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The effect of monoglycerides (monopalmitin and monoolein) on the structural, topographical, and
dilatational characteristics of â-casein adsorbed film at the air-water interface has been analyzed
by means of surface pressure (π)-area (A) isotherms, Brewster angle microscopy (BAM), and surface
dilatational rheology. The static and dynamic characteristics of the mixed films depend on the interfacial
composition and the surface pressure. At surface pressures lower than that for the â-casein collapse
(at the equilibrium surface pressure of the protein, πe

â-casein) a mixed film of â-casein and
monoglyceride may exist. At higher surface pressures the collapsed â-casein is partially displaced
from the interface by monoglycerides. However, â-casein displacement by monoglycerides is not
quantitative at the monoglyceride concentrations studied in this work. The protein displacement by a
monoglyceride is higher for monopalmitin than for monoolein and for spread than for adsorbed films.
The viscoelastic characteristics of the mixed films were dominated by the presence of â-casein in
the mixture. Even at the higher surface pressures (at π > πe

â-casein) the small amounts of â-casein
collapsed residues at the interface have a significant effect on the surface dilatational properties of
the mixed films. The structural, topographical, and viscoelastic characteristics of the mixed films
corroborate the fact that protein displacement for monoglycerides is higher for spread than for adsorbed
mixed films.
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INTRODUCTION

Competitive adsorption and/or displacement between low
molecular weight surfactants (LMWE: mono- and diglycerides,
phospholipids, etc.) and proteins at fluid-fluid interfaces play
a role in the formation and stability of food dispersions
(emulsions and foams) (1-7). From a fundamental point of
view, interactions, orientation phenomena, and domain structure
are of particular interest (3, 5, 7-9). The emulsifier film
structure is important from a practical point of view because it
defines its emulsifying and foaming properties. In addition, the
development of intermolecular associations between film-
forming components at fluid interfaces leads to alterations in
surface properties that have measurable rheological conse-
quences (10,11). Moreover, interfacial rheology is a very
sensitive technique for assessing structure and interactions
between film-forming components (10,11). On the other hand,
the dynamic behavior of emulsifier films is recognized as being
of importance in the formation and stability of food colloids
(12-16). The study of such dynamic behavior can be described
by interfacial rheology. Interfacial rheology can be defined for

both compressional deformation (dilatational rheology) and
shearing motion of the interface (shear rheology). Dilatational
rheology plays an important role in short-term stability during
formation of food dispersions (13-16).

The aim of this work was to analyze the effect of mono-
glycerides (monopalmitin and monoolein) on the interfacial
behavior of a model milk protein (â-casein) previously adsorbed
at the air-water interface. We will consider emulsifier (protein,
monoglycerides, and their mixtures) adsorption, interactions,
structure, and topography at the interface and surface dilatational
characteristics, as related to the formation and stability of food
dispersions (emulsions and foams). Although the monolayer
technique has been used successfully for studying the properties
of mixed emulsifiers spread at the air-water interface (8),
adsorbed films of mixed emulsifiers are more interesting from
a technological point of view. However, there exists little
information about these systems so far (17, 18). In the last
section of this paper the structural and dilatational characteristics
of â-casein andâ-casein-monoglyceride mixed films formed
by adsorption or spreading of the protein will be compared.
The comparison between adsorbed and spread films is of interest
because the thermodynamic characteristics of spread films can
be derived directly from experiments in a film balance, but is
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not possible for adsorbed films. Thus, the analysis of spread
films may give additional insight for further study of adsorbed
films. This paper complements previous works on pure proteins
(19,20) and protein-monoglyceride mixed films adsorbed and
spread at the air-water interface (17,18).

EXPERIMENTAL PROCEDURES

Chemicals. Synthetic 1-monohexadecanoyl-rac-glycerol (mono-
palmitin, DIMODANR PA 90) and 1-mono(cis-9-octadecanoyl) glycerol
(monoolein, RYLO MG 19) were supplied by Danisco Ingredients
(Brabran, Denmark) with over 95-98% purity.â-Casein (>99%) was
supplied and purified from bulk milk from the Hannah Research
Institute (Ayr, Scotland). Samples for interfacial characteristics of
â-casein adsorbed films were prepared using Milli-Q ultrapure water
and were buffered at pH 7. To form the mixed surface film on a
previously adsorbedâ-casein film, monoglyceride was spread in the
form of a solution, using hexane:ethanol (9:1, v:v) as a spreading
solvent. Analytical grade hexane (Merck, 99%) and ethanol (Merck,
>99.8%) were used. The water used as subphase was purified by means
of a Millipore filtration device (Milli-Q). A commercial buffer solution
called trizma ((CH2OH)3CNH2/(CH2OH)3CNH3Cl, Sigma,>99.5%)
was used to achieve pH 7. Ionic strength was 0.05 M in all the
experiments.

Surface Film Balance.Measurements of surface pressure (π)-area
(A) isotherms of adsorbedâ-casein films andâ-casein-monoglyceride
mixed films at the air-water interface were performed on a fully
automated Wilhelmy-type film balance (KSV 3000, Finland) as
described previously (10,11). The maximum area of the trough between
the two barriers is 51.5× 15 cm2. Before each measurement, the film
balance was calibrated at 20°C. Forâ-casein adsorbed films from water
a protein solution at 1× 10-5 wt % was left in the trough and time
allowed for protein adsorption at the interface. This protein concentra-
tion was selected from previous data of the adsorption isotherm (21).
At this protein concentration in solution the surface pressure after 24
h at the maximum area of the trough was practically zero. At this point
the monoglyceride (monopalmitin or monoolein) was spread at different
points on theâ-casein film. Further details about operational conditions
have been described elsewhere (17, 18). Mixtures of particular mass
fractions;expressed as the mass fraction of monopalmitin,XMP, or
monoolein,XMO, in the mixture;were studied. The compression rate
was 3.3 cm‚min-1, which is the highest value for which isotherms were
found to be reproducible in preliminary experiments. Theπ-A isotherm
was measured four times. The reproducibility of the results was better
than(0.5 mN/m for surface pressure and(0.05 m2/mg for area.

