pH is close to pI on the
O/W boundary.

At pH 5.2 and 6.5, Fig. 6 reveals a trend for increase of Γ ch
upon addition of salt, NaCl. The effect is well pronounced at
lower concentrations of NaCl; at pH 5.2 with 10 mM NaCl, Γ ch
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Fig. 3. Disjoining pressure isotherms of emulsion films stabilized by BLG at the
natural pH (without adjustment), that is, at pH 6.5; (a) 2 mM NaCl; (b) 10 mM
NaCl. The curves represent the best DLVO fits.

becomes slightly lower (Fig. 6). These results indicate a possible
influence of the inorganic salt upon the protein configuration and
charge state on the interface. We decided to verify the trend in
Γ ch by independent measurements of �-potentials of emulsion
drops, as a function of the NaCl content. The experimental data
are listed in Table 1; they are included also in Fig. 7.

Table 1
�-Potentials of soybean oil-in-water emulsion drops, stabilized by 0.02 wt.%
�-lactoglobulin

Concentration of added NaCl (mM) �-Potential (mV)

0 −52.0
10 −35.0
75 −19.7

150 −15.0
250 −9.6

The aqueous phase contains 0.1 g/l NaN3 (an antibacterial agent); the pH is 6.5
(“natural”).

Fig. 4. Disjoining pressure isotherms of emulsion films stabilized by BLG at
pH 4.0; (a) 2 mM NaCl; (b) 5 mM NaCl. The curves represent the best DLVO
fits.

In order to estimate the surface charge from the � potential, we
need to know how far from the physical interface lies the shear
plane (to which � refers). Different cases have been described
in the literature. If the shear plane is away to a distance ∼1/κ
from the surface [23], this would lead to a significant differ-
ence between Ψ0 and ζ. On the other hand, it was discussed by
Tcholakova et al. [22] that with protein (BLG) the shear plane is
most likely placed very close to the outer Helmholtz plane (i.e.,
Ψ0 ≈ ζ). To resolve this question for our systems, it is pertinent
to compare values of �0, determined from Π(h) in films, with
the � potential of drops. Such a comparison can be made for
the system at pH 6.5 (natural), with 10 mM NaCl. The fitting
of Π(h) isotherms in films gave Ψ0 = 46.0 mV and 36.5 mV (for
two experimental curves, corresponding to the two square points
in Fig. 6 at 10 mM salt), while |ζ| = 35 mV from Table 1. The
values of Ψ0, |ζ| are close; the deviation is consistent with a
distance between the shear plane and the outer Helmholtz plane
[≈κ−1 ln(Ψ0/ζ)] from zero to no more than ∼8 Å. For our pur-
poses this is insignificant, so we assume Ψ0 ≈ ζ and calculate
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Fig. 5. Interference pictures of emulsion films stabilized by 0.02 wt.% BLG, observed in reflected monochromatic light. (a) pH 3.0; (b), (c) at pH 4.0 (note the very
thin and dark portions of Newton Black Film); (d) pH 5.2.

Γ ch from the relation [24]

Γch = 4

κc

√
cel sinh

φ0

2
(17)

Eq. (17) is a corollary from Eq. (7), in which we put φm = 0
(single surface, not a film). The results for Γ ch, together with the
measured |ζ|, are presented in Fig. 7. One observes the peculiar
trend ofΓ ch first ascending with the increase of the NaCl content,
and next, slightly descending. This behavior is similar to what
was found from the film data at pH 5.2, Fig. 6. Evidently, some
influence of the salt on the charge state of the adsorbed BLG
takes place.

The maximum surface charge density of about 1.4 × 10−11

mol/cm2 with 100–150 mM NaCl (Fig. 7) can be discussed in
view of the charged state of BLG in the bulk solution, at this pH
6.5. According to [20], at ionic strength of 150 mM KCl and pH
6.5 there are about 5 negative charges per one molecule of BLG
in solution. On the other hand, at monolayer coverage of the liq-
uid interface, the adsorption is about 1.6 mg/m2 BLG [19], equal
to 8.9 × 10−12 mol/cm2. With Γ ch ≈ 1.4 × 10−11 mol/cm2, we
deduce that an average of 1.6 charges per molecule are avail-
able on the O/W boundary. Therefore, adsorbed molecules of
BLG are charged to a considerably lesser extent than those in
the bulk solution (under the conditions of “natural” pH in the
bulk, and in the presence of 150 mM salt). A plausible mecha-
n
m
a
o

responds by gradually binding some H+; finally, an equilibrium
state is established, with the adsorbed protein molecules being
less charged than those in the bulk.

