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It was studied the effect of the bile salts on protein interfacial films at oilewater interfaces under
simulated duodenal conditions (37 �C, pH 7.0 and 39 mM K2HPO4, 150 mM NaCl and 30 mM CaCl2) in
order to develop an interfacial film which could resist the interfacial displacement by the bile salts in the
duodenum to control the lipids digestion process, as it could retard the next action of lipase and colipase.
The proteins studied were b-lactoglobulin, soy proteins and egg white proteins as well as non-ionic low
molecular weight surfactants (Tween 20). The interfacial characterization was done by using a
pendant drop tensiometer by analyzing the competitive and sequential adsorption of these components
at the oilewater interface. The results demonstrated that soy protein film was particularly more resistant
to bile salts displacement.

� 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
1. Introduction

There is a growing interest in studying how to control the lipids
digestion as these molecules could present a negative impact in
human health (cholesterol, saturated fats and trans fats) that have
been associated to cardiovascular diseases and obesity (Marciani
et al., 2009; McClements, Decker, Park, & Weiss, 2008;
McClements & Li, 2010; Sarkar, Horne, & Singh, 2010a). Moreover,
the capacity to control the lipids digestion within the gastrointes-
tinal human tract would facilitate the incorporation of bioactive
substances (i.e. in oil in water emulsions) that could result in a
decreased risk of suffering some diseases. However, for these
bioactive substances to take effect, it is necessary to ensure their
protection through the gastrointestinal tract to the specific site
where they would adsorb (McClements et al., 2008).

Dietary fats are consumed by humans in different forms such as
oilewater emulsions where the lipids are embedded in form of
droplets in an aqueous continuous medium. The surface of these
droplets is coated by a layer of interfacial active molecules. The
amphiphilic substances, such as proteins, can adsorb at fluid in-
terfaces and it is known that their adsorption can play an important
role in the formation and stability of emulsions and also in the rate
of the digestion process (Mun, Decker, & McClements, 2007;
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Sandra, Decker, & McClements, 2008). So it may be analyzed the
relationship between the structure of adsorbed films and the
lipolysis process.

During the digestion process the emulsified lipids are exposed
to physical and biochemical changes that result in flocculation,
coalescence, aggregation, droplet disruption, etc. The major part of
the lipids digestion takes place in the small intestine. The rate of
this process is controlled by several factors, among them: the bile
salts, ionic strength, enzyme activity and other interfacial
active components (Beysseriat, Decker, & McClements, 2006;
McClements, Decker, & Yeonhwa, 2009; Sandra et al., 2008;
Sarkar, Goh, Singh, & Singh, 2009; Sarkar et al., 2010a; Sarkar,
Horne, & Singh, 2010b).

Bile salts have a crucial role in the transport and adsorption of
fat soluble nutrients in the duodenum. These molecules present
high surface activity and they can displace the original surfactants
that were previously adsorbed on the interface promoting the
increase of surface area (Jódar-Reyes, Torcello-Gómez, Wulff-
Pérez, Gálvez-Ruiz, & Martín-Rodríguez, 2010; Mackie, Gunning,
Ridout, Wilde, & Rodriguez Patino, 2001; McClements & Li,
2010). However, the lipase activity could be inhibited by physio-
logical concentrations of bile salts as well as phospholipids and
proteins that are present in emulsions of dietary lipids. When
inhibiting lipase activity at the interface it may be possible to
regulate fat digestion (Chu et al., 2009). Colipase may restore the
pancreatic lipase activity, that could permit the efficient digestion
of dietary fats in the presence of components that inhibit lipase
activity (Lowe, 1997).

Therefore, it is very important to analyze the resistance that an
interfacial film can present against the interfacial displacement by
ts reserved.
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the bile salts molecules that are important for lipid hydrolysis and
absorption in the small intestine (Wickham, Garrood, Leney,
Wilson, & Fillery-Travis, 1998).