Brewster Angle Microscopy (BAM). A commercial Brewster angle
microscope (BAM), BAM2, manufactured by NFT (Göttingen, Ger-
many) was used to study the topography of the film. The BAM was
positioned over the film balance. Further characteristics of the device
and operational conditions have been described elsewhere (22, 23). The
imaging conditions were adjusted to optimize image quality.

Surface Dilatational Rheology. To obtain surface rheological
parameters;such as surface dilatational modulus (E), elastic (Ed) and
viscous (Ev) components, and loss angle tangent (Tanθ);the same
modified Wilhelmy-type film balance (KSV 3000) was used as
described elsewhere (10, 11). In this method the surface is subjected
to small periodic sinusoidal compressions and expansions by means
of two oscillating barriers at a given frequency (ω) and amplitude (∆A/
A) and the response of the surface pressure is monitored. Surface
pressure was directly measured by means of two roughened platinum
plates situated on the surface between the two barriers. The dilatational
modulus is a complex quantity and is composed of real and imaginary
parts (E) Ed + i Ev). The real part of the dilatational modulus or
storage component is the dilatational elasticity, Ed) |E|‚cosθ. The
imaginary part of the dilatational modulus or loss component is the
surface dilatational viscosity, Ev) |E|‚sin θ. The loss angle tangent
can be defined as the ratio between the viscous and elastic components
of the modulus (Tanθ ) Ev/Ed). If the film is purely elastic, the loss
angle tangent is zero. The amplitude of deformation was maintained
constant at 5%. This percentage area change was determined to be in

the linear region. The reproducibility of these results for two measure-
ments was better than 5%.

RESULTS AND DISCUSSION

Structural Characteristics of â-Casein Adsorbed Films.
Figure 1A shows theπ-trough area isotherms for an adsorbed
film of â-casein after successive compressions, formed from
adsorption in solution at 1× 10-5 wt %. In these experiments
π-trough area isotherms at different times after the spreading,
starting at 30 min and lasting 48 h, have been recorded.
However, to add clarity only threeπ-trough area isotherms
are included inFigure 1A. There was a difference in the
π-trough area isotherms as a function of time after protein
addition to the aqueous bulk phase. It can be seen that there
was a shift of theπ-trough area isotherms toward higher areas
as the protein adsorption time increased to 23 h. This phenom-
enon may be attributed to adsorption ofâ-casein at the interface,
which increased with the adsorption time, and in a minor degree
due to the unfolding of the protein, becauseâ-casein is a

Figure 1. (A) π−trough area isotherms for an adsorbed film of â-casein
after successive compressions, at (4) 9 h, (O) 23 h, and (s) 24 h. (B)
π−A isotherms for (O) adsorbed â-casein films at an aging time of (4)
9 h, (O) 23 h, and (s) 24 h (compression curve), and ()) spread â-casein
monolayer (compression curve) (11). (C) π−A isotherm (s) and (O)
compressional coefficient (κ ) −dπ/dA) for an adsorbed â-casein film at
an aging time of 24 h (compression curve). The transition between
structures I and II (πt

a) deduced by (dotted arrow) the point of intersection
of two lines drawn according to a virial equation (37) or by (solid arrow)
the compressional coefficient according to the method applied by
Rosenholm et al. (38) is indicated. The equilibrium surface pressure (πe)
and the collapse pressure (πc) of â-casein adsorbed film are indicated
by a dashed arrow. Aqueous subphase at pH 7. Temperature 20 °C.
The πe of â-casein is indicated by means of an arrow.
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disordered protein. In fact, theπ-trough area isotherm for a
first compression at 30 min of adsorption time indicates that a
small amount of protein was adsorbed at the interface, although
the surface pressure at the minimum area was the same as the
equilibrium surface pressure forâ-casein (πe = 20.9 mN/m)
(21). The maximum surface pressure also increased with the
aging time. In addition, theπ-trough area isotherms were
parallel after successive compressions. These data reveal that a
long time interval of adsorption allows moreâ-casein to adsorb
at the surface, especially from low protein concentrations in
solution such as those used in this work. After 23 h of adsorption
time theπ-trough area isotherms after repetitive compression-
expansion cycles show a shift toward lower areas, which may
be explained by a condensation of the protein at the interface.

Since the surface concentration is actually unknown for the
adsorbed film, the values were derived by assuming (Figure
1B) that the area for adsorbed and spread films was equal at
the collapse point (17, 19, 24). This assumption can be supported
by the fact that, forâ-casein films, the equilibrium spreading
pressure (πe) and the surface pressure at the plateau for a
saturatedâ-casein adsorbed film (21) are the same.

Theπ-A isotherms deduced for adsorbedâ-casein films in
the Wilhelmy-type film balance are in good agreement with
those observed in the Langmuir-type film balance (18). The
results of theπ-A isotherms with the help of the compressional
coefficient (Figure 1C) deduced from the slope of theπ-A
isotherm (κ) -dπ/dA), indicate that adsorbedâ-casein films
at the air-water interface adopt two different structures or
condensation states and the collapse phase. At low surface
pressures (atπ < 12 mN/m) adsorbedâ-casein films exist (25)
as trains with amino acid segments located at the interface
(structure I). At higher surface pressures (atπ > 12 mN/m),
and up to the equilibrium surface pressure, amino acid segments
are extended into the underlying aqueous solution and adopt
the form of loops and tails (structure II). The film collapses at
a surface pressure (πe

â-casein) of about 21 mN/m (Figure 1B),
a value close to the surface pressure at the plateau for a saturated
adsorbed film and to the equilibrium surface pressure (21).

