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In this work, we have analyzed the structural, topographical, and surface dilatational characteristics of pure
B-lactoglobulin adsorbed films and the effect of the self-assembly of monoglycerides (monopalmitin or monoolein)
in B-lactoglobulin films at the airwater interface. Measurements were performed in a single device that incorporates
a Wilhelmy-type film balance, Brewster angle microscopy, and interfacial dilatational rheology. The structural
and topographical characteristics®factoglobulin adsorbed and spread films are similar. However, the surface
dilatational modulus of-lactoglobulin films shows a complex behavior depending on film formation. The self-
assembly of monoglyceride inf&lactoglobulin adsorbed film has an effect on the structural, topographical, and
dilatational properties of the mixed films, depending on the interfacial composition and the surface pressure (
At low s, a mixed film of monoglyceride ang@-lactoglobulin may exist. At highr (after the collapse of
B-lactoglobulin), the mixed films are dominated by monoglyceride molecules. However, the small amounts of
collapseds-lactoglobulin have a significant effect on the surface dilatational properties of the mixed films. Protein
displacement by monoglyceride is higher for monopalmitin than for monoolein. However, some degree of interaction
exists between proteins and monoglycerides, and these interactions are more evident in adsorbed films than in
spread films.

Introduction nature, it has only recently been recognized in the area of
. . fabrication and productiohSo far, the potential of self-assembly
Many food formulations are emulsions or foams (food has not been intentionally used in the manufacturing of food

colloids) containing droplets or bubbles, respectivelthese  formulations. Thus, a better understanding of the supramolecular
are microstructural entities stabilized by the formation of an structuring principledt3will bring new phenomena to light and
interfacial emulsifier layer around the particfes. The properties  |ead to new manufacturing processes for high-added-value food
of this interfacial layer are governed by the composition and products and emulsifiers. A prerequisite for this approach is a
structure of the adsorbed material. For this reason, biopolymersproper understanding of the fundamental principles of molecular
(proteins, polypeptides, and polysaccharides) and low-molecular-jnteractions (noncovalent interactions, such as hydrogen bond-
weight emulsifiers (LMWEs) have been used for rr:iany decades g, electrostatic and van der Waals interactions, etc.), leading
as emulsifiers in the production of food colloiti3® On the ¢ supramolecular structures, and their influence on the genera-
molecular level, these ingredients and their chemical properties, o, and stabilization of higher hierarchical structures (droplets
including specific modifications, can be used to add new uses ., pples) present in most food colloids. The need to control
to these emuIS|f|er§.Rea! .fOOd (_j|sper5|ons usually contain a the processes involved in this molecular engineering has led to
mixture of d|ffer(_e_nt emuIS|f|ers (t_)lopolymers and LMWE_S); thus e dramatic development of advanced equipfEnt’ suitable
the way emulsifiers interact with each other at the interface for thin-layer characterization (AFM, Brewster angle microscopy

.(str.u'cture formafuon) influences the formation and s'tablhty .of (BAM), imaging ellipsometry, IR-UV reflection—absorption
individual emulsion droplets or foam bubbles and the interaction o
spectrometry, transmission fluorescence spectrometry, two-

between groups of droplets or bubbfésThis means that the : .
dimensional X-ray reflectometry, surface plasmon resonance,

macroscopic characteristics of dispersions, such as their rheo-etc) Besides these entirely new techniques. traditional instru-
logical or textural properties, can be improved by controlling 7 y ques,

nanostructure formation at the interf&€¥ This represents one rbnents (La}ngmduw %?d Lanfgmllla!:rﬁlodge;ttdtrou?hs) dhz:we alzo
way in which nanoscience approaches may lead to new een equgz Wi 'ner\]/v a}cmesd/and.l cveloped 1o p{)o uee
possibilities in the fabrication of complex food colloids. constant and dynamic shearing anajor dilatation, in situ observa-

