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The effect of monoglycerides (monopalmitin and monoolein) on the structural, topographical, and
dilatational characteristics of §-casein adsorbed film at the air—water interface has been analyzed
by means of surface pressure (;r)—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 5-casein collapse
(at the equilibrium surface pressure of the protein, mef~c2sein) a mixed film of B-casein and
monoglyceride may exist. At higher surface pressures the collapsed S-casein is partially displaced
from the interface by monoglycerides. However, S-casein displacement by monoglycerides is not
guantitative 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 s-casein in
the mixture. Even at the higher surface pressures (at & > mz¢f~¢s€in) the small amounts of S-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.

KEYWORDS: Milk protein; f-casein; monoglyceride; monopalmitin; monoolein; air—water interface;
adsorbed monolayer; spread monolayer; mixed monolayer; surface rheology

INTRODUCTION both compressional deformation (dilatational rheology) and
shearing motion of the interface (shear rheology). Dilatational

molecular weight surfactants (LMWE: mono- and diglycerides, rheology plays an importe_mt role in short-term stability during

h . ; PO formation of food dispersions (13—16).

phospholipids, etc.) and proteins at fluid—fluid interfaces play ) -
a role in the formation and stability of food dispersions ~ The aim of this work was to analyze the effect of mono-
(emulsions and foams)1{-7). From a fundamental point of ~ glycerides (monopalmitin and monoolein) on the interfacial
view, interactions, orientation phenomena, and domain structurebehavior of a model milk proteirgtcasein) previously adsorbed
are of particular interest3( 5, 7—9). The emulsifier film at the air-water interface. We will consider emulsifier (protein,
structure is important from a practical point of view because it Mmonoglycerides, and their mixtures) adsorption, interactions,
defines its emulsifying and foaming properties. In addition, the Structure, and topography at the interface and surface dilatational
development of intermolecular associations between film- characteristics, as related to the formation and stability of food
forming components at fluid interfaces leads to alterations in dispersions (emulsions and foams). Although the monolayer
surface properties that have measurable rheological consetechnique has been used successfully for studying the properties
quences (1011). Moreover, interfacial rheology is a very ©Of mixed emulsifiers spread at the aivater interface §),
sensitive technique for assessing structure and interactionsadsorbed films of mixed emulsifiers are more interesting from
between film-forming component&@, 11). On the other hand, @ technological point of view. However, there exists little
the dynamic behavior of emulsifier films is recognized as being information about these systems so fa7,(18). In the last
of importance in the formation and stability of food colloids —section of this paper the structural and dilatational characteristics
(12—16). The study of such dynamic behavior can be described of A-casein angs-casein—monoglyceride mixed films formed

by interfacial rheology. Interfacial rheology can be defined for by adsorption or spreading of the protein will be compared.
The comparison between adsorbed and spread films is of interest

* To whom correspondence should be addressed. Fe4 95 4556446,  Decause the thermodynamic characteristics of spread films can
Fax: +34 95 4556447. E-mail: jmrodri@us.es. 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 35 N
films may give additional insight for further study of adsorbed 301
films. This paper complements previous works on pure proteins _ 25
(19, 20) and protein—monoglyceride mixed films adsorbed and £ 20 me F-CASEIN
spread at the air—water interface (1B). E 154
® 104
EXPERIMENTAL PROCEDURES g_

Chemicals. Synthetic 1-monohexadecanoyl-rac-glycerol (mono- 0 200 400 500 800
palmitin, DIMODANR PA 90) and 1-mona(s-9-octadecanoyl) glycerol Area (c)
(monoolein, RYLO MG 19) were supplied by Danisco Ingredients 25 PR " i
(Brabran, Denmark) with over 95—98% purif§-Casein (>99%) was 20 <4 7, B-CASEIN
supplied and purified from bulk milk from the Hannah Research
Institute (Ayr, Scotland). Samples for interfacial characteristics of £ 157

) ) - L 2
[-casein adsorbed films were prepared using Milli-Q ultrapure water £ 404
and were buffered at pH 7. To form the mixed surface film on a &
previously adsorbeg-casein film, monoglyceride was spread in the 5
form of a solution, using hexane:ethanol (9:1, v:v) as a spreading ol
solvent. Analytical grade hexane (Merck, 99%) and ethanol (Merck, o

>99.8%) were used. The water used as subphase was purified by means 0 05 10 15 20 25

of a Millipore filtration device (Milli-Q). A commercial buffer solution Area (nfimg)
called trizma ((CHOH);CNHy/(CH,OH);CNH;CI, Sigma, >99.5%) S P eve——— - 0.20
was used to achieve pH 7. lonic strength was 0.05 M in all the 20 -
experiments. STRUCTURE Il
Surface Film Balance.Measurements of surface pressurg{area £ 154 )
. . " . . A e o
(A) isotherms of adsorbggtcasein films ang-caseir-monoglyceride 2 ol™ a
mixed films at the airwater interface were performed on a fully % s
automated Wilhelmy-type film balance (KSV 3000, Finland) as 54 STRUCTURE |
described previouslylQ, 11). The maximum area of the trough between
the two barriers is 51.5 15 cn?. Before each measurement, the film 0
balance was calibrated at 20. Forj-casein adsorbed films from water 0,00 0,25 0,50 0,75
a protein solution at Ix 107> wt % was left in the trough and time Area (m*/mg)