The behavior of b-lactoglobulin interfacial films upon bile salts
addition has been studied by Maldonado-Valderrama et al. (2008)
by using experimental techniques such as pendant drop tensiom-
etry and atomic force microscopy. They proposed that bile salts
penetrated into, weakened and broke the interfacial b-lactoglob-
ulin network by an orogenic mechanism. In a recent work
(Maldonado-Valderrama, Terriza, Torcello-Gomez, & Cabrerizo-
Vilchez, 2013) the behavior of two interfacial protein structures
(b-lactoglobulin and b-casein) upon in vitro digestion was studied
by means of a new apparatus, the OCTOPUS, which enables to
mimic the sequential in vitro digestion process in a single droplet.
Both of the protein interfacial layers showed different performance
upon gastric digestion but the extent of lipid hydrolysis was found
to be similar.

The resistance of non-protein stabilized interfaces to in vitro
digestion has also been reported by Torcello-Gómez, Maldonado-
Valderrama, Martin-Rodriguez, and McClements (2011) who
studied Pluronics stabilized interfaces and also by Chu et al. (2010,
2009) and found that surface-active galactolipids may retard lipid
digestion by preventing the adsorption of other surface-active
components such as bile salts and lipase.

Digestion is a very complex phenomenon involving interactions
with saliva, gastric juices, etc., and interfacial complexation and
competition at the oilewater interface with small-molecule sur-
factants, either present in the original food or released during
digestion (phospholipids, bile salts, etc.) In the present work we
will analyze the effect of the presence of bile salts from an inter-
facial point of view (competitive and sequential adsorption) as it is
necessary to use model systems to analyze separately how indi-
vidual and successive physiological conditions occurring during
digestion change the structure of interfacial layers. This consider-
ation has also been reported by other authors that also analyzed the
effect of the presence of the bile salt molecules (Euston, Bellstedt,
Schillbach, & Hughes, 2011; Jódar-Reyes et al., 2010; Maldonado-
Valderrama et al., 2008).

Thus, the behavior of oilewater interfaces stabilized by pro-
teins from different sources (b-lactoglobulin, soy proteins and
egg proteins) and also by Tween 20 (typical non-ionic surfactant
used in the food industry) was analyzed under duodenal phys-
iological conditions in order to understand the mechanisms of
interaction between the adsorbed proteins and bile salts and
also to provide information for the manipulation of interfacial
structures to control lipid digestion or to design foods that
could deliver lipophilic substances in the gastrointestinal human
tract.

2. Materials and methods

2.1. Materials

BioPURE b-lactoglobulin (b-lg) was obtained from DAVISCO
Foods International, Inc. (Le Sueur, Minnesota) with a protein
composition (dry basis) of 97.8%, being b-lactoglobulin 93.6% of
total proteins. Egg White (EW) was supplied from OVOPROT
(Argentina) and the manufacturer reported that it contained
88.93% of protein. A soy protein isolate, being 98% water soluble,
was obtained from defatted soybean flour (Sambra S.A., Brazil) as
indicated by Carp, Bartholomai, and Pilosof (1997).

Tween 20 (product no. 326896/1693), purchased from Fluka,
was used.

Protein solutions were prepared at 1.0% w/w while Tween 20
solutions were prepared at 10�4 M (higher than its critical micellar
concentration (Hsu & Nacu, 2003)). These concentrations were
used to assure the saturation of the interface by the surface active
components (Álvarez Gómez & Rodríguez Patino, 2006).

Bovine bile extract (B3883) was purchased from SigmaeAldrich
and it contained a mixture of: 30e40% taurocholic acid, w10e20%
glycocholic acid, w5e10% glycodeoxycholic acid and w5e10%
taurodeoxycholic acid, accounting for w60% cholic acid by mass of
the total bile salts. The concentration of bovine bile extract (BS)
used was 5 mg/ml as this value is within the physiological con-
centrations (Sarkar et al., 2010b).

Simulated intestinal fluid (SIF) was prepared as indicated by
Sarkar et al. (2010b) (pH 7.0, inorganic salts: 39 mM K2HPO4,
150 mM NaCl and 30 mM CaCl2). The solutions were heated for
30 min at 37.0 �C prior to the experiment. Sodium azide was also
added as an antimicrobial agent (0.02% w/w).

Commercial sunflower oil was purified according to Bahtz et al.
(2009) by mixing it with Florisil 60-100 Mesh, from Fluka, in order
to minimize the surface active impurities present in the oil. In order
to corroborate the absence of surface-active contaminants it was
checked the interfacial tension of the clean oilewater interface and
values of 24.0 � 0.4 mN/m were obtained.