i iti 1 20
Our knowledge of the structure of emulsifier assemblies on tion, mo'lecular .deposmon, and so fof#e"
surfaces has undergone some revolutionary changes since 1995, The aim of this work was to analyze the effect of monoglyc-
when atomic force microscopy (AFM), which allowed direct €rides (monopalmitin and monoolein) on the interfacial behavior
imaging of surfactants at fluid interfaces, was first ud&dt-12 of a milk protein -lactoglobulin) previously adsorbed at the
Although self-assembly is a widely recognized phenomenon in air—water interface by using complementary techniques (Wil-
helmy-type film balance, BAM, and surface dilatational rheol-
*To whom all correspondence should be addressed. Fe34 95 ogy). Itinvolves (i) the effect of monoglyceride on the interfacial
4556446. Fax:+34 95 4556447. E-mail: jmrodri@us.es. structure, morphology, and topography (self-assembly) of an
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adsorbegB-lactoglobulin film, (ii) the compatibility (incompat-  operational conditions have been described elsewfiét&he surface
ibility) between monoglyceride anf-lactoglobulin at a fluid pressure measurements, area, and gray level as a function of time were
interface, (iii) the surface dilatational characteristics of monoglyc- carried out simultaneously by means of a device connected between
eride+ p-lactoglobulin adsorbed mixed films at fluid interfaces, the film balance and BAM. To measure the relative reflectivity (I) of
and, finally, (iv) a discussion of the effect of film formation the film, a previous camera calibration is neces$&fyThe imaging
(by adsorption or spreading) and the type of protein on the conditions were adjusteq _to optimize both image quality and quantitative
formation and properties of emulsifier-mixed films at a fluid measurement of refl_ect|V|ty. Thus, generally as the surface_pressure or
interface. Although monolayer technique has been used SUC_the protein content increased the shutter speed was also increased.
cessfully for studying the properties of mixed emulsifiers spread ~ Surface Dilatational Rheology. To obtain surface rheological

at the air-water interfacé® adsorbed films of mixed emulsifiers ~ Parameters, such as surface dilatational modufiisefastic (Ed) and

are more interesting from a technological point of view. Vviscous (Ev) components, and loss angle tangent @arthe same

However, there exists little information about these systems so Medified W'Ihelmy'tg’spe flm balance (KSV 3000) was used as
far2122 This paper complements previous works on pure described elsewhef@?81n this method, the surface is subjected to small

protein€324and proteir-monoglyceride mixed films adsorbed periodic sinusoidal compressions and expansions by means of two
- . oscillating barriers at a given frequency)(and amplitude AA/A),
and spread at the aiwater interfacel-22

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 € = Ed + iEv). The real part of the dilatational modulus or
storage component is the dilatational elasticity, EdE|-cos 6. The
imaginary part of the dilatational modulus or loss component is the
surface dilatational viscosity, Ex |E|-sin 6. The loss angle tangent

can be defined as the ratio between the viscous and elastic components
of the modulus (ta® = 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%.

Experimental Section

Chemicals. Synthetic 1-monohexadecanaye-glycerol (mono-
palmitin, DIMODAN PA 90) and 1-monaoc{s-9-octadecanoyl) glycerol
(monoolein, RYLO MG 19) were supplied by Danisco Ingredients
(Brabran, Denmark) with over 998% purity. Whey protein isolate
(WPI), a native protein with a very high content gflactoglobulin
(protein 92+ 2%, f-lactoglobulin > 95%, a-lactalbumin < 5%)
obtained by fractionation, was supplied by Danisco Ingredients. Samples
for the interfacial characteristics of WPI adsorbed films were prepared
using Milli-Q ultrapure water and were buffered at pH 7. To form the
mixed surface film on a previously adsorhgdactoglobulin monolayer,
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 ((GH);CNH,/
(CHOH);sCNHsCI; Sigma,>99.5%) was used to achieve pH 7. The
ionic strength of the subphase was maintained constant at 0.05 M in
all the experiments.