allowed for protein adsorption at the interface. This protein concentra- Fi 1 (A) z—trouah isoth f dsorbed film of B-casei
tion was selected from previous data of the adsorption isoth2im ( igure 1. ( )_n roug arga isotherms for an adsorbed film of -casein
At this protein concentration in solution the surface pressure after 24 &fter successive compressions, at (4) 9 h, (©) 23 h, and (=) 24 h. (B)
h at the maximum area of the trough was practically zero. At this point 77~A isotherms for (O) adsorbed f-casein films at an aging time of (4)
the monoglyceride (monopalmitin or monoolein) was spread at different 9 h, (O) 23 h, and (—) 24 h (compression curve), and (0) spread 3-casein
points on the3-casein film. Further details about operational conditions monolayer (compression curve) (11). (C) z—A isotherm (—) and (O)
have been described elsewhet&,(18). Mixtures of particular mass  compressional coefficient (x = —dsr/dA) for an adsorbed S-casein film at
fractions—expressed as the mass fraction of monopalniiim, or an aging time of 24 h (compression curve). The transition between
monoolein Xyo, in the mixture—were studied. The compression rate  siructures | and Il (%) deduced by (dotted arrow) the point of intersection
was 3.3 crmin™*, which is the highest value for which isotherms were ot ¢ fines drawn according to a virial equation (37) or by (solid arrow)
found to be reproduu_ble in preliminary experiments. Theh isotherm the compressional coefficient according to the method applied by
was measured four times. The reproducibility of the results was better R holm et al. (38) s indicated. Th ilibri ¢
than40.5 mN/m for surface pressure ad.05 n¥/mg for area. osenholm et al. (36) is indicated. The eq,“" fium sur ape pres;urg (77e)
and the collapse pressure (sz;) of 5-casein adsorbed film are indicated

Brewster Angle Microscopy (BAM). A commercial Brewster angle o
microscope (BAM), BAM2, manufactured by NFT (Géttingen, Ger- by a dashed arrow. Aqueous subphase at pH 7. Temperature 20 °C.

many) was used to study the topography of the film. The BAM was '€ 7e 0f f-casein is indicated by means of an arrow.
positioned over the film balance. Further characteristics of the device
and operational conditions have been described elsew®2r23j. The the linear region. The reproducibility of these results for two measure-
imaging conditions were adjusted to optimize image quality. ments was better than 5%.

Surface Dilatational Rheology. To obtain surface rheological
parameters—such as surface dilatational modu)sglastic (Ed) and RESULTS AND DISCUSSION
viscous (Ev) components, and loss angle tangent @anthe same _ . .
modified Wilhelmy-type film balance (KSV 3000) was used as _Structural Characteristics of ﬁ-C_aseln Adsorbed Films.
described elsewherd @, 11). In this method the surface is subjected 19ure 1A shows ther—trough area isotherms for an adsorbed
to small periodic sinusoidal compressions and expansions by meansfilm of B-casein after successive compressions, formed from
of two oscillating barriers at a given frequeney)(@nd amplitude 4A/ adsorption in solution at % 10° wt %. In these experiments
A) and the response of the surface pressure is monitored. Surfacer—trough area isotherms at different times after the spreading,
pressure was directly measured by means of two roughened platinumstarting at 30 min and lasting 48 h, have been recorded.
plates situated on the surface between the two barriers. The dilatationalHowever, to add clarity only three—trough area isotherms
modulus is acomplex quantity and is compos.ed of real and imaginary gre included inFigure 1A. There was a difference in the
parts (E= Ed + i Ev). The real part of the dilatational modulus or  _t,oygh area isotherms as a function of time after protein
storage component is the dilatational elasticity, £dE|-cosf. The addition to the aqueous bulk phase. It can be seen that there

imaginary part of the dilatational modulus or loss component is the hift of ther—t h isoth ¢ d hiah
surface dilatational viscosity, E¥ |E|-sin 6. The loss angle tangent was a shilt ot ther—trough area Isotherms toward higher areas

can be defined as the ratio between the viscous and elastic component&S the protein adsorption time increased to 23 h. This phenom-
of the modulus (Ta® = Ev/Ed). If the film is purely elastic, the loss ~ €Non may be attributed to adsorptiorfetasein at the interface,
angle tangent is zero. The amplitude of deformation was maintained Which increased with the adsorption time, and in a minor degree
constant at 5%. This percentage area change was determined to be iflue to the unfolding of the protein, becauSecasein is a
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Figure 2. Visualization of 3-casein films by Brewster angle microscopy 104 I} {STRUCTURE! COLLAPSED
at 20 °C. (A) This picture was observed for B-casein adsorbed films during L
the first film compression. The same image was observed for /3-casein 01— '
spread monolayers during the first compression and after successive B
compressions (23, 29). (B) 5-Casein aggregates in adsorbed films at the 0.34 P
end of the first compression (at 7z > 21 mN/m). (C) B-Casein aggregates ° §A<A/
in adsorbed films at the end of the first expansion and at the beginning = 0.21 A
of successive compressions (at 7z = 0 mN/m). The same picture was = \
observed in some spots at higher surface pressures. The horizontal 0.1 |
direction of the image corresponds to 630 xm and the vertical direction 00l . ‘ ‘ \A
to 470 um. 5 10 15 20 25 30
7 {MN/m)