BAM images prove that the morphology of adsorbedâ-casein
monolayers during the first compression is uniform (Figure 2A),
suggesting homogeneity in thickness and film isotropy. How-
ever, interfacial regions with folds or aggregations of collapsed
â-casein, which were formed at the higher surface pressures
(Figure 2B), were observed at the interface during the mono-
layer expansion, even at the lowest surface pressure, atπ ≈ 0
mN/m (Figure 2C). These heterogeneities at a microscopic level
were also observed at the interface after repetitive compressions
of the monolayer. The reflectivity (data not shown) as a function

of surface pressure obtained withâ-casein adsorbed films shows
that film thickness increases with the surface pressure and is a
maximum at the collapse, at the highest surface pressure.

Dilatational Characteristics of â-Casein Adsorbed Films.
For â-casein adsorbed films the surface dilatational modulus
(E) versus surface pressure plots showed an irregular shape
(Figure 3A). The modulus (E) increased with increasing surface
pressure to a maximum value at a surface pressure which
corresponds to theπ value of the transition between structures
I and II. Upon further increase of the surface pressureE
decreased to a minimum at a surface pressure of about 20 mN/
m, close to the collapse point. Afterward,E values increased
again with surface pressure. The increase ofE at the higherπ
may be due to the formation of protein multilayers. The same
irregular shape in the surface pressure dependence of the surface
dilatational modulus was observed by other authors forâ-casein
adsorbed films (15, 16), the values ofE being of the same order
as those inFigure 3A. These results are also essentially the
same as those deduced from the slope of theπ-A isotherm,
with the minimum value ofE at the collapse point (data not
shown).

On the other hand, the points of inflection in theE-π curves
coincide with the transition between structures I and II and
between structure II and film collapse, respectively. That is,
the interactions between amino acid residues inâ-casein
adsorbed films with a tail conformation (structure I) are stronger
than those between amino acid residues with tail and loop
conformations (structure II). Finally, the evolution of Tanθ with
π (Figure 3B) corroborates that adsorbedâ-casein films present
viscoelastic behavior at every surface pressure. These results
confirm that surface dilatational rheology is sensitive to the
structure and interactions inâ-casein adsorbed films at the air-
water interface.

Changes in surface dilatational properties (E and Tanθ) for
â-casein adsorbed films, as a function of frequency of oscillation
over a range of 50-200 mHz, at two surface pressures (at 20
mN/m and at the collapse point), are illustrated inFigure 4. It
can be seen that (i) theE values for adsorbedâ-casein films
are practically constant and (ii) Tanθ values increase with the

Figure 2. Visualization of â-casein films by Brewster angle microscopy
at 20 °C. (A) This picture was observed for â-casein adsorbed films during
the first film compression. The same image was observed for â-casein
spread monolayers during the first compression and after successive
compressions (23, 29). (B) â-Casein aggregates in adsorbed films at the
end of the first compression (at π g 21 mN/m). (C) â-Casein aggregates
in adsorbed films at the end of the first expansion and at the beginning
of successive compressions (at π g 0 mN/m). The same picture was
observed in some spots at higher surface pressures. The horizontal
direction of the image corresponds to 630 µm and the vertical direction
to 470 µm.

Figure 3. Surface pressure dependence of (A) surface dilatational modulus
(E) and (B) loss angle tangent (Tan θ) for pure â-casein films at pH 7
and at 20 °C. Open symbols are for adsorbed filmssconcentration of
â-casein in the aqueous phase 1 × 10-5 wt %sand closed symbols are
for spread monolayers (11). The frequency (50 mHz) and amplitude (5%)
of deformation were maintained constant. The πe of â-casein is indicated
by means of an arrow.
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frequency for adsorbedâ-casein films. These results are in good
agreement with those obtained forâ-lactoglobulin (12,26),
â-casein (27), and BSA (27, 28) adsorbed films. From the effect
of frequency on surface dilatational parameters it can be
concluded that adsorbedâ-casein films present rheological
behavior in dilatational conditions that is viscoelastic within the
range of frequencies studied. As a consequence of the vis-
coelastic behavior, the loss tangent angle increases with
frequency. The frequency dependence of surface dilatational
properties may be associated with the effect of the rate of
deformation on the structure ofâ-casein films. The viscoelastic
behavior observed forâ-casein adsorbed films may be associated
with the exchange of protein residues in the form of tails and/
or loops within the interface (11, 12, 15, 16, 26) and/or with
the organization/reorganization of film structure (11) at 20
mN/m (Figure 4A) and with the formation/destruction of 3-D
collapse structures (including multilayer formation) at the
collapse point (Figure 4B).

Structural, Topographical, and Dilatational Character-
istics of â-Casein-Monopalmitin Mixed Films Adsorbed at
the Air-Water Interface. Mixtures of particularâ-casein/
monopalmitin mass fraction expressed as the mass fraction of
monopalmitin in the mixture (atXMP of 0, 0.25, 0.4, and 1.0)
were studied. The amount of spread monoglyceride was
calculated on the basis of the mass of previously adsorbed
â-casein (which was deduced from the adsorbedπ-A isotherm).
Thus, as opposed to spread monolayers (29), for adsorbed films
the mixtures with mass fractions higher thanXMP ) 0.4 saturate
the interface under the experimental conditions used in this
work.