Surface Film Balance.Measurements of surface pressurg{area

Results

Structural Characteristics of #-Lactoglobulin Adsorbed
Films. Figure 1A shows ther—trough area isotherms for an
adsorbed film of3-lactoglobulin after successive compressions,
formed from adsorption in solution at10~> wt %. In these
experimentsz—trough area isotherms at different times after

(A) isotherms of adsorbe@Hlactoglobulin films ands-lactoglobulin- the P’Otei” SOIUti_on was Ieﬂ_in Fhe trough have been recorded,
monoglyceride mixed films at the aiwater interface were performed star.tlng at 30 min and continuing .for 36 h. Howgver, to an
on a fully automated Wilhelmy-type film balance (KSV 3000, Finland) ~clarity, only threez—trough area isotherms are included in

as described previous26 The maximum area of the trough between ~ Figure 1A. There was a difference in the-trough area
the two barriers is 51.5 15 cn?. Before each measurement, the film ~ isotherms as a function of time after protein addition to the

balance was calibrated at 2@. For f-lactoglobulin adsorbed films ~ aqueous bulk phase. It can be seen that there was a shift of the
from water protein solutions at105—1-104 wt % were left in the s—trough area isotherms toward higher areas as the protein
trough, and time was allowed for protein adsorption at the interface. adsorption time increased to 30 h. This phenomenon may be
These protein concentrations were selected from previous data of theattributed to adsorption ¢f-lactoglobulin at the interface, which
adsorption isotherrff. At these protein concentrations in solution, the increased with the adsorption time. Thetrough area isotherm
surface pressure after 24 h at the maximum area of the trough wasfor a first compression at 30 min of adsorption time (data not
practically zero. At this point, the monoglyceride (monopalmitin or  shown) indicates that a small amount of protein was adsorbed
monoolein) in the hexane/ethanol solution (at -2(*-3.510' at the interface because the surface pressure at the minimum
moleculex!™) was spread by means of a micrometric syringe at area was lower than the equilibrium spreading pressure for
dlfferer_lt points on theﬂ-lact_oglobulln adsorbed film. During the B-lactoglobulin hﬁ—mctogmbunn; 25.9 mN/m)2” Moreover, the
spreading of the monqgly_cerlde, the surface pressure of the prewouslyn_trough area isotherms were parallel after successive com-
adsorbecﬁ-lactoglopuhn film was zero, at the maximum area of the dDressions (Figure 1A). These data reveal that a long time interval
trough. Further details about operational conditions have been describe . .

Loonn: . ) of adsorption allows morg-lactoglobulin to adsorb at the
elsewheré! “Mixtures of particular mass fractionsexpressed as the surface, especially from low protein concentrations in solution
mass fraction of monopalmitinXye, or monoolein, Xyo, in the ’ . . . .

P e o such as those used in this work. After 30 h of adsorption time,

mixture—were studied. The compression rate was 3.3aim %, which h h isoth ft . . h
is the highest value for which isotherms were found to be reproducible thezz—trough area isotherms after successive compressions show

in preliminary experiments. Tha—A isotherm was measured four @ Shift toward lower areas, which may be explained by a

times. The reproducibility of the results was better the®5 mN/m condensation of the protein at the interface after repetitive
for surface pressure and0.05 n¥/mg for area. compressiofexpansion cycles.
Brewster Angle Microscopy (BAM). A commercial Brewster angle Since the surface concentration is actually unknown for the

microscope, BAM2, manufactured by NFT {fogen, Germany), was  adsorbed film, the values were derived from plots in Figure 1A
used to study the topography of the film. The BAM was positioned by assuming that thé values for adsorbed and spread films
over the film balance. Further characteristics of the device and were equal at the collapse point of the mixed film (Figgsv



Monoglyceride Self-Assembly in g-Lactoglobulin Film Biomacromolecules, Vol. 7, No. 9, 2006 2663