disordered protein. In fact, the—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 th
equilibrium surface pressure f@gkcasein (g = 20.9 mN/m)
(21). The maximum surface pressure also increased with the
aging time. In addition, ther—trough area isotherms were
parallel after successive compressions. These data reveal that
long time interval of adsorption allows mofiecasein to adsorb
at the surface, especially from low protein concentrations in . ) . ; .
solution such as those used in this work. After 23 h of adsorption that f|lm thickness increases with the surface pressure and is a
time thexr—trough area isotherms after repetitive compression maxllmun.w at the coIIaps.e,.at the hlghes.t surface pres.sure.
expansion cycles show a shift toward lower areas, which may D|Iatat|or_1al Characterl_st|cs of p-Casein A_dsorbed Films.
be explained by a condensation of the protein at the interface. For B-casein adsorbed films the surface d||atat|_ona| modulus
Since the surface concentration is actually unknown for the (E_) versus surface pressure plots shoyveq an Irr.egular shape
adsorbed film, the values were derived by assumFigure (Figure 3A). The moQqusE) increased with increasing surfacg
1B) that the area for adsorbed and spread films was equal afPréssure to a maximum value at a surface pressure which
the collapse pointl(7, 19, 24). This assumption can be supported corresponds to the value of the transition between structures

by the fact that, fop3-casein films, the equilibrium spreading ! @nd Il. Upon further increase of the surface presskre
pressure (g and the surface pressure at the plateau for a decreased to a minimum at a surface pressure of about 20 mN/

saturategs-casein adsorbed film (21) are the same. m, close to the collapse point. Afterwar,values increased
The 7—A isotherms deduced for adsorb@etasein films in ~ @gain with surface pressure. The increasé att the higherr
the Wilhelmy-type film balance are in good agreement with May be due to the formation of protein multilayers. The same

Figure 3. Surface pressure dependence of (A) surface dilatational modulus
(E) and (B) loss angle tangent (Tan 6) for pure S-casein films at pH 7
nd at 20 °C. Open symbols are for adsorbed films—concentration of
-casein in the aqueous phase 1 x 1075 wt %—and closed symbols are
for spread monolayers (11). The frequency (50 mHz) and amplitude (5%)
of deformation were maintained constant. The sz, of 5-casein is indicated
gy means of an arrow.

of surface pressure obtained wjitkcasein adsorbed films shows

those observed in the Langmuir-type film baland®)( The irregular shape in the surface pressure dependence of the surface
results of ther—A isotherms with the help of the compressional  dilatational modulus was observed by other authorg{oasein
coefficient (Figure 1C) deduced from the slope of the-A adsorbed films15, 16), the values oE being of the same order

isotherm (x= —dx/dA), indicate that adsorbeficasein films as those irFigure 3A. These results are also essentially the
at the airwater interface adopt two different structures or S@me as those deduced from the slope ofsthe\ isotherm,
condensation states and the collapse phase. At low surfacg/ith the minimum value of at the collapse point (data not

pressures (at < 12 mN/m) adsorbeg@-casein films existZ5) shown). _ _ o
as trains with amino acid segments located at the interface On the other hand, the points of inflection in e s curves
(structure 1). At higher surface pressures fat 12 mN/m), coincide with the transition between structures | and Il and

and up to the equilibrium surface pressure, amino acid segmentdetween structure Il and film collapse, respectively. That is,
are extended into the underlying agueous solution and adoptthe interactions between amino acid residuespiasein
the form of loops and tails (structure I1). The film collapses at adsorbed films with a tail conformation (structure 1) are stronger

a surface pressure {rcasein of about 21 mN/m Figure 1B), than those between amino acid residues with tail and loop
a value close to the surface pressure at the plateau for a saturategonformations (structure Il). Finally, the evolution of T@mith
adsorbed film and to the equilibrium surface pressam.( 7 (Figure 3B) corroborates that adsorbgecasein films present
BAM images prove that the morphology of adsorifiedasein viscoelastic behavior at every surface pressure. These results
monolayers during the first compression is unifoffig(ire 2A), confirm that surface dilatational rheology is sensitive to the

suggesting homogeneity in thickness and film isotropy. How- structure and interactions fircasein adsorbed films at the air
ever, interfacial regions with folds or aggregations of collapsed water interface.

p-casein, which were formed at the higher surface pressures Changes in surface dilatational propertiesapd Tan6) for
(Figure 2B), were observed at the interface during the mono- [(-casein adsorbed films, as a function of frequency of oscillation
layer expansion, even at the lowest surface pressurerad over a range of 56200 mHz, at two surface pressures (at 20
mN/m (Figure 2C). These heterogeneities at a microscopic level mN/m and at the collapse point), are illustratedrigure 4. It
were also observed at the interface after repetitive compressionsan be seen that (i) the values for adsorbe@i-casein films

of the monolayer. The reflectivity (data not shown) as a function are practically constant and (ii) T&hvalues increase with the
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Figure 4. Frequency dependence of surface dilatational modulus (E) and Area (m?mg)
loss angle tangent (Tan 6) for pure B-casein films at (A) 20 mN/m and 60 ; ; o
. -+ TR
(B) at the collapse point. Temperature 20 °C and pH 7. Symbols: (O, 501 ¢ 1
@) surface dilatational modulus at 20 mN/m and (A, A) loss angle tangent. 404
Open symbols are for adsorbed films—concentration of 3-casein in the § 30
aqueous phase 1 x 107° wt %—and closed symbols are for spread % AR W N x, FCASEIN
monolayers (11). Amplitude of deformation: 5%. 10]
frequency for adsorbegl-casein films. These results are in good 0'0 ; 3 T 7
2