All the glassware was cleaned using ammonium persulfatee
sulfuric acid to eliminate all the possible surface-active contami-
nants that could interfere in the measurements and rinsed with
Millipore water.

2.2. Methods

2.2.1. Electrophoresis
Proteins were analyzed by SDS-PAGE-electrophoresis using a

Mini-Protean II dual slab cell system (Bio-Rad Laboratories, Her-
cules, California) in dissociating conditions using SDS (2%), ac-
cording to the procedure of Laemmli (1970). Proteins were
dissolved in distilled water to 1% and then they were mixed with
the sample buffer (1:4) (0.5 M TriseHCl, pH 6.8, glycerol with SDS
and bromophenol blue). The weight of the protein that was loaded
in the lanes was 40 mg per well. The resolving and stacking gels
contained 12% and 4% acrylamide, respectively. The running gel
consisted of a mixed TriseHCl (0.025 M) glycine with SDS in
distilled water solution to pH 8.3. Electrophoresis was performed at
a constant voltage of 200 V and a constant intensity of 500 mA and
the duration of this procedure was approximately 45 min. It was
also used a molecular weight standard proteins from Bio-Rad.

Finally the protein bands obtained were stained with a Coo-
massie brilliant blue solution (0.1%) in water/methanol/acetic acid
(8:1:1) for 24 h (Bollag & Eldestein, 1991). Destaining of the gel was
performed with a mixture (1:1) of methanol-glacial acetic acid
(20%).

2.2.2. Differential scanning calorimetry (DSC)
A DSC 822 Mettler Toledo calorimeter (Schwerzenbach,

Switzerland) was used in order to determine the onset (Tonset), peak
temperature (Tp) and the enthalpy (DH) involved in the thermal
transition. The thermal parameters were determined by heating
60 mg of each protein sample, that was hermetically sealed in
aluminum pans, in a range of temperature from 0 to 95 �C at a
heating rate of 10 �C min�1. An empty pan was used as reference.
The average value of at least two replicates is reported.

2.2.3. Interfacial pressure
The interfacial tension as well as dilatational rheology mea-

surements at the oilewater interface have been done in a pendant
drop tensiometer (PAT-1, SINTERFACE Technologies, Berlin, Ger-
many (SINTERFACE-Technologies)). A solution droplet was formed
at the tip of a stainless steel capillary (constant volume: 12 ml)



Fig. 1. SDS-PAGE electrophoresis of proteins. Lane 1 corresponds to the standard
molecular weight. Lanes 2 and 3: b-lg. Lane 4: Soy proteins. Lanes 5 and 6: EW.

Table 1
Peak temperature (Tp) and enthalpy (DH) involved in the thermal transition of b-lg,
EW and soy protein.

Protein Tp1 (�C) Tp2 (�C) DHT (J/g)

b-lg 74.2 e 7.2
EW 64.8 80.6 23.2
Soy e e e
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immersed in a glass cuvette filled with the purified oil. This cuvette
is covered by a compartment which is thermostated (37.0 � 0.1 �C)
by circulating water from a thermostat. The computer program fits
the experimental drop profile to the YoungeLaplace equation by
using drop profile analysis tensiometry to accurately (�0.1 mN/m)
determine surface tension.

The computer controlled dosing system allows to induce area
deformations and periodic automatically controlled sinusoidal
interfacial compression and expansion were performed during the
formation of the adsorbed layer by decreasing and increasing the
drop volume at the desired amplitude and angular frequency. Os-
cillations were performed at a frequency of 0.05 Hz and each
perturbation consisted of six oscillations cycles followed by 10 min
constant interfacial area recording. The amplitude of the oscillation
was 3% of the initial drop volume in order to guarantee that the
rheological parameters are independent of the amplitude. The
surface area perturbations lead to a respective harmonic surface
tension response, as reported in the literature (Kazakov et al.,
2008). The data obtained were analyzed by using a Fourier trans-
formation, obtaining the corresponding dilatational parameters of
the interfacial layer (namely the interfacial elasticity and viscosity)
(Berthold, Schubert, Brandes, Kroh, & Miller, 2007). The surface
dilatational modulus is defined as the change in surface tension
induced by a small change in surface area (Eq. (1)):

E ¼ dg=d ln A (1)

The dilatational modulus is built up by a storage part E0, repre-
senting the real part of the term and a loss part E00, describing the
imaginary part of the modulus (Eq. (2)):

EðiuÞ ¼ E0ðuÞ þ iE00ðuÞ (2)

where E0 is the real part and is called storage modulus or dilata-
tional elasticity and E00 (imaginary part) is the loss modulus, where
E00/u ¼ h is the interfacial viscosity (u ¼ 2pf, which is the angular
frequency of the generated area variations) (Kazakov et al., 2008).