30 (Figure 2B) as a function of surface pressure obtained with
25 B-lactoglobulin adsorbed films reproduce those observed previ-
201 ously?! and show that, fop-lactoglobulin adsorbed monolay-
€ ers26:31film thickness increases with the surface pressure and
% 154 is a maximum at the collapse, at the highest surface pressure.
T 10 These data corroborate the idea that a condensation in the
5] monolayer structure takes place during the compression of the
monolayer. BAM images also prove thatlactoglobulin
0] [ [ [ spread®3l and adsorbed films (Figure 2A-a) adopt a homoge-
0 200 400 600 800 neous morphology during the film compression.
Area (cm’) Dilatational Characteristics of #-Lactoglobulin Adsorbed
30 AP . T ; T Films. A common trend of the surface pressure dependence of
25 § sop e i the dilatational modulusg) for g-lactoglobulin adsorbed films
— 2] z :g 1 (Figure 3A) is thak increases with increasing surface pressure
£E *  Facoaton up to the collapse point. This increase is a result of an increase
2 15 fﬂ 1 in the interactions between the monolayer molecules (that is,
& 101 0 0’ e | of its structure), as deduced fram-A isotherms (Figure 1B),
5] = (miN/m) | and monolayer thickness (Figure 2B). That is, more condensed
monolayer structures (at higher surface pressures) may lead to
0] ‘ , , , ‘ ] an increase in the forces of interaction between amino acid
00 04 08 12 16 20 24 residues at the interface, which is consistent with the observed
Area (m’/mg) increase irE. Upon further increase of the surface presskre,
Figure 1. (A) z—trough area isotherms (compression curves) for remains constant. That is, the molecular structure (self-assembly
adsorbed monolayers of -lactoglobulin at an aging time of (a) 7 h, of amino acid residues) is important to understand the dynamic
(©) 30, and (—) 36 h. (B) z—Aisotherms for adsorbed j-lactoglobulin interfacial behavior of adsorbed protein at fluid interfat®¥,

monolayers at an aging time of (a) 7 h, (O) 30, and (—) 36 h, and
(©) spread fS-lactoglobulin monolayer (compression curves).2426:31
The inset shows the surface pressure dependence of the compres-

as has been pointed out by means of simulations of dilatational
rheology of adsorbed protein filn$4:3¢ These data also support

sional coefficient («) for an adsorbed g-lactoglobulin monolayer at an the hypothesis that the compressiorfidactoglobulin films does
aging time of 30 h. Aqueous subphase at pH 7. Temperature, 20 °C. not produce any change in loop conformation adopted by amino
Concentration of B-lactoglobulin in the aqueous phase, 1-1075 wt %. acid residues becaudeincreases monotonically withr, but

The e of f-lactoglobulin (3~ *“°9°*") is indicated by means of an that a condensation of this conformation takes place. These
arrow. results are in good agreement with those observeg-acto-

globulin monolayers spread on the -awater interfacé*2631
and for globular proteins in gener#i$"43

However, in contrast with the general behavior discussed
previously, the surface dilatational modulus/bfactoglobulin
films shows a complex behavior depending on the experimental

Wilhelmy-type film balance are in good agreement with those _cond|t|on_s fo_r film forr_nat|on and processing. From the data
observed! in a Langmuir-type film balance. On the other hand, mcl_uded in Figure 3A it can be deduced that _

the 7—A isotherm deduced for adsorbgdactoglobulin film () The surface pressure dependence Bnduring the
(Figure 1B) is similar to that obtained previously by spreading Compression ofi-lactoglobulin adsorbed films from aqueous
in the Wilhelmy26 and Langmuir-typ&3Lfilm balances. Thus,  Solutions at 110°° and £10™* wt % (this work), depends on
the structures ofg-lactoglobulin films formed in the two theﬁ-lactoglobghn concentration |n_solut|on. It_can be seen that
different ways must be identical, at least for adsorption from E values are higher for adsorbed films from higlfelactoglo-

1B).212230This assumption can be supported by the fact that
for B-lactoglobulin films, the equilibrium spreading pressure
(b ~tactodlobliy ang the surface pressure at the plateau for a
saturategB-lactoglobulin adsorbed fil&f are the same. The—A
isotherms deduced for adsorbgelactoglobulin films in the

low bulk protein concentrations. In this regafdlactoglobulin bulin concentrations in solution.
(a globular protein) and3-casein (a disordered proteif) (i) The results forp-lactoglobulin adsorbed films under
behaved in a different way. dynamic conditions, during the adsorption of the protein at the