agreement with those obtained f@rlactoglobulin (12,26),
pB-casein 27), and BSA @7, 28) adsorbed films. From the effect ] . )
of frequency on surface dilatational parameters it can be Figure 5. (A) Surface pressure—troqgh area |sothermsl(c0mpreSS|lon
concluded that adsorbe@-casein films present rheological curves) and (B) surface pressure—area |sot_herms (compressp_n—expan&on
behavior in dilatational conditions that is viscoelastic within the Curves) for pure components and mixed fims of monopalmitin spread on
range of frequencies studied. As a consequence of the vis-2 [-casein adsorbed film from buffered Water. at pH 7 and at 20 OC'.(C)
coelastic behavior, the loss tangent angle increases with Surface pressure—area isotherms (cqmpressmn cu_rves) for m|xec_j films
frequency. The frequency dependence of surface dilatational of monopalmltlrj_spread ona ﬂ-case_m adsorl_Jed film on the basg; that
properties may be associated with the effect of the rate of only mgno_palmltln is present at the air—water interface. Concentra_tlon of
deformation on the structure Bfcasein films. The viscoelastic ~ /-casein in the aqueous phase 1 x 10°° wt %. Mass fraction of
behavior observed fgi-casein adsorbed films may be associated Menopamitin in the mixture: () 0, (O) 0.25, (4) 0.40, and (—) 1.0.
with the exchange of protein residues in the form of tails and/ The collapse paint () of the mixed films is indicated by a continuous
or loops within the interfaceld, 12, 15, 16, 26) and/or with arrow. The eq_umbrlgm surface pressure (7o) of B-casein is indicated by
the organization/reorganization of film structure (11) at 20 Means of a discontinuous arrow.
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-

Areayp (mZ/mg)

to that for the pure monoglyceride. Results derived fromA
isotherms fop3-caseint+ monoglyceride adsorbed mixed films
with this assumption were the same (within the experimental
deviations admitted in these experiments for surface pressure
istics of f-Casein—Monopalmitin Mixed Films Adsorbed at and area) as those deduced from the amount of spread
the Air—Water Interface. Mixtures of particularf-casein/  monoglyceride calculated on the basis of the mass of previously
monopalmitin mass fraction expressed as the mass fraction ofadsorbegs-casein. These resultfigure 5B) are also in good
monopalmitin in the mixture (aKve of 0, 0.25, 0.4, and 1.0)  agreement with those obtained in the Langmuir-type trough with
were studied. The amount of spread monoglyceride was the sames-caseint monopalmitin adsorbed mixed films (18).
calculated on the basis of the mass of previously adsorbed Briefly, (i) there was a film expansion as the monopalmitin
f-casein (which was deduced from the adsoried isotherm). concentration in the mixture was increased, especially at higher
Thus, as opposed to spread monolay28),(for adsorbed films  surface pressures. That is, the A isotherm is displaced toward
the mixtures with mass fractions higher thée = 0.4 saturate  higherA as the concentration of monopalmitin in the mixture
the interface under the experimental conditions used in this jncreases. (i) At surface pressures higher than thatfoasein
work. collapse (& caseif), the 7—A isotherm for mixed films was
The surface pressure as a function of the trough area for parallel to that of monopalmitin. (iii) The hypotheticat-A
f-casein+ monopalmitin adsorbed mixed films (compression isotherms foB3-caseint+ monopalmitin adsorbed mixed films,
curves) is shown ifrigure 5A. As for puref-casein adsorbed  calculated on the basis that only monopalmitin is present at the
films, the actualr—A isotherms foi-casein+ monopalmitin air—water interface (Figure 5C), at > m#~¢@sein tend to that
adsorbed mixed films were derived by assumitg, (8) that of a pure monopalmitin spread monolayer, especially at the
the A value for adsorbed and spread films was equal at the higherszr and Xyp in the mixture. These results suggest that at
collapse point. This assumption can be supported by the factzr > zf~caseinprotein displacement by the monoglyceride from
that the surface pressure at the collapse point for adsorbedthe air—water interface takes place. At < mdf~casein hoth
(Figure 5B) and spread2@) mixed films is practically equal  S-casein and monopalmitin coexist at the interface andrth&
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Figure 6. Visualization of 5-casein—monopalmitin adsorbed mixed films At

by Brewster angle microscopy at 20 °C. (A) Monopalmitin at 10 mN/m. /
The same image was observed for f3-casein—monopalmitin adsorbed 0,19
mixed film at 7z < 18 mN/m. (B) Monopalmitin at 30 mN/m. (C) 3-Casein

Tane

+ monopalmitin adsorbed film at 15 mN/m. (D) 5-Casein + monopalmitin 0.0 ‘ , , , .

adsorbed film at sz < 22 mN/m. (E) B-Casein + monopalmitin adsorbed 6 1 20 30 40 50

film at 32 mN/m. (F) B-Casein + monopalmitin adsorbed film at 49 mN/ = (mN/m)

m. The horizontal direction of the image corresponds to 630 «m and the Figure 7. Surface pressure dependence of (A) surface dilatational modulus
vertical direction to 470 um. (E) and (B) loss angle tangent (Tan 6) for mixed films of monopalmitin

and S-casein in buffered water at pH 7 and at 20 °C. Symbols: (O, A)
isotherms of adsorbed mixed films and a spread monopalmitin mixed films of monopalmitin spread on a B-casein adsorbed fim at a
monolayer (i.e., the monolayer structures) are differEigure mass fraction of monopalmitin in the mixture of 0.25, (®, A) monopalmitin
5C). At the highest surface pressures, at the collapse point ofand S-casein spread mixed films at a mass fraction of monopalmitin in
the mixed film, immiscibility between film-forming components  the mixture of 0.20 (31), and () pure monopaimitin spread monolayer.
is deduced due to the fact that the collapse pressure of mixedConcentration of S-casein in the aqueous phase 1 x 10~ wt %. Open
films is similar to that of a pure monoglyceride monolayer symbols are for adsorbed films and closed symbols are for spread
(Figure 5B). (iv) The protein displaced by monopalmitin from  monolayers. The frequency (50 mHz) and amplitude (5%) of deformation
the interface during compression remains underneath thewere maintained constant.
monoglyceride film either through hydrophobic interactions
between protein and lipid or by local anchoring through the