With surface potential, Ψ0, of about 40 mV at pH 6.5
(see above), the shift of pH (bulk-surface) is 0.68 = log10
[exp(eΨ0/kBT)]; the resulting pH at the oil/water boundary, 5.8,
would correspond to ∼3.2 charges per one protein molecule, if

F
c
w
c

ism to explain this fact may be the following: Initially, charged
olecules from the bulk (pH 6.5) come to the interface and

dsorb; the consequent surface electric field attracts counteri-
ns (H+), and the local pH at the surface decreases; the protein
ig. 6. Electric charge density on the O/W interfaces of emulsion films, cal-
ulated from the surface potentials according to Eq. (7). The surface potentials
ere determined from the best DLVO fits of Π(h) data. Each point in Fig. 6

orresponds to one Π(h) isotherm (the results from Figs. 2–4 are included).
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Fig. 7. Electric charge density on the O/W interfaces of emulsion droplets,
calculated from the �-potentials according to Eq. (17). The measured �-potentials
are listed in Table 1.

BLG is in dissolved state in the aqueous phase (cf. Fig. 9 in
[20]). This is still higher than the actual surface charge den-
sity determined from Ψ0 in films, ∼1.6 charges per molecule.
The disparity can be attributed to different conformation of the
protein residing on the interface, in comparison with the bulk
solution. It is worthwhile to point out that levels of charging
even lower than 1 charge per molecule (Fig. 6) may be respon-
sible for the predominant stabilizing force, Πel, in the emulsion
films.

One should be aware that the above mechanism of “charge
regulation” cannot be operative at pH 5.2. This is the isoelec-
tric point in the bulk, while the adsorption layer of BLG is
charged (Fig. 6). So, conformational changes in the molecules
upon adsorption are the most likely reason for the differences in
the bulk-surface charge state at pH 5.2.

Finally, let us comment on some results with foam films
(air/solution/air). As a rule, the disjoining pressure in such films
is again described well by the DLVO theory. Fig. 8 shows a
sample curve Π(h) in a system at pH 5.2 with 2 mM NaCl. The
air/water surfaces are charged, similarly to the case of oil/water
interfaces at this pH (equal to pI in the bulk). An essential dif-
ference between the foam and emulsion films is that the former
ones are much more stable than the latter. As illustrated by Fig. 8,
the foam films exist at considerably higher pressures than the
emulsion films under the same other conditions (compare with
Fig. 2b). We did not observe rupture of the film from Fig. 8
(
i
s
S
a

p
o
(
f
t

Fig. 8. Disjoining pressure isotherm of foam film stabilized by BLG at pH 5.2,
in the presence of 2 mM NaCl. The line represents the best DLVO fit.

A problem that deserves thorough investigation concerns
the charge state of the globular protein (BLG), when it is
adsorbed on air/water interface (or in foam films). It has been
pointed out in the literature that significant difference can exist
between the configurations of the protein molecules on air/water
and oil/water boundaries. Murray et al. [25] found that BLG
appeared to be more unfolded and more flexible at the O-W
interface. It is likely that such differences may lead to a con-
comitant shift in the charge state. In his review on thin films,
Clark [6] mentioned a dissimilar behavior of BLG on A-W and
O-W surfaces, and quoted smaller thicknesses of foam films
compared to emulsion films (25 and 35 nm, respectively, under
specific conditions). We did not study systematically the pH
dependence of the surface charge in foam films; what can be
said from Fig. 8 is that pH 5.2 is definitely not isoelectric at the
air/water interface. It remains to be clarified by further studies
how the isoelectric point will shift upon adsorption of BLG on
the A-W boundary.

5. Conclusions

The interactions in emulsion films stabilized by BLG are
in quantitative agreement with the DLVO theory; predominant
is the electrostatic repulsion, in superposition with the van der
Waals attraction. At the pH of 5.2 (which is the isoelectric point,
p
i
a
i
d
l
a
N

t
p

the upward arrow indicates that the pressure may continue to
ncrease, the film remains stable, but measurements had to be
topped because of entry of menisci into the glass cell pores).
imilar high stability was observed for other foam films made
t pH 5.2 and 6.5, with different salt concentrations.

In contrast, all emulsion films from Figs. 2–4 rupture at the
oint when the highest measured value of Π is reached. More-
ver, the instability is not connected with passing over a barrier
maximum) in Π(h). One can suppose that weakness of the inter-
acial layers is caused by the contact of the adsorbed protein with
he oil phase, which leads to hydrophobization.
I, in the bulk solution), the interface is charged. Possible reason
s the conformational change, which the protein undergoes upon
dsorption. At bulk pH of 4.0, the BLG-laden oil/water interface
s close to isoelectric state. Evidence for this comes from: (i) the
etermined low surface charge density; (ii) the manifestation of
ong-range steric repulsion, possibly due to favored aggregation
t the interface; and (iii) the formation of spots of very thin
ewton Black Films.
Experimental disjoining pressure isotherms, Π(h), are fit-

ed with the DLVO theory using one adjustable parameter, the
otential at the onset of the diffuse layer, Ψ0. From the latter



108 E.S. Basheva et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects  282–283 (2006) 99–108

we estimate the surface charge density, Γ ch, on the two oppos-
ing film interfaces. Addition of inorganic salt, NaCl, leads to
increase of Γ ch (up to a certain limit). This effect is derived both
from results with thin liquid films (measured Π(h)), and from
�-potentials of emulsion drops. At the “natural” pH of 6.5, with
150 mM ionic strength, the extent of charging of adsorbed BLG
is considerably lower than that in the bulk aqueous solution. This
conclusion remains valid when pH is recalculated to account for
its local change in the vicinity of the charged liquid boundary.
Thus, also at pH 6.5 it can be said that the charge state of the
protein molecules residing on the oil/water interface is signif-
icantly influenced by the conformational transformations that
accompany the adsorption.