The results of ther—A isotherms (Figure 1B) with the help  air—water interface, from different protein concentrations in
of the compressional coefficient (insert in Figure 1B) deduced solution and at different adsorption tim&sare aligned in

from the slope of ther—A isotherm ¢ = —dx/dA), con- differentE—u lines for different protein concentrations. On the
firm?21.26:31.3%hat adsorbeg-lactoglobulin films at the airwater other hand, th& values during the adsorption gflactoglobulin
interface adopt a liquid expanded-like structure and the collapsefrom aqueous solutions under dynamic conditiénand at
phase. However, according to Graham and Phififigé;lacto- different concentrations are halfway between those during the

globulin retains elements of the native structure, not fully compression of the adsorbed films from low protein concentra-
unfolded at the interface. Thus, most amino acid residues in tions in solution (this work). These results support the hypothesis
B-lactoglobulin adopt loop conformation at the -awater that this protein is adsorbed at the -awater interface with
interface. But the loop conformation is more condensed at higher different degrees of association (aggregation) at different
surface pressures and is displaced toward the bulk phase at theéoncentrations in the bulk pha&ea phenomenon that can be
collapse point (atr > 7229 The film collapses ata  described by means of theoretical mo&efgand which depends
surface pressure of about 30 mN/m (Figure 1B), a value that is On the history of film formation.

a little higher than the surface pressure at the plateau for a (iii) Over the range of surface pressures studied, the values
saturated adsorbed film and the equilibrium spreading pressure, of E for B-lactoglobulin spread films were higher than those
which is indicated in Figure 1A by means of an arrow. The for adsorbed films. This result was unexpected because-tife

morphology (Figure 2A-a) and, especially, the reflectivity isotherms deduced for adsorbed and sp;%hxd:toglobulinfilmsCDV
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Figure 2. (A) Visualization of g-lactoglobulin and g-lactoglobulin-monopalmitin adsorbed mixed monolayers by BAM: (a) compression of
f-lactoglobulin at 7 < 30 mN/m, (b) compression of S-lactoglobulin adsorbed film + monopalmitin at 15 mN/m, (c) compression of 5-lactoglobulin
adsorbed film + monopalmitin at 30 mN/m, (d) compression of S-lactoglobulin adsorbed film + monopalmitin at 45 mN/m, (e) compression of
f-lactoglobulin adsorbed film + monopalmitin at 48 mN/m, and (f) expansion of S-lactoglobulin adsorbed film + monopalmitin at 7 ~ 0—2 mN/m.
Shutter speed, 1/50 s. Mass fraction of monopalmitin in the mixture, Xye = 0.4. The horizontal direction of the image corresponds to 630 um,
and the vertical direction corresponds to 470 um. (B) Reflectivity (arbitrary units) during the compression for (O) an adsorbed fS-lactoglobulin
film, (a) B-lactoglobulin adsorbed film + monopalmitin at Xyp = 0.25, and (<) S-lactoglobulin adsorbed film + monopalmitin at Xy = 0.4.
Shutter speed, 1/250 s. Temperature 20 °C, pH 7.

are practically the same (Figure 1B). One possibility is that the an important nonideal behaviof® with higher molecular
spreading process of&lactoglobulin monolayéf can be the interactions as the surface pressure increases.

cause of an interfacial unfolding of the protein, leading to a  These findings support the hypothesis that the surface
loss of its tertiary structure at the aiwater interface. Under gilatational modulus off-lactoglobulin films is not only
these conditions, the interactions between amino acid residuegjetermined by the interactions between protein molecules (which
in spread films with loop conformation are stronger, especially jepend on the surface pressure), but also by others factors, such
at higher surface pressures (at the collapse point), as theys the state of condensation of amino acid residues, which must
formation of protein r.nultlilayers. takes plate. be different for adsorbed than for spread films, or the film

_ (iv) The limiting Gibbs' elasticity obtained from the—A formation from low or high protein concentrations in solution,
isotherm of a spreaf-lactoglobulin monolayer, deflned asthe ; aven the dynamics of film formation and collapse.

E value measured at a frequency where no relaxation processes The evolution of targ with x (Figure 3B) corroborates the

affect the surface pressure in the time scale of the area. . ; .
oscillation,E, = —A-(0:1/0A)r, shows the same surface pressure idea thatf-lactoglobulin adsorbed films from low protein
concentrations in solution present a viscoelastic behavior at

dependence as those & for adsorbed and spread films. . h
However, theE, values are lower than those for adsorbed and €VerY surface pressure, in contrast vttactoglobulin adsorbed
films from higher protein concentrations in solution, which

spread films. The theoretical valueskgffor globular proteins h ! - ) -
are lower than those for adsorbed molecules since configurationd®r€Sent a viscoelastic behavior that changes to elastic at higher

with lower molecular areas are favored at the expense of the Surface pressures. Howevgractoglobulin spread films present
higher-area configurations, especially at high This factmay @ complex behavior. For spreglactoglobulin films, targ is
also be explained by the viscoelastic behavigs-ddictoglobulin not only lower atrr < 75 **°9°*" than for adsorbed films,
films, as will be analyzed later. but it also passes through a minimumzat> 7/ 'actegiobulin