mo_noglyceride Iaygr (171’8’ 30) and re-enters the mixed film The surface viscoelastic propertiegfatasein-monopalmitin
during the expansion. This statement is supported by the fact,ysorhed mixed films on the aimvater interface at a representa-

that the y_r—A |sother_ms were repetitive after continuous o monopalmitin concentration in the mixture ¥y = 0.25
compression—expansion cycles (data not shown). (v) For 4.a shown irFigure 7. It can be seen that at < sz~ caseinthe
adsorbe(ﬁ-c_a_sewmonopalmltln mlxeq films a flrs_t-order-llke E—x plot showed an irregular shapeigure 7A), as for a pure
phase transition was observed upon film expandiagufe 5B) -casein adsorbed film (Figure 3A). These results corroborate
at surface pressures close to the equilibrium surface pressurgq igea that at < wrd~e25en3_casein and monopalmitin coexist
of f-casein—with a degenerated plateau in theA isotherm. in adsorbed mixed films at the aigvater interface. Atr >
This result suggests that the re-adsorption of previously ad~casein the value of E developed a maximum and then
displaceds-casein has kinetic character (118). decreased to a minimum upon further increase of the surface
The evolution with the surface pressure of BAM images pressure. At the higher surface pressuresBEher plots for
(Figure 6) gives complementary information, at a microscopic mixed films were parallel to those of monopalmitin, which
level, on the structural characteristics and interactions of demonstrated again that at higher surface pressures the mixed
adsorbeg-casein-monopalmitin mixed films, as deduced from  films were practically dominated by monopalmitin molecules.
n—A isotherms (Figure 5). Atr < xf~¢3¢na mixed film of However, the data iffigure 7A also demonstrate that the small
monopalmitin ang-casein may existHigure 6C) with small amounts off-casein collapsed residues at the interfaas
domains of monopalmitin uniformly distributed on the homo- deduced at a microscopic level from BAM imag&sgyure 6)—
geneougi-casein layer. The same image is characteristic of a have an effect on the surface dilatational properties of the mixed
pure monopalmitin monolayer with a liquid condensed structure films. In fact, the values oE for mixed films are lower than
atr > 5 mN/m. The circular domains of liquid condensed those for a pure monopalmitin monolayer, even at the collapse
monopalmitin in the mixed film were more numerous as the point of the mixed films. Thus, the mechanical properties of
surface pressure increased, as for a pure monopalmitin monothe mixed films also demonstrated that, even at the highest
layer (Figure 6B). Atz > s ~¢3¢na characteristic squeezing surface pressure, a monopalmitin monolayer is unable to
out phenomena of-casein by monopalmitin was observed completely displacgs-casein molecules from the air—water
(Figure 6E) and the mixed films were practically dominated interface.
by monopalmitin molecules. That is, at higher surface pressures, From the values of the loss angle tangent (Dafr curves)
collapsedf-casein residues (bright region) may be displaced for monopalmitin and3-casein—monopalmitin mixed films it
from the interface by monopalmitin molecules (circular dark can be concluded that these films behaved as viscoelastic at
regions). A topographical characteristic of the adsorbed film every surface pressur€igure 7B). For the mixed films the
was the presence of short fractures in the film at the higher values of Tané are the same no matter what the surface
surface pressures, near the collapse point of the mixed film pressure. The results suggest that the presengecaein in
(Figure 6F), which are characteristic of proteimonoglyceride the mixed film controls the viscoelasticity of the mixed films
adsorbed films 17, 18). During repetitive compressions of the atz < xf~casein(at these surface pressures the values offfan
mixed film some spots with folds or aggregations of collapsed of the mixed films are similar to those of a pufecasein

p-casein, which were formed during the first compression of
the film, were also observed (Figure 6D).
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Figure 8. Freguency dependence of (O, @) surface dilatational modulus
(E) and (A, A) loss angle tangent (Tan 6) for mixed films of monopalmitin
and S-casein at (A) 20 mN/m and (B) at the collapse point. Temperature
20 °C and pH 7. Symbols: (O, A) mixed films of monopalmitin spread
on a (-casein adsorbed film at a mass fraction of monopalmitin in the
mixture of 0.25—concentration of S-casein in the aqueous phase 1 x
1075 wt %—and (@, A) monopalmitin and 3-casein spread mixed films
at a mass fraction of monopalmitin in the mixture of 0.20 (31). Amplitude
of deformation: 5%.

adsorbed film), but this viscoelasticity is controlled by the
presence of monopalmitin at the higher surface pressures (at
> gf~caseinthe values of Ta of the mixed films tend to those
of a pure monopalmitin spread monolayer).

Changes in surface dilatational propertiesafd Tang) with
the frequency of oscillation foff-casein—monopalmitin ad-
sorbed films at a representative mass fraction of monopalmitin
in the mixture (atXyp = 0.25) are illustrated ifrigure 8. The
frequency of oscillation over a range of-5200 mHz and two
surface pressures (at 20 mN/m and at the collapse point) ar
analyzed as variables. It can be seen that a 20 mN/m
(Figure 8A) (i) the E values for adsorbegd-casein films are
practically constant and (ii) the Tahvalues increase with the
frequency. Thus, the same statements as those deduced for pu
fp-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 poikiqure 8B),
although theE and Tan@ values follow the same evolution
with the frequency as for 20 mN/m, tfievalues are lower than
that for a puregs-casein adsorbed film. Thus, it can be concluded
that atXye = 0.25 monopalmitin is unable to displacg-&asein
adsorbed film from the airwater interface, even at the highest
surface pressure (at the collapse point of the mixed film).