The surface pressure as a function of the trough area for
â-casein+ monopalmitin adsorbed mixed films (compression
curves) is shown inFigure 5A. As for pureâ-casein adsorbed
films, the actualπ-A isotherms forâ-casein+ monopalmitin
adsorbed mixed films were derived by assuming (17, 18) that
the A value for adsorbed and spread films was equal at the
collapse point. This assumption can be supported by the fact
that the surface pressure at the collapse point for adsorbed
(Figure 5B) and spread (29) mixed films is practically equal

to that for the pure monoglyceride. Results derived fromπ-A
isotherms forâ-casein+ monoglyceride adsorbed mixed films
with this assumption were the same (within the experimental
deviations admitted in these experiments for surface pressure
and area) as those deduced from the amount of spread
monoglyceride calculated on the basis of the mass of previously
adsorbedâ-casein. These results (Figure 5B) are also in good
agreement with those obtained in the Langmuir-type trough with
the sameâ-casein+ monopalmitin adsorbed mixed films (18).

Briefly, (i) there was a film expansion as the monopalmitin
concentration in the mixture was increased, especially at higher
surface pressures. That is, theπ-A isotherm is displaced toward
higherA as the concentration of monopalmitin in the mixture
increases. (ii) At surface pressures higher than that forâ-casein
collapse (πeâ-casein), the π-A isotherm for mixed films was
parallel to that of monopalmitin. (iii) The hypotheticalπ-A
isotherms forâ-casein+ monopalmitin adsorbed mixed films,
calculated on the basis that only monopalmitin is present at the
air-water interface (Figure 5C), atπ > πe

â-casein, tend to that
of a pure monopalmitin spread monolayer, especially at the
higherπ andXMP in the mixture. These results suggest that at
π > πe

â-caseinprotein displacement by the monoglyceride from
the air-water interface takes place. Atπ < πe

â-casein both
â-casein and monopalmitin coexist at the interface and theπ-A

Figure 4. Frequency dependence of surface dilatational modulus (E) and
loss angle tangent (Tan θ) for pure â-casein films at (A) 20 mN/m and
(B) at the collapse point. Temperature 20 °C and pH 7. Symbols: (O,
b) surface dilatational modulus at 20 mN/m and (4, 2) loss angle tangent.
Open symbols are for adsorbed filmssconcentration of â-casein in the
aqueous phase 1 × 10-5 wt %sand closed symbols are for spread
monolayers (11). Amplitude of deformation: 5%.

Figure 5. (A) Surface pressure−trough area isotherms (compression
curves) and (B) surface pressure−area isotherms (compression−expansion
curves) for pure components and mixed films of monopalmitin spread on
a â-casein adsorbed film from buffered water at pH 7 and at 20 °C. (C)
Surface pressure−area isotherms (compression curves) for mixed films
of monopalmitin spread on a â-casein adsorbed film on the basis that
only monopalmitin is present at the air−water interface. Concentration of
â-casein in the aqueous phase 1 × 10-5 wt %. Mass fraction of
monopalmitin in the mixture: (---) 0, (O) 0.25, (4) 0.40, and (s) 1.0.
The collapse point (πc) of the mixed films is indicated by a continuous
arrow. The equilibrium surface pressure (πe) of â-casein is indicated by
means of a discontinuous arrow.
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isotherms of adsorbed mixed films and a spread monopalmitin
monolayer (i.e., the monolayer structures) are different (Figure
5C). At the highest surface pressures, at the collapse point of
the mixed film, immiscibility between film-forming components
is deduced due to the fact that the collapse pressure of mixed
films is similar to that of a pure monoglyceride monolayer
(Figure 5B). (iv) The protein displaced by monopalmitin from
the interface during compression remains underneath the
monoglyceride film either through hydrophobic interactions
between protein and lipid or by local anchoring through the
monoglyceride layer (17,18, 30) and re-enters the mixed film
during the expansion. This statement is supported by the fact
that the π-A isotherms were repetitive after continuous
compression-expansion cycles (data not shown). (v) For
adsorbedâ-casein-monopalmitin mixed films a first-order-like
phase transition was observed upon film expansion (Figure 5B)
at surface pressures close to the equilibrium surface pressure
of â-caseinswith a degenerated plateau in theπ-A isotherm.
This result suggests that the re-adsorption of previously
displacedâ-casein has kinetic character (17,18).

The evolution with the surface pressure of BAM images
(Figure 6) gives complementary information, at a microscopic
level, on the structural characteristics and interactions of
adsorbedâ-casein-monopalmitin mixed films, as deduced from
π-A isotherms (Figure 5). Atπ < πe

â-caseina mixed film of
monopalmitin andâ-casein may exist (Figure 6C) with small
domains of monopalmitin uniformly distributed on the homo-
geneousâ-casein layer. The same image is characteristic of a
pure monopalmitin monolayer with a liquid condensed structure
at π > 5 mN/m. The circular domains of liquid condensed
monopalmitin in the mixed film were more numerous as the
surface pressure increased, as for a pure monopalmitin mono-
layer (Figure 6B). Atπ > πe

â-caseina characteristic squeezing
out phenomena ofâ-casein by monopalmitin was observed
(Figure 6E) and the mixed films were practically dominated
by monopalmitin molecules. That is, at higher surface pressures,
collapsedâ-casein residues (bright region) may be displaced
from the interface by monopalmitin molecules (circular dark
regions). A topographical characteristic of the adsorbed film
was the presence of short fractures in the film at the higher
surface pressures, near the collapse point of the mixed film
(Figure 6F), which are characteristic of protein-monoglyceride
adsorbed films (17, 18). During repetitive compressions of the
mixed film some spots with folds or aggregations of collapsed

â-casein, which were formed during the first compression of
the film, were also observed (Figure 6D).