(v) Finally, the values ofE for adsorbed and, especially, for followed by an increases in tafh at higherz as thef-lacto-
spreadp-lactoglobulin films are higher (with few exceptions) globulin collapse and multilayer formation take place. The lower
than those for aft— slope of 1 (dashed line), which implies  values of tand for spreads-lactoglobulin films as comparegDV
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Figure 3. Surface pressure dependence of (A) surface dilatational 60 rea {m -mg) c
modulus (E) and (B) loss angle tangent (tan 6) for pure S-lactoglobulin 50] & _
monolayers at pH 7 and at 20 °C. Open symbols (O, A) are for E.
f-lactoglobulin films adsorbed from the aqueous phase at protein - 401 o
concentrations of 1:1075 wt % (O) and 1104 wt % (2); (%) is for a § 304 N\ N
[-lactoglobulin spread monolayer, and (®) is the limiting Gibbs’ E 5] B BN NG 7
elasticity (E,) deduced from the 7—A isotherm for a spread monolayer. ® %
The surface dilatational modulus under dynamic conditions for 104 %
[-lactoglobulin films adsorbed from aqueous solutions at protein 04 i
concentrations (wt %) in the bulk phase of (+) 1, (x) 0.1, (x) 0.01, 0 1 2 3 4 5
and () 0.001 from ref 24 are included for comparison. The dashed Area,,,, mimg
line with an E—x plot slope of 1 represents an ideal behavior with Fi 4 (A Surf —t h isoth .
low protein interactions.*> The se of 3-lactoglobulin (nﬁ""“’"g"’b“"”) is igure 4. (A) Surface pressure—trough area isotherms (compression

curves) and (B) surface pressure—area isotherms (compression—
expansion curves) for mixed monolayers of monopalmitin spread on
. . . . a p-lactoglobulin adsorbed film from buffered water. (C) Surface
with adsorb_gd films support .the hypOtheS|3_that the s_preadlng pressure—area isotherms (compression curves) for mixed monolayers
process facilitates the unfolding of the protein at the-aiater of monopalmitin spread on a p-lactoglobulin adsorbed film on the
interface and favors the formation of an interfacial gel with high basis that only monopalmitin is present at the air—water interface.
elastic characteristics (i.e., with low values of tdn These Temperature 20 °C am(?3 pH 7. Concentration of g-lactoglobulin in the
: ; : : 10~ %. Mass fraction of monopalmitin in the
results also confirm the idea that the surface viscoelastic 29ueous phase, 1107 wt paimiin 1
. L . . mixture, Xwp: (+) 0, (—) 0.25, (- - -) 0.4 and (O) 1.0. The direction of
behavior is sensitive to the structure, interactions, and collapse we: (+) 0. () €= ©)

. ) . . the expansion/compression curves is indicated by means of solid
in B-lactoglobulin spread and adsorbed films at the-aiater arrows. The 7. of -lactoglobulin is indicated by means of a dash

indicated by means of an arrow.

interface. arrow.
Self-Assembly of Monopalmitin in -Lactoglobulin Ad- B . o . .
sorbed Films at the Air—Water Interface: Structural, mitin adsorbed mixed films in the Wilhelmy-type trough (Figure

Topographical, and Rheological ConsequenceBor analysis 4B) are in good agreement with those Obt:_’:lfﬁeh‘l the
of the effect of the self-assembly of monopalmitin molecules Langmuir-type trough with the sanfelactoglobulin+ mono-

in B-lactoglobulin films previously adsorbed at the-aivater palmitin adsorbed mixed films. . N
interface, mixtures of particulg®-lactoglobulin/monopalmitin Briefly, (i) there was a film expansion as the monopalmitin
mass fractions of monopalmitin in the mixture (&fp of O, concentration in the mixture was increased, especially at higher