Structural, Topographical, and Dilatational Character-
istics of f-Casein—Monoolein Mixed Films Adsorbed at the
Air— Water Interface. The structural characteristics of adsorbed
f-casein-monoolein mixed films were essentially different from
those off3-casein—monopalmitin, as deduced from-A iso-
therms Figure 9). Briefly, as expectedi@, 29), g-casein-
monoolein mixed films (Figure 9B) at surface pressures lower
than that forB-casein collapsen#—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. Atr > sz caeinthe 7—A isotherms for mixed films
were practically parallel to those of monoolein. At these
experimental conditions the hypotheticat-A isotherms for
mixed films calculated on the basis that only monoolein is

r
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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

eﬂ-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 5-casein adsorbed film on the basis that only
monoolein is present at the air—water interface. Concentration of 3-casein
ig the aqueous phase 1 x 105 wt %. Mass fraction of monoolein in the
mixture: () 0, (O) 0.20, (A) 0.35, and (—) 1.0. The collapse point (7z¢)
of the mixed films is indicated by a continuous arrow. The equilibrium
surface pressure (sze) of S-casein is indicated by means of a discontinuous
arrow.

present at the airwater interface tend to that of a pure
monoolein monolayerRigure 9C). These results prove that
pB-casein is partially displaced from the aiwvater 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
displaceds-casein upon the expansion is easier for monoolein
than for monopalmitin because the hysteresis in theA
isotherms during the compressioexpansion cycle is lower for
[B-casein-monooleinFigure 9B) than for 5-casein adsorbed
monopalmitin (Figure 5B) films.

BAM images for adsorbefl-caseir-monoolein mixed films
were also different from those described above for adsorbed
fB-casein—monopalmitin mixed filmsF{gure 10). At & <
md~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
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Figure 10. Visualization of 3-casein—monoolein mixed films by Brewster |‘—C" .
angle microscopy at 20 °C. (A) This picture was observed for S-casein 014 e )
adsorbed films during the first film compression. The same image was
observed for S-casein—monoolein mixed films at 7 < s f—casen, (B)
[3-Casein aggregates in adsorbed /3-casein—monoolein mixed films at 14— 0,0 P 0 % v 0 *
17 mN/m. (C) p-Casein + monoolein adsorbed film at 29 mN/m. (D)
p-Casein + monoolein adsorbed film at 29—44 mN/m. The horizontal = (mN/m)
direction of the image corresponds to 630 x«m and the vertical direction Figure 11. Surface pressure dependence of (A) surface dilatational
to 470 um. modulus (E) and (B) loss angle tangent (Tan 6) for mixed fims of
monoolein and S-casein in buffered water at pH 7 and at 20 °C.
without any difference in the domain topograplFjgure 10A). Symbols: (O, A) mixed films of monoolein spread on a -casein adsorbed

During repetitive compressions of the mixed film some spots film at a mass fraction of monoolein in the mixture of 0.25, (@, A)
with folds or aggregations of collapsghcasein, which were monoolein and [S-casein spread mixed films at a mass fraction of
formed during the first compression of the film, were also monoolein in the mixtgre of 0.20 (‘?1).’ and (4) pure monoolein spread
observed (Figure 10B). At surface pressures near to and after monolayer. Concentration of /-casein in the agueous phase 1 x 10° wt
p-casein collapse BAM imageSigure 10C) demonstrated that ~ %: The frequency (50 mHz) and amplitude (5%) of deformation were
monoolein angB-casein molecules adopted an isotropic structure maintained constant. Open symbols are for adsorbed films and closed
in the mixed film with some white regions, which correspond Symbols are for spread monolayers.

to the presence of a thickgrcasein collapsed film. At the higher ‘ ‘ , 18
surface pressures, and especially at the collapse point, the 304 A 0——0—0—0—6—0-0 I1s
topography of the mixed film was dominated by the presence / '
of small domains of collapsefi-casein and monoolein at the E 201 A I
interface (Figure 10D). Z A 09
The surface viscoelastic properties ®tasein—monoolein W) /A/A 106
adsorbed mixed films on the aiwater interface at a representa- 103
tive monoolein concentration in the mixture X$y = 0.25 are 0l 00 =
shown inFigure 11. It can be seen that at < g//~caseinthe 501 B e
E—x plot showed Figure 11A) the same evolution as for 401 1'®
p-casein—monopalmitin adsorbed mixed filnkSdure 7A). In _ 112
addition, theE values for the adsorbed mixed films were the £ 30 108
same no matter which monoglyceride is present in the mixture E 201 los
(either monopalmitin or monoolein), tie— plot showing an 10] lo3
irregular shape, as for a pufecasein adsorbed or spread films '
(Figure 3A). Thus, the differences betwe&values for a pure 0 0 1m0 =0 oY
monoglyceride monolayer and adsorbed mixed films are higher o (MHz)
for f-casein-monopalmitin Figure 7A) than for f-casein- Figure 12. Frequency dependence of (O, ®) surface dilatational modulus

monoolein (Figure 11A) mixed films because tBevalues are  (£) and (, a) loss angle tangent (Tan 6) for mixed films of monoolein

higher for monopalmitin than for monoolein spread monolayers. and S-casein in buffered water at (A) 20 mN/m and (B) at the collapse

These differences reach a maximum at the highest surfacepoint. Temperature 20 °C and pH 7. Symbols: (O, a) mixed films of

pressure, at the collapse point of the mixed films. Finallyrat  monoolein spread on a f-casein adsorbed film at a mass fraction of