The surface viscoelastic properties ofâ-casein-monopalmitin
adsorbed mixed films on the air-water interface at a representa-
tive monopalmitin concentration in the mixture ofXPM ) 0.25
are shown inFigure 7. It can be seen that atπ < πe

â-caseinthe
E-π plot showed an irregular shape (Figure 7A), as for a pure
â-casein adsorbed film (Figure 3A). These results corroborate
the idea that atπ < πe

â-caseinâ-casein and monopalmitin coexist
in adsorbed mixed films at the air-water interface. Atπ >
πe

â-casein the value of E developed a maximum and then
decreased to a minimum upon further increase of the surface
pressure. At the higher surface pressures theE-π plots for
mixed films were parallel to those of monopalmitin, which
demonstrated again that at higher surface pressures the mixed
films were practically dominated by monopalmitin molecules.
However, the data inFigure 7A also demonstrate that the small
amounts ofâ-casein collapsed residues at the interfacesas
deduced at a microscopic level from BAM images (Figure 6)s
have an effect on the surface dilatational properties of the mixed
films. In fact, the values ofE for mixed films are lower than
those for a pure monopalmitin monolayer, even at the collapse
point of the mixed films. Thus, the mechanical properties of
the mixed films also demonstrated that, even at the highest
surface pressure, a monopalmitin monolayer is unable to
completely displaceâ-casein molecules from the air-water
interface.

From the values of the loss angle tangent (Tanθ-π curves)
for monopalmitin andâ-casein-monopalmitin mixed films it
can be concluded that these films behaved as viscoelastic at
every surface pressure (Figure 7B). For the mixed films the
values of Tanθ are the same no matter what the surface
pressure. The results suggest that the presence ofâ-casein in
the mixed film controls the viscoelasticity of the mixed films
at π < πe

â-casein(at these surface pressures the values of Tanθ
of the mixed films are similar to those of a pureâ-casein

Figure 6. Visualization of â-casein−monopalmitin adsorbed mixed films
by Brewster angle microscopy at 20 °C. (A) Monopalmitin at 10 mN/m.
The same image was observed for â-casein−monopalmitin adsorbed
mixed film at π < 18 mN/m. (B) Monopalmitin at 30 mN/m. (C) â-Casein
+ monopalmitin adsorbed film at 15 mN/m. (D) â-Casein + monopalmitin
adsorbed film at π < 22 mN/m. (E) â-Casein + monopalmitin adsorbed
film at 32 mN/m. (F) â-Casein + monopalmitin adsorbed film at 49 mN/
m. The horizontal direction of the image corresponds to 630 µm and the
vertical direction to 470 µm.

Figure 7. Surface pressure dependence of (A) surface dilatational modulus
(E) and (B) loss angle tangent (Tan θ) for mixed films of monopalmitin
and â-casein in buffered water at pH 7 and at 20 °C. Symbols: (O, 4)
mixed films of monopalmitin spread on a â-casein adsorbed film at a
mass fraction of monopalmitin in the mixture of 0.25, (b, 2) monopalmitin
and â-casein spread mixed films at a mass fraction of monopalmitin in
the mixture of 0.20 (31), and ([) pure monopalmitin spread monolayer.
Concentration of â-casein in the aqueous phase 1 × 10-5 wt %. Open
symbols are for adsorbed films and closed symbols are for spread
monolayers. The frequency (50 mHz) and amplitude (5%) of deformation
were maintained constant.
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adsorbed film), but this viscoelasticity is controlled by the
presence of monopalmitin at the higher surface pressures (atπ
> πe

â-caseinthe values of Tanθ of the mixed films tend to those
of a pure monopalmitin spread monolayer).

Changes in surface dilatational properties (E and Tanθ) with
the frequency of oscillation forâ-casein-monopalmitin ad-
sorbed films at a representative mass fraction of monopalmitin
in the mixture (atXMP ) 0.25) are illustrated inFigure 8. The
frequency of oscillation over a range of 50-200 mHz and two
surface pressures (at 20 mN/m and at the collapse point) are
analyzed as variables. It can be seen that atπ ) 20 mN/m
(Figure 8A) (i) the E values for adsorbedâ-casein films are
practically constant and (ii) the Tanθ values increase with the
frequency. Thus, the same statements as those deduced for pure
â-casein adsorbed films can be applied here. That is, the
viscoelastic behavior is dominated by the presence of the protein
in the mixed films. However, at the collapse point (Figure 8B),
although theE and Tanθ values follow the same evolution
with the frequency as for 20 mN/m, theE values are lower than
that for a pureâ-casein adsorbed film. Thus, it can be concluded
that atXMP ) 0.25 monopalmitin is unable to displace aâ-casein
adsorbed film from the air-water interface, even at the highest
surface pressure (at the collapse point of the mixed film).

Structural, Topographical, and Dilatational Character-
istics of â-Casein-Monoolein Mixed Films Adsorbed at the
Air- Water Interface. The structural characteristics of adsorbed
â-casein-monoolein mixed films were essentially different from
those ofâ-casein-monopalmitin, as deduced fromπ-A iso-
therms (Figure 9). Briefly, as expected (18, 29), â-casein-
monoolein mixed films (Figure 9B) at surface pressures lower
than that forâ-casein collapse (πc

â-casein= 21 mN/m) adopt a
liquidlike-expanded structure, as for pure components. There
was a film expansion due to the presence of monoolein in the
mixture. At π > πe

â-caseinthe π-A isotherms for mixed films
were practically parallel to those of monoolein. At these
experimental conditions the hypotheticalπ-A isotherms for
mixed films calculated on the basis that only monoolein is

present at the air-water interface tend to that of a pure
monoolein monolayer (Figure 9C). These results prove that
â-casein is partially displaced from the air-water interface by
monoolein. At the highest surface pressures, at the collapse point
of the mixed film, immiscibility between film-forming compo-
nents is deduced due to the fact that the collapse pressure of
mixed films is similar to that of a pure monoolein monolayer
(Figure 9B). Interestingly, the re-adsorption of previously
displacedâ-casein upon the expansion is easier for monoolein
than for monopalmitin because the hysteresis in theπ-A
isotherms during the compression-expansion cycle is lower for
â-casein-monoolein (Figure 9B) than for â-casein adsorbed
monopalmitin (Figure 5B) films.