0.25, 0.4, and 1.0) were studied. The amount of spread surface pressures (Figure 4B). That is, theA isotherm is
monoglyceride was calculated on the basis of the mass of displaced toward highek as the concentration of monopalmitin
previously adsorbef-lactoglobulin (which was deduced from  in the mixture increases.
the adsorbedr—A isotherm). Thus, as opposed to spread (i) At surface pressures higher than that fslactoglobulin
monolayers! for adsorbed films, the mixtures with mass collapse (atr > 7f #°9°*“"y " the 7—A isotherm for mixed
fractions higher thaiXyp = 0.4 saturate the interface under the films was parallel to that of monopalmitin (Figure 4B). These
experimental conditions used in this work. data are also in agreement with those deduced for spread
The surface pressure as a function of trough area for A-lactoglobulin+ monopalmitin mixed films* At the highest
S-lactoglobulin+ monopalmitin adsorbed mixed films (com- surface pressures, at the collapse point of the mixed film, the
pression curves) is shown in Figure 4A. As for pyiacto- immiscibility between film-forming components is deduced
globulin adsorbed films, the actuatA isotherms forj-lac- because the collapse pressure of mixed films is similar to that
toglobulin+ monopalmitin adsorbed mixed films were derived ©0f & pure monoglyceride monolayer (Figure 4B).
by assuming-22that theA values for adsorbed and spread fims (i) The hypotheticalz—A isotherms forg-lactoglobulin+
were equal at the collapse point. This assumption can be monopalmitin adsorbed mixed films, calculated on the basis that
supported by the fact that the surface pressure at the collapsenly monopalmitin is present at the awwater interface (Figure

point for adsorbed (Figure 4B) and spré&adixed films is 4C), atrr > 7f2°9°PUN tend to that of a pure monopalmitin
practically equal to that for the pure monoglyceride. Results spread monolayer, especially at highesindXyp in the mixture.
derived fromsz—A isotherms fors-lactoglobulin+ monopal- These results suggest that, at > zf 29U pyrotein

Ccbv
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displacement by the monoglyceride from the-airater interface 250 ' ' T ' 53
takes place. Atz < gl '2ct09obuin hoth 4 Jactoglobulin and 200_A ngHacteglobuln ]
monopalmitin coexist at the interface.

(iv) The protein displaced by monopalmitin from the interface £ 1501 . ® 1
during compression remains underneath the monoglyceride film, 2 /

. S . : E 1001 * 1
either through hydrophobic interactions between protein and " e o
lipid or by local anchoring through the monoglyceride la$fe®2 50+ ~ 0O O/
and reenters the mixed film during the expansion. This statement o o
is supported by the fact that tee-A isotherms were repetitive 0 ga
after continuous compressioexpansion cycles (data not N
shown). 0,24 A\A—k 1

(v) For adsorbeds-lactoglobulin + monopalmitin mixed @ .;. A
films, a first-order-like phase transition was observed upon film < > \
expansion (Figure 4B) at ~ 7 2°9°PUIn with 3 degenerated Fo1y . A
plateau in ther—A isotherm. This result suggestg?that the
readsorption of previously displacegtlactoglobulin has a
kinetic character, which was not evident for spread mixed 0’00 10 20 30 40 50
films.31

’ 7 (MN/m)

The evolution with the surface pressure of BAM images Figure 5. Surface pressure dependence of (A) the surface dilatational

(Figure 2A) gives complementary information, at a microscopic
level, on the structural characteristics and interactions of
adsorbedp-lactoglobulin + monopalmitin mixed films, as
deduced fronm—A isotherms (Figure 4). Aty < s/~ 'actoglobuiin

a mixed film of monopalmitin ang-lactoglobulin may exist
(Figure 2A-b) with small circular domains of monopalmitin
uniformly distributed on the homogeneqgiactoglobulin layer.

modulus (E) and (B) the loss angle tangent (tan 6) for mixed
monolayers of monopalmitin and -lactoglobulin in buffered water at
pH 7 and at 20 °C. Symbols: (O, A) mixed monolayers of mono-
palmitin spread on a f-lactoglobulin adsorbed film at a mass fraction
of monopalmitin in the mixture Xyp = 0.25, (®,4) monopalmitin and
f-lactoglobulin spread mixed films at a mass fraction of monopalmitin
in