> gd~caseinthe E—r plots for mixed films were not parallel to  monoolein in the mixture of 0.25— concentration of A-casein in the

those of monooleinKigure 11A) as observed fof-casein— aqueous phase 1 x 1075 wt %—and (@, A) monoolein and S-casein

monopalmitin adsorbed mixed filmEigure 7A). These results  spread mixed films at a mass fraction of monoolein in the mixture of 0.20

demonstrate that the presencefedasein in the mixture has an  (31). Amplitude of deformation: 5%.

effect onE values of the mixed films, even at higher surface

pressures (7 ~casen), at everys (at these surface pressures the values of Taf
From the values of the loss angle tangent (Panr curves) the mixed films are similar to those of a py#ecasein adsorbed

for monoolein angB-casein—monoolein adsorbed mixed films film).

it can be concluded that these films behaved as viscoelastic at Changes in surface dilatational propertiEsagd Tang) with

every surface pressur€igure 11B). For the mixed films the  the frequency of oscillation fgB-casein—monoolein adsorbed

values of Tané are the same no matter what the surface films at a representative mass fraction of monopalmitin in the

pressure. The results suggest that the presengecatein in mixture (at Xyp = 0.25) are illustrated irFigure 12. The

the mixed film controls the viscoelasticity of the mixed films frequency of oscillation over a range of 5200 mHz and two
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surface pressures (at 20 mN/m and at the collapse point) arearea). That is, the film becomes more rigid as the protein unfolds
analyzed as variables. From these results the same statemen®&nd develops more intermolecular interactions because the slow
as those deduced f@+casein—monopalmitin adsorbed mixed formation of the adsorbed film in this study will allow the
films (Figure 8) can be applied. Thus, it can be concluded that protein extended time and space to unfold. Thus, we do not
at Xyo = 0.25 monoolein is unable to displacefacasein reject the possibility that for a more viscoelastic adsorbed
adsorbed film from the airwater interface, even at the highest [-casein film (Figure 3A) its structure is more condensed than
surface pressure (at the collapse point of the mixed film). that obtained directly by spreading (Figure 1B). Upon further
The viscoelastic characteristics ffcasein—monoglyceride  increase of the surface pressurexat <" the differences
mixed films can explain the differences observed during the in E values between adsorbed and sprghdasein films
re-adsorption (penetration) of displacghcasein upon the  disappear with the formation of protein multilayer23]. In
expansion of a film previously compressed up to the collapse contrast with spreags-casein monolayers, which show vis-
point (Figures 5Band9B). In fact, the re-adsorption (penetra- coelastic behavior that changes to elastic at higher surface
tion) of previously displaceg@-casein upon the expansion is pressures, adsorbgcasein films show viscoelastic behavior
easier for monooleirRigure 9B) than for monopalmitinKigure at every surface pressuréigure 3B). Finally, if the frequency
5B) becausg-casein-monopalmitin (Figure 7A) forms amuch ~ dependence of surface dilatational properties may be associated
more elastic surface thgprcasein—monoolein (Figure 11A) with the effect of the rate of deformation on the structure of
mixed film. The presence of the viscoelasficasein—mono-  B-casein films, at short time scales (at > 50 mHz) the
palmitin mixed film (Figure 7A) prevents the penetration of relaxation mechanism is essentially the same for adsorbed and
previously displaceg-casein, upon the expansion of the film. spreads-casein films (Figure 4).
These results support the hypothesis that as the interactions Adsorbed and SpreaétCasein-Monoglyceride Mixed Films.
between film-forming components are stronger, which form a The structural characteristics of adsorbed mixed filFigires
more elastic interface, the interface penetration is reduged ( 5and9) are in agreement with those deduced for spfeadsein
That is, the key features controlling the displacement or + monoglyceride mixed films (29). That is, at low surface
penetration of proteins into a fluid interface are the strength pressures (atr < axf~c@€f) poth p-casein and mono-
and elasticity of the film (32). glyceride coexist at the interface, but protein displacement by
Comparison of Structural and Dilatational Characteristics the monoglyceride from the aiwater interface takes place at
of B-Casein and f-Casein—Monoglyceride Mixed Films 7w > mfcen However, the kinetic character of the re-
Formed by Adsorption or Spreading of the Protein.Adsorbed ~ adsorption of previously displacgtcasein in adsorbed mixed
and Spreads-Casein Films.The 7—A isotherm deduced for  films (Figures 5B and9B) was not evident for spread mixed
adsorbeg3-casein films is more condensed than that obtained films (29). The topographical characteristic of the adsorbed
directly by spreading (Figure 1B). One possibility is that the (Figures 6and10) and spread mixed film29) are essentially
slow formation of the adsorbed film in this study will allow similar, except in the presence of both short fractures near the
the protein extended time and space to unfold, whereas in spreadtollapse point of the mixed filmHKigure 6F) and folds or
films, with the spreading method adopted in this stutly, 23), aggregations of collaps¢Hcasein Figures 6Dand10B), which
the protein is forced into an interfacial space with little time or were not observed in spread mixed filn29J.
area to unfold. Another explanation would be the degree of In Figures 7and11are included the effect of surface pressure
packing of the interface; after successive compressions, at lowon viscoelastic properties of-caseir-monopalmitin and
surface coverage, the adsorbed film is likely to minimize energy S-casein—monoolein mixed films adsorbed and spré&dd &t
and adopt a greater packing density than a spread film which isthe ai—water interface, respectively. At < 7 cseinthe E—x
created more quickly, and is hence less likely to adopt the lowest plot showed an irregular shape, as for a péteasein adsorbed
energy structure. Thus, the structures of the films formed in film (Figure 3A). The value off was a maximum at the surface
the two different ways must be different, at least for adsorption pressure of the transition between structures | and Il for a spread
from low bulk protein concentrations. mixed monolayer, but it is not evident for an adsorbed mixed
The surface pressure at the transition between structures Ifilm. These data corroborate thatrat< z#~¢3¢i"3-casein and
and Il of an adsorbefl-casein film (72 ~ 12 mN/m) is higher monoglyceride coexist in adsorbed mixed films at the aiater
than that for a spread monolayer & 10 mN/m) (23). interface with practically the same viscoelastic properties
However, the transition between these structures is not as evidentFigures 7 and 11). However, at the higher surface pressures
in the z—A isotherm forS-casein adsorbed films, as compared theE values of adsorbefl-caseinrt monoglyceride mixed films
with spread monolayers-{gure 1B). BAM images also prove  are lower than those for spread mixed monolayers at the same
that 3-casein spread?@, 29) and adsorbed={gure 2A) films surface pressures. These results corroborate the idgathaein
adopt a homogeneous morphology during the first compressionin adsorbed mixed films presents a higher resistance for its
of the film. However, after successive compressigrsasein displacement by monoglyceride from the interface as compared
adsorbed films present some aggregatiéigures 2Band2C), with spread mixed monolayers. These results also corroborate
which were not observed for spread monolay@3, 29). the idea thag-casein in adsorbed mixed films presents a higher
For 8-casein adsorbed films the surface dilatational modulus resistance to its displacement by monoolein from the interface
(E) versus surface pressure plots showed an irregular shapeds compared with spread mixed monolayers because the
(Figure 3A), as observed with the same protein Spread at the evolution of E with = is different forﬁ-Casein_monOpalmitin
air—water interface 1). The values of for S-casein films  andp-casein—monoolein mixed films, as compared with that
with structure 11, and especially the minimuhvalue at the ~ for a pure monoglyceride monolayer.
collapse point, are lower for spread than for adsobedsein Conclusions.In this work a unique device that incorporates
films. The fact that the values @& of -casein is higher for different interfacial techniques, such as Wilhelmy-type film
adsorbed than for spread films suggests fhedisein in adsorbed  balance, Brewster angle microscopy, and interfacial dilatational
films is more condensed (as deduced from data showigure rheology has been used to analyze the static (structure, morphol-
1B for the displacement of the—A isotherm toward lower ogy, and interactions) and dynamic characteristics (surface
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dilatational properties) gf-casein-monoglyceride mixed films
adsorbed on the aitwater interface. The structural and topo-
graphical characteristics gfcasein and monoglycerides (mono-
palmitin and monoolein) adsorbed mixed films depend on the
interfacial composition and the surface pressure. 7At<
a~caseing mixed film of monoglyceride ang-casein may exist.
At 7 > g fcasein the mixed films were dominated by mono-
glyceride molecules. That is, at higher surface pressures,
collapsed3-casein residues may be partially displaced from the
interface by monoglycerides. Howevgrcasein 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, f-casein—monoglyceride adsorbed films have
viscoelastic character. At < zfcaseinthe surface dilatational
characteristics of the mixed films were dominated by the
presence off-casein in the mixture. Even at the higher surface
pressures (atr > mc@sel) the small amounts of-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 sprea?ilj f-casein—monoglyceride
mixed films it can be concluded that @ values of3-casein
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(2) Dickinson, E. Milk protein interfacial layers and the relationship
to emulsion stability and rheologgolloids Surf., B2001, 20,
197-210.
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Interface Sci2001,91, 437—471.