It was also used in this work a special tip, the so-called coaxial
double capillary, consisting of concentric capillary tubes, for the
subphase exchange experiments without disturbing the surface
layer. This instrument allows to perform adsorption experiments of
different types of molecules sequentially at the same interface. The
experiments in the present work were performed as follows: a
liquid drop of the protein or Tween 20 solution was formed from
the outer capillary and allowed to quiescence. Then, the drop
subphase was exchanged by injection of a BS solution at 8000 s,
where a viscoelastic interfacial film was formed with constant
values of E, with the inner capillary. The inlet flow was a pulse-like
flow with a pulse period of 0.2 s (time between two consecutives
pulses) and an injected volume per pulse of 0.033 ml/pulse) until it
was injected a total volume of 24 ml (two drop volumes). After this
subphase exchange procedure the total drop volume was main-
tained constant (V ¼ 12 ml) with the outer syringe, and it was
developed, after a certain period of time, the periodic automatically
controlled sinusoidal interfacial compression and expansion of the
new adsorbed layer as it was explained previously. This device was
used to simulate the transit of the previously covered interface
through the duodenum.

All the measurements were performed at least in duplicate.
3. Results

3.1. Proteins structure

The different proteins were analyzed by SDS-PAGE-
electrophoresis (Fig. 1). b-lg presented a major band at a molecu-
lar weight of 18.4 kDa that corresponded to the monomeric form of
b-lg protein (Apenten, Khokhar, & Galani, 2002; Mulvihill &
Donovan, 1987).

In relation to EW proteins two major bands were obtained
(45 kDa and w66 kDa). The band at 45 kDa is associated with
ovalbumin which is the major protein in EW (54%) (Li-Chan,
Powrie, & Nakai, 1995) and the other band corresponded to ovo-
transferrin that is the second most abundant protein in EW (12%)
(Arzeni, Pérez, & Pilosof, 2012; Cheftel, 1989). It could also be
observed a light band at around 14 kDa that corresponded to
lysozyme that represents 3.5% in EW (Arzeni et al., 2012).

The electrophoretic profile of soy protein (lane 4) is consistent
with the fact that the protein was thermally denatured and small
aggregates were formed, and it is different from a typical electro-
phoretic profile of the native soy protein (Petruccelli & Añón, 1995).
It was deduced the presence of a major band (number 2) that
corresponded to a and a0 subunits and also soluble aggregates that
were formed during the soy protein thermal treatment they were
subjected to. Another band was observed (number 1) and it could
correspond to aggregates with a molecular mass higher than
100 kDa as reported by Petruccelli and Añón (1995).

The results obtained from DSC measurements are summarized
in Table 1. No endothermic peak was observed for soy proteins,
which indicates that these proteins were totally denatured because
of the thermal treatment, as mentioned previously. b-lg and EW
were almost native, according to DH values, and their denaturation
temperatures were similar to reported values in the literature
(Arzeni et al., 2012; Haug, Skar, Vegarud, Langsrud, & Draget, 2009).
3.2. Competitive adsorption between proteins and BS at the oile
water interface

3.2.1. Interfacial tension
It was analyzed the interfacial behavior of the BS (results not

shown) at three different concentrations (5, 15 and 25 mg/ml)
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within the physiological concentration range (Lesmes, Baudot, &
McClements, 2010; Sarkar et al., 2010a). The interfacial pressure
of these systems achieved a practically constant saturation value
(pw 20mN/m) very quickly, as it was also reported byMaldonado-
Valderrama et al. (2008). Therefore a concentration of 5 mg/ml was
selected as it is a concentration large enough to achieve the satu-
ration of the interface.