One may envisage importance of the latter effect for many
biomolecular interactions, which are sensitive to electrostatic
forces, in relation to phenomena like ligand associations, molec-
ular recognition, binding rates, etc.

The emulsion films with BLG are less stable than the foam
films, and rupture without overcoming a barrier (maximum) in
the disjoining pressure isotherm, Π(h). This fact indicates that
the instability may be connected with certain weakness of the
interfacial layer, brought about by the contact with the oil phase
(hydrophobization).
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[10] Å. Waltermo, P.M. Claesson, S. Simonsson, E. Manev, I. Johansson, V.
Bergeron, Langmuir 12 (1996) 5271–5278.

[11] A.G. Gaonkar, J. Am. Oil Chem. Soc. 66 (1989) 1090.
[12] A. Scheludko, Adv. Colloid Interface Sci. 1 (1967) 391.
[13] T.T. Traykov, E.D. Manev, I.B. Ivanov, Int. J. Multiphase Flow 3 (1977)

485.
[14] B.V. Derjaguin, Theory of Stability of Colloids and Thin Liquid Films,

Plenum Press, New York, 1989.
[15] B.V. Derjaguin, N.V. Churaev, V.M. Muller, Surface Forces, Plenum

Press, New York, 1987.
[16] V.V. Kalinin, C.J. Radke, Colloids Surf. A 114 (1996) 337.
[17] J.N. Israelachvili, Intermolecular and Surface Forces, Academic Press,

London, 1992.
[18] S. Tcholakova, N.D. Denkov, R. Borwankar, B. Campbell, Langmuir 17

(2001) 2357.
[19] P.J. Atkinson, E. Dickinson, D.S. Horne, R.M. Richardson, J. Chem.

[

[

[

[

[

[

The authors appreciate the inspiring discussions with Prof.
van B. Ivanov. This work was financially supported by Kraft
oods, Inc., USA.

eferences

[1] I.B. Ivanov, K.D. Danov, P.A. Kralchevsky, Colloids Surf. A 152 (1999)
161.

[2] P.A. Kralchevsky, K.D. Danov, N.D. Denkov, Chemical physics of col-
loid systems and interfaces, in: K.S. Birdi (Ed.), Handbook of Surface
and Colloid Chemistry, Second Edition, CRC Press, New York, 2002
(Chapter 5).

[3] D.R. Exerowa, P.M. Kruglyakov, Foam and Foam Films: Theory, Exper-
iment, Application, Elsevier, Amsterdam, 1998.

[4] T.D. Dimitrova, F. Leal-Calderon, T.D. Gurkov, B. Campbell, Adv. Col-
loid Interface Sci. 108–109 (2004) 73.
Soc., Faraday Trans. 91 (1995) 2847.
20] H.A. McKenzie, Beta-lactoglobulins, in: Milk Proteins: Chemistry and

Molecular Biology, vol. II, Academic Press, New York, 1971, p. 257
(Chapter 14).

21] M. Cornec, D. Cho, G. Narsimhan, J. Colloid Interface Sci. 214 (1999)
129.

22] S. Tcholakova, N.D. Denkov, D. Sidzhakova, I.B. Ivanov, B. Campbell,
Langmuir 21 (2005) 4842.

23] H. Li, Sh. Wei, Ch. Qing, J. Yang, J. Colloid Interface Sci. 258 (2003)
40.

24] P.A. Kralchevsky, K.D. Danov, G. Broze, A. Mehreteab, Langmuir 15
(1999) 2351.

25] B.S. Murray, M. Færgemand, M. Trotereau, A. Ventura, Compari-
son of the dynamic behavior of protein films at air-water and oil-
water interfaces, in: E. Dickinson, J.M. Rodriguez Patino (Eds.),
Food Emulsions and Foams, Royal Soc. Chem, Cambridge, 1999,
pp. 223–235.


	Interactions in oil/water/oil films stabilized by beta-lactoglobulin; role of the surface charge
	Introduction
	Materials and methods
	Materials
	Methods
	Liquid films in a porous glass cell
	zeta-Potentials


	Disjoining pressure according to the DLVO theory
	Electrostatic interactions
	Van der Waals interactions

	Results and discussion
	Conclusions
	Acknowledgements
	References