(4) Bos, M.; Nylander, T.; Arnebrant, T.; Clark, D. C. Food
Emulsifiers and their Applicationddasenhuette, G. L., Hartel,
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(5) Wilde, P. J. Interfaces: their role in foam and emulsion
behaviourCurr. Opin. Colloid Interface Sck00Q 5, 176-181.

(6) Walstra, PPhysical Chemistry of foods; Marcel Dekker: New
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V. Proteins and emulsifiers at liquid interfacesdv. Colloid
Interface Sci2004,108—109, 63-71.

(8) Rodriguez Patino, J. M.; Rodriguez Nifio, M. R.; Carrera, C.
Protein-emulsifier interactions at the -aiwvater interfaceCurr.
Opinion Colloid Interface Sci2003,8, 387—395.

(9) Pugnaloni, L. A.; Dickinson, E.; Ettelaie, R.; Mackie, A. R.;
Wilde, P. J. Competitive adsorption of proteins and low-
molecular-weight surfactants: computer simulation and micro-
scopic imagingAdw. Colloid Interface Sci2004,107, 2749.

(10) Rodriguez Patino, J. M.; Carrera, C.; RodrigueZzoNi. R.;

Cejudo, M. Structural-dilatational characteristics relationships of
monoglyceride monolayers at the-awater interfaceLangmuir
2001,17, 4003—-4013.

adsorbed and spread films are similar, but the elastic character (11) Rodriguez Patino, J. M.; Carrera, C.: RodriguezoN. R.:

is higher for spread films, especially at higher surface pressures;
(i) E values atr < mfcaseinfor adsorbed and spread mixed
films are the same, but significant differences were observed at
7 > gd~casein with the highelE 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 the3-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 conditipreeéss
function), such as surface pressure or surface density, surface
composition, and film-forming formation (spreading, adsorption,
or both). Thusproduct engineeringor 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 (334). 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 85). However, the implications of nanoscience in
product engineering of food dispersions formulated by these
emulsifiers require further research (36).
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