It is shown in Fig. 2 the surface behavior of each protein at the
oilewater interface under simulated intestinal fluid. The variation
of p with time is associated with the protein adsorption at the oile
water interface that takes place in three different steps (diffusion of
the protein to the interface; adsorption and unfolding of the protein
at the interface, and rearrange of the adsorbed protein at the
interface) as detailed in the literature (MacRitchie, 1989). By
comparing these results with the kinetics of BS adsorption (Fig. 2) it
can be concluded that protein adsorption is slower, which could be
due to the differences in the shape, structure and/or size of these
molecules and also because BS are high surface active (Maldonado-
Valderrama et al., 2008; Torcello-Gómez, Maldonado-Valderrama,
de Vicente et al., 2011).

The dynamics of coadsorption of the mixed systems were also
measured (Fig. 2 (full symbols)). The time evolution of p for the
mixture of BS with b-lg or EW (Fig. 2 [A or C, respectively]) was
similar to that of BS alone, which indicates that the interfacial
pressure is dominated by BS, as the molecules of BS tend to occupy
Fig. 2. Interfacial pressure (A, C and E) and interfacial dilatational modulus (B, D and F) of fi
concentration in solution: 1% w/w and 5 mg/ml, respectively. Mixed systems are represent
the oilewater interface very quickly. These results corroborate the
fact that no synergism did exist in these mixtures, as it was also
reported for b-lg by Maldonado-Valderrama et al. (2008). However,
the mixture of BS with soy protein (Fig. 2E) presented values of p
higher than that corresponding to BS alone, which reflects that
cooperation between these components occur.

3.2.2. Interfacial dilatational rheology
The values of the interfacial dilatational modulus (E) are shown

in Fig. 2 corresponding to different components films. It is very
important the relationship between protein film rheology and
digestion, as the interfacial rheology may reflect the interactions in
complex systems between proteins and other physiological com-
ponents, such as BS (Murray, 2011). Very low values of E were
apparent for BS films which indicates that practically no response
to the small area deformations of the surface films occurred
(Maldonado-Valderrama, Wilde, Macierzanka, & Mackie, 2011)
which happens because of their morphology, which make BS to
present a low packing density at the oilewater interface forming a
highly mobile interface (Wilde & Chu, 2011).

On the other hand, the surface dilatational properties of protein
films presented a higher viscoelasticity. The increment of E with
time is associated with the protein adsorption at the oilewater
interface and this dependence of E with time indicates the exis-
tence of proteineprotein interactions at the interface, that
lms with time for b-lg (A, B), EW (C, D) and soy protein (E, F). Protein (,) and BS (B)
ed with full symbols (:).



Fig. 3. Evolution of interfacial pressure (p) upon subphase exchange by BS at 8000 s of
pre-adsorbed b-lg (B), EW (,) and soy protein (*) films (A). Increment of p because of
the subphase exchange for b-lg (B), EW (,) and soy protein (*) (B). Values of p of the
BS films are shown as a reference (full symbols).
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Fig. 4. Evolution of interfacial dilatational modulus upon subphase exchange by BS at
8000 s of pre-adsorbed b-lg (B), EW (,) and soy protein (*) (A). Values of E after the
subphase exchange for b-lg (B), EW (,) and soy protein (*) (B). Values of E of the BS
films are shown as a reference (full symbols).
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increased with the adsorption time (Pizones Ruíz-Henestrosa et al.,
2007; Rodríguez Patino, Molina Ortiz, Carrera Sánchez, Rodríguez
Niño, & Añón, 2003). The values of E depended on the type of
protein, being EW the protein that formed the most elastic inter-
facial film (Fig. 2D).