BAM images for adsorbedâ-casein-monoolein mixed films
were also different from those described above for adsorbed
â-casein-monopalmitin mixed films (Figure 10). At π <
πe

â-caseinthe topography of pure components and the mixed film
is practically identical because in this region both components
and the mixed film form an isotropic (homogeneous) film

Figure 8. Frequency dependence of (O, b) surface dilatational modulus
(E) and (4, 2) loss angle tangent (Tan θ) for mixed films of monopalmitin
and â-casein at (A) 20 mN/m and (B) at the collapse point. Temperature
20 °C and pH 7. Symbols: (O, 4) mixed films of monopalmitin spread
on a â-casein adsorbed film at a mass fraction of monopalmitin in the
mixture of 0.25sconcentration of â-casein in the aqueous phase 1 ×
10-5 wt %sand (b, 2) monopalmitin and â-casein spread mixed films
at a mass fraction of monopalmitin in the mixture of 0.20 (31). Amplitude
of deformation: 5%.

Figure 9. (A) Surface pressure−trough area isotherms (compression
curves) and (B) surface pressure−area isotherms (compression−expansion
curves) for pure components and mixed films of monoolein spread on
â-casein adsorbed films from buffered water at pH 7 and at 20 °C. (C)
Surface pressure−area isotherms (compression curves) for mixed films
of monoolein spread on a â-casein adsorbed film on the basis that only
monoolein is present at the air−water interface. Concentration of â-casein
in the aqueous phase 1 × 10-5 wt %. Mass fraction of monoolein in the
mixture: (---) 0, (O) 0.20, (4) 0.35, and (s) 1.0. The collapse point (πc)
of the mixed films is indicated by a continuous arrow. The equilibrium
surface pressure (πe) of â-casein is indicated by means of a discontinuous
arrow.
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without any difference in the domain topography (Figure 10A).
During repetitive compressions of the mixed film some spots
with folds or aggregations of collapsedâ-casein, which were
formed during the first compression of the film, were also
observed (Figure 10B). At surface pressures near to and after
â-casein collapse BAM images (Figure 10C) demonstrated that
monoolein andâ-casein molecules adopted an isotropic structure
in the mixed film with some white regions, which correspond
to the presence of a thickerâ-casein collapsed film. At the higher
surface pressures, and especially at the collapse point, the
topography of the mixed film was dominated by the presence
of small domains of collapsedâ-casein and monoolein at the
interface (Figure 10D).

The surface viscoelastic properties ofâ-casein-monoolein
adsorbed mixed films on the air-water interface at a representa-
tive monoolein concentration in the mixture ofXPM ) 0.25 are
shown inFigure 11. It can be seen that atπ < πe

â-casein the
E-π plot showed (Figure 11A) the same evolution as for
â-casein-monopalmitin adsorbed mixed films (Figure 7A). In
addition, theE values for the adsorbed mixed films were the
same no matter which monoglyceride is present in the mixture
(either monopalmitin or monoolein), theE-π plot showing an
irregular shape, as for a pureâ-casein adsorbed or spread films
(Figure 3A). Thus, the differences betweenE values for a pure
monoglyceride monolayer and adsorbed mixed films are higher
for â-casein-monopalmitin (Figure 7A) than for â-casein-
monoolein (Figure 11A) mixed films because theE values are
higher for monopalmitin than for monoolein spread monolayers.
These differences reach a maximum at the highest surface
pressure, at the collapse point of the mixed films. Finally, atπ
> πe

â-caseintheE-π plots for mixed films were not parallel to
those of monoolein (Figure 11A) as observed forâ-casein-
monopalmitin adsorbed mixed films (Figure 7A). These results
demonstrate that the presence ofâ-casein in the mixture has an
effect onE values of the mixed films, even at higher surface
pressures (π> πe

â-casein).
From the values of the loss angle tangent (Tanθ-π curves)

for monoolein andâ-casein-monoolein adsorbed mixed films
it can be concluded that these films behaved as viscoelastic at
every surface pressure (Figure 11B). For the mixed films the
values of Tanθ are the same no matter what the surface
pressure. The results suggest that the presence ofâ-casein in
the mixed film controls the viscoelasticity of the mixed films

at everyπ (at these surface pressures the values of Tanθ of
the mixed films are similar to those of a pureâ-casein adsorbed
film).

Changes in surface dilatational properties (E and Tanθ) with
the frequency of oscillation forâ-casein-monoolein adsorbed
films at a representative mass fraction of monopalmitin in the
mixture (at XMP ) 0.25) are illustrated inFigure 12. The
frequency of oscillation over a range of 50-200 mHz and two

Figure 10. Visualization of â-casein−monoolein mixed films by Brewster
angle microscopy at 20 °C. (A) This picture was observed for â-casein
adsorbed films during the first film compression. The same image was
observed for â-casein−monoolein mixed films at π < πe

â-casein. (B)
â-Casein aggregates in adsorbed â-casein−monoolein mixed films at 14−
17 mN/m. (C) â-Casein + monoolein adsorbed film at 29 mN/m. (D)
â-Casein + monoolein adsorbed film at 29−44 mN/m. The horizontal
direction of the image corresponds to 630 µm and the vertical direction
to 470 µm.