The coadsorption of BS and b-lg or EW led to interfacial films
with a dilatational modulus similar to that of BS alone, which
agrees with the interfacial pressure behavior (Fig. 2 [A or C,
respectively]) that indicated that the interface was occupied by BS.
However, when BS coadsorbed with soy proteins (Fig. 2F), the
values of E were higher than those for BS thus reflecting a higher
degree of coexistence between these components at the oilewater
interface.
3.3. Sequential adsorption of BS at protein covered films

3.3.1. Interfacial tension
The experiments to evaluate the possible displacement of

adsorbed proteins at the oilewater interface by BS were performed
by using the double capillary system, as described previously. The
proteins were adsorbed at the interface for 8000 s to achieve a
pseudo-equilibrium as shown in Fig. 2 thus, allowing the saturation
of the interface before BS addition. As shown in Fig. 3A all the
protein films were penetrated by BS upon subphase exchange by BS,
as the values of p did immediately increase with time up to values
similar or even higher than that for BS solution. This fact would
indicate that the BS molecules penetrated rapidly into the adsorbed
protein films but they should not completely displace the proteins
from the oilewater interface, otherwise p should have reached the
values of single BS (pw 20 mN/m). The increase of p (Dp) above the
values previous to BS addition depended on the nature of the pro-
tein, as reflected in Fig. 3B, where Dp was more pronounced in the
following order: soy protein> EW> b-lg, which could indicate that
it was easier for the BS molecules to penetrate cooperatively the
films formed by soy protein molecules (Chu et al., 2010).

As it was indicated previously, the displacement of b-lg from the
oilewater interface by BS has already been studied by Maldonado-
Valderrama et al. (2008) and their results suggested that BS
penetrated into, weakened, and broke up the interfacial b-lg net-
works, and almost totally displaced b-lg from the interface via an
orogenic mechanism (originally proposed for conventional
surfactants (Mackie, Gunning, Wilde, & Morris, 1999; Woodward,
Gunning, Mackie, Wilde, & Morris, 2009)). Nevertheless the con-
centration of b-lg used in the subphase in that study was far below
that needed to saturate the interface (Álvarez Gómez & Rodríguez
Patino, 2006) which is used in the present study.

The results obtained by Sarkar et al. (2010a) with milk protein
emulsified systems interacting with BS (changes in droplet size, z-
potential and confocal microstructures) in simulated intestinal
conditions, also suggest that BS are adsorbed at the emulsion
droplet surface pushing off protein from the interface.

Chu et al. (2009) demonstrated the ability of digalactosyldiacyl-
glycerol (DGDG) to inhibit BS adsorption/displacement at the o/w
interface (BS did not completely displaced DGDG from the interface
because of a high molecular packing density and possible in-
teractionswith the lipids) thus, explaining the retarding of colipasee
lipase adsorption at the interfacewith a decrease in the lipolysis rate.
In a subsequent work (Chu et al., 2010) a similar effect of BS was
observed at the airewater interface. BS adsorption caused a net in-
crease in surface pressure, above what they are capable of alone.
Based on AFM observation of the morphology of spread films of
DPPC, they postulated that the inclusion of BS at the interface spaced
out the neighboring DPPC molecules and disordered their packing.
Moreover they suggested that anydisplacementofDPPCbyBSwould
occur through solubilization rather than an orogenic displacement.
More recently, Torcello-Gómez, Maldonado-Valderrama, de Vin-
cente et al. (2011) indicated that BS were unable to completely
displace a non-ionic synthetic surfactant from the o/w interface.

3.3.2. Interfacial dilatational rheology
The evolution of the dilatational modulus of protein films after

the subphase exchange by BS is shown in Fig. 4A. The E values of the
protein films severely decreased after the injection of the BS solu-
tion which indicates the rapid penetration of BS, as single BS film
exhibited E w2 mN/m. BS adsorption into defects in the protein
network would hinder protein interaction at the interface,
decreasing the film elasticity. In the meantime, the protein network
is compressed and its integrity deteriorates. The most affected film
was that formed by EW proteins (Fig. 4A) as it experienced the
greatest fall in the E values after the adsorption of the BSmolecules.
However, it is very important to point out that E values were clearly
higher than that for the BS alone (2 mN/m). These results suggest
that BS would not completely displace the proteins from the oile
water interface.



Fig. 5. Interfacial pressure (A) and interfacial dilatational modulus (B) of films with time for Tween 20 (,), BS (B), and mixed system (:), at the oilewater interface. Tween 20 (,)
and BS (B) concentration in solution: 10�4 M and 5 mg/ml, respectively.
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An interesting phenomenon was also observed, particularly for
EW and soy proteins as E values further increased over time after
the dramatic decrease upon BS addition, from 2 to 4 mN/m and
from 7 to 9.5 mN/m, respectively (Fig. 4B). This increment can be
explained by considering that while filling the existing defects at
the protein network, the compaction of the adsorbed molecules
may enhance the stiffness of these protein networks (Woodward,
Gunning, Maldonado-Valderrama, Wilde, & Morris, 2010).

Among all the proteins studied, soy protein films seem to be
more resistant to BS displacement as shown by the increase of
surface pressure above the values for BS films (Fig. 3) and also by
the higher E values (Ew 9mN/m) attained after BS adsorption. This
result is also supported by the fact that soy proteins were the only
emulsifier that could compete with BS for the interface (Fig. 2). This
cooperative performance between soy protein and BS is not related
to the surface affinity or film forming ability of soy proteins, thus
suggesting the existence of favorable molecular interactions.

The susceptibility of protein interfacial films to the displacement
by BS would depend on the molecular feature of each protein as
shown above as well as on the interfacial protein coverage. When
the interface is poorly covered by protein, as it is the case of pre-
vious results cited in the literature (Maldonado-Valderrama et al.,
2008) protein could be probably desorbed from the interface by
BS adsorption. Nevertheless, if protein interfaces are saturated, BS
could adsorb into defects of the protein network, and partially
hinder protein interactions that account for the elastic behavior of
films but would not totally displace the protein.

3.4. Interfacial behavior of mixed Tween 20-BS films in
simultaneous and sequential adsorption

As it was the aim of the present work to form an interfacial film
that could inhibit or at least reduce the interfacial displacement
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exerted by the BSmolecules, the performance of a film formedwith
adsorbed Tween 20 was studied in order to analyze what happens
in the presence of a low molecular weight emulsifier instead of a
macromolecule.

It is shown in Fig. 5A the change of p over time for Tween 20, BS
and the mixed system Tween 20-BS. The behavior of Tween 20 has
been reported by other authors (Dickinson, van Vliet, Benjamins, &
Lucassen Reynders, 2003; Rodríguez Niño & Rodríguez Patino,
1998). It can be observed that there was little change in p when
mixing the components, probably because single components
performed similarly.

Tween 20 formed films with slightly higher E values than BS
(Fig. 5B), nevertheless, they were significantly lower than those of
protein films because of the weaken interactions between these
low molecular weight molecules as compared to proteineprotein
interactions (Dickinson, 1992, pp. 66e70; Halling & Walstra, 1981;
Rodríguez Niño, Wilde, Clark, & Rodríguez Patino, 1998). The
adsorption of Tween 20 from micellar solutions, at a concentration
higher than its critical micellar concentration, does not favor the
existence of interactions between these molecules (Pizones Ruiz-
Henestrosa, Carrera Sánchez, & Rodríguez Patino, 2008).

The coadsorbed system exhibited E values were very similar to
that of BS, which is indicative that BS dominated the oilewater
interface.

It was also analyzed the interfacial behavior when BS were
injected in a preformed film of Tween 20 by sequential adsorption
(Fig. 6). When the BS molecules were incorporated, p did not prac-
tically change (Fig. 6A) as expected from the similar adsorption ki-
netics of single surfactants (Fig. 5A). Nevertheless, the Tween 20 film
was severely disrupted (Fig. 6B) as the dilatational interfacial
modulus decreased to the characteristic values of BS films. This fact
indicates that BS molecules would penetrate in the interface and
displace almost totally the Tween 20molecules previously adsorbed.
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) upon subphase exchange by BS at 8000 s of pre-adsorbed Tween 20 (,) films.
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From these results it could be concluded that Tween 20 can
neither compete with the BS molecules nor resist the displacement
from the oilewater interface under these conditions. However, by
modifying the surfactant to BS ratio, different results may be ob-
tained (Vinarov et al., 2012).
4. Conclusions

Protein films were more resistant to displacement by the bile
salts molecules than that formed by Tween 20. From the analysis of
competitive and sequential adsorption of proteins and BS it may be
concluded that soy proteins adsorbed in a more cooperatively way
with BS at the oilewater interface, which could impact the further
action of lipase/colipase. These findings will be extended in the
near future by analyzing the effect of the presence of the different
gastroduodenal enzymes as well as the behavior of the emulsions
under gastroduodenal conditions.
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