Figure 11. Surface pressure dependence of (A) surface dilatational
modulus (E) and (B) loss angle tangent (Tan θ) for mixed films of
monoolein and â-casein in buffered water at pH 7 and at 20 °C.
Symbols: (O, 4) mixed films of monoolein spread on a â-casein adsorbed
film at a mass fraction of monoolein in the mixture of 0.25, (b, 2)
monoolein and â-casein spread mixed films at a mass fraction of
monoolein in the mixture of 0.20 (31), and (() pure monoolein spread
monolayer. Concentration of â-casein in the aqueous phase 1 × 10-5 wt
%. The frequency (50 mHz) and amplitude (5%) of deformation were
maintained constant. Open symbols are for adsorbed films and closed
symbols are for spread monolayers.

Figure 12. Frequency dependence of (O, b) surface dilatational modulus
(E) and (4, 2) loss angle tangent (Tan θ) for mixed films of monoolein
and â-casein in buffered water at (A) 20 mN/m and (B) at the collapse
point. Temperature 20 °C and pH 7. Symbols: (O, 4) mixed films of
monoolein spread on a â-casein adsorbed film at a mass fraction of
monoolein in the mixture of 0.25s concentration of â-casein in the
aqueous phase 1 × 10-5 wt %sand (b, 2) monoolein and â-casein
spread mixed films at a mass fraction of monoolein in the mixture of 0.20
(31). Amplitude of deformation: 5%.
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surface pressures (at 20 mN/m and at the collapse point) are
analyzed as variables. From these results the same statements
as those deduced forâ-casein-monopalmitin adsorbed mixed
films (Figure 8) can be applied. Thus, it can be concluded that
at XMO ) 0.25 monoolein is unable to displace aâ-casein
adsorbed film from the air-water interface, even at the highest
surface pressure (at the collapse point of the mixed film).

The viscoelastic characteristics ofâ-casein-monoglyceride
mixed films can explain the differences observed during the
re-adsorption (penetration) of displacedâ-casein upon the
expansion of a film previously compressed up to the collapse
point (Figures 5Band9B). In fact, the re-adsorption (penetra-
tion) of previously displacedâ-casein upon the expansion is
easier for monoolein (Figure 9B) than for monopalmitin (Figure
5B) becauseâ-casein-monopalmitin (Figure 7A) forms a much
more elastic surface thanâ-casein-monoolein (Figure 11A)
mixed film. The presence of the viscoelasticâ-casein-mono-
palmitin mixed film (Figure 7A) prevents the penetration of
previously displacedâ-casein, upon the expansion of the film.
These results support the hypothesis that as the interactions
between film-forming components are stronger, which form a
more elastic interface, the interface penetration is reduced (7).
That is, the key features controlling the displacement or
penetration of proteins into a fluid interface are the strength
and elasticity of the film (32).

Comparison of Structural and Dilatational Characteristics
of â-Casein and â-Casein-Monoglyceride Mixed Films
Formed by Adsorption or Spreading of the Protein.Adsorbed
and Spreadâ-Casein Films.The π-A isotherm deduced for
adsorbedâ-casein films is more condensed than that obtained
directly by spreading (Figure 1B). One possibility is that the
slow formation of the adsorbed film in this study will allow
the protein extended time and space to unfold, whereas in spread
films, with the spreading method adopted in this study (11,23),
the protein is forced into an interfacial space with little time or
area to unfold. Another explanation would be the degree of
packing of the interface; after successive compressions, at low
surface coverage, the adsorbed film is likely to minimize energy
and adopt a greater packing density than a spread film which is
created more quickly, and is hence less likely to adopt the lowest
energy structure. Thus, the structures of the films formed in
the two different ways must be different, at least for adsorption
from low bulk protein concentrations.

The surface pressure at the transition between structures I
and II of an adsorbedâ-casein film (πt

a ≈ 12 mN/m) is higher
than that for a spread monolayer (πt

s ≈ 10 mN/m) (23).
However, the transition between these structures is not as evident
in theπ-A isotherm forâ-casein adsorbed films, as compared
with spread monolayers (Figure 1B). BAM images also prove
that â-casein spread (23, 29) and adsorbed (Figure 2A) films
adopt a homogeneous morphology during the first compression
of the film. However, after successive compressionsâ-casein
adsorbed films present some aggregations (Figures 2Band2C),
which were not observed for spread monolayers (23, 29).

For â-casein adsorbed films the surface dilatational modulus
(E) versus surface pressure plots showed an irregular shape
(Figure 3A), as observed with the same protein spread at the
air-water interface (11). The values ofE for â-casein films
with structure II, and especially the minimumE value at the
collapse point, are lower for spread than for adsorbedâ-casein
films. The fact that the values ofE of â-casein is higher for
adsorbed than for spread films suggests thatâ-casein in adsorbed
films is more condensed (as deduced from data shown inFigure
1B for the displacement of theπ-A isotherm toward lower

area). That is, the film becomes more rigid as the protein unfolds
and develops more intermolecular interactions because the slow
formation of the adsorbed film in this study will allow the
protein extended time and space to unfold. Thus, we do not
reject the possibility that for a more viscoelastic adsorbed
â-casein film (Figure 3A) its structure is more condensed than
that obtained directly by spreading (Figure 1B). Upon further
increase of the surface pressure (atπ > πe

â-casein) the differences
in E values between adsorbed and spreadâ-casein films
disappear with the formation of protein multilayers (23). In
contrast with spreadâ-casein monolayers, which show vis-
coelastic behavior that changes to elastic at higher surface
pressures, adsorbedâ-casein films show viscoelastic behavior
at every surface pressure (Figure 3B). Finally, if the frequency
dependence of surface dilatational properties may be associated
with the effect of the rate of deformation on the structure of
â-casein films, at short time scales (atω > 50 mHz) the
relaxation mechanism is essentially the same for adsorbed and
spreadâ-casein films (Figure 4).

Adsorbed and Spreadâ-Casein-Monoglyceride Mixed Films.
The structural characteristics of adsorbed mixed films (Figures
5 and9) are in agreement with those deduced for spreadâ-casein
+ monoglyceride mixed films (29). That is, at low surface
pressures (atπ < πe

â-casein) both â-casein and mono-
glyceride coexist at the interface, but protein displacement by
the monoglyceride from the air-water interface takes place at
π > πe

â-casein. However, the kinetic character of the re-
adsorption of previously displacedâ-casein in adsorbed mixed
films (Figures 5B and9B) was not evident for spread mixed
films (29). The topographical characteristic of the adsorbed
(Figures 6and10) and spread mixed films (29) are essentially
similar, except in the presence of both short fractures near the
collapse point of the mixed film (Figure 6F) and folds or
aggregations of collapsedâ-casein (Figures 6Dand10B), which
were not observed in spread mixed films (29).

In Figures 7and11are included the effect of surface pressure
on viscoelastic properties ofâ-casein-monopalmitin and
â-casein-monoolein mixed films adsorbed and spread (31) at
the air-water interface, respectively. Atπ < πe

â-caseintheE-π
plot showed an irregular shape, as for a pureâ-casein adsorbed
film (Figure 3A ). The value ofE was a maximum at the surface
pressure of the transition between structures I and II for a spread
mixed monolayer, but it is not evident for an adsorbed mixed
film. These data corroborate that atπ < πe

â-caseinâ-casein and
monoglyceride coexist in adsorbed mixed films at the air-water
interface with practically the same viscoelastic properties
(Figures 7 and11). However, at the higher surface pressures
theE values of adsorbedâ-casein+ monoglyceride mixed films
are lower than those for spread mixed monolayers at the same
surface pressures. These results corroborate the idea thatâ-casein
in adsorbed mixed films presents a higher resistance for its
displacement by monoglyceride from the interface as compared
with spread mixed monolayers. These results also corroborate
the idea thatâ-casein in adsorbed mixed films presents a higher
resistance to its displacement by monoolein from the interface
as compared with spread mixed monolayers because the
evolution ofE with π is different forâ-casein-monopalmitin
and â-casein-monoolein mixed films, as compared with that
for a pure monoglyceride monolayer.

Conclusions.In this work a unique device that incorporates
different interfacial techniques, such as Wilhelmy-type film
balance, Brewster angle microscopy, and interfacial dilatational
rheology has been used to analyze the static (structure, morphol-
ogy, and interactions) and dynamic characteristics (surface
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dilatational properties) ofâ-casein-monoglyceride mixed films
adsorbed on the air-water interface. The structural and topo-
graphical characteristics ofâ-casein and monoglycerides (mono-
palmitin and monoolein) adsorbed mixed films depend on the
interfacial composition and the surface pressure. Atπ <
πe

â-caseina mixed film of monoglyceride andâ-casein may exist.
At π > πe

â-casein, the mixed films were dominated by mono-
glyceride molecules. That is, at higher surface pressures,
collapsedâ-casein residues may be partially displaced from the
interface by monoglycerides. However,â-casein displacement
by monoglycerides is not quantitative at the monoglyceride
concentrations studied in this work. The protein displacement
by monoglyceride is higher for monopalmitin than for mono-
olein and for spread than for adsorbed films. From a rheological
point of view, â-casein-monoglyceride adsorbed films have
viscoelastic character. Atπ < πe

â-caseinthe surface dilatational
characteristics of the mixed films were dominated by the
presence ofâ-casein in the mixture. Even at the higher surface
pressures (atπ > πe

â-casein) the small amounts ofâ-casein
collapsed residues with a variable extension and a random
distribution at the interface have a significant effect on the
surface dilatational properties of the mixed films.

From the comparison between viscoelastic characteristics of
adsorbed (this work) and spread (31) â-casein-monoglyceride
mixed films it can be concluded that (i)E values ofâ-casein
adsorbed and spread films are similar, but the elastic character
is higher for spread films, especially at higher surface pressures;
(ii) E values atπ < πe

â-caseinfor adsorbed and spread mixed
films are the same, but significant differences were observed at
π > πe

â-casein, with the higherE values for spread mixed films;
(iii) the viscoelasticity is higher for adsorbed than for spread
mixed films; and (iv) viscoelastic characteristics of the mixed
films corroborate the idea that protein displacement for mono-
glycerides is higher for spread than for adsorbed mixed films,
especially for theâ-casein-monopalmitin system.

One concluded that knowledge of interfacial structure of
adsorbed emulsifiers (proteins and lipids) on a micro(nano)-
scale and the interfacial properties derived from this structure
(i.e., the surface dilatational properties) will have an important
role in innovations in food dispersion formulations (emulsions
and foams). In fact, the correlation between a specific product
property and the micro(nano)-structure (property function) can
be obtained by the choice of suitable process conditions (process
function), such as surface pressure or surface density, surface
composition, and film-forming formation (spreading, adsorption,
or both). Thus,product engineering(or formulation engineer-
ing), which is concerned with physical or physicochemical
principles, may improve quality and performance of products
with adding value by the adequate correlation between property
function and process function (33,34). We have observed
recently that the thermodynamic and dynamic characteristics
of adsorbed protein films have a significant role in the formation
and stability of food model foam and emulsion formulated with
this protein (35). However, the implications of nanoscience in
product engineering of food dispersions formulated by these
emulsifiers require further research (36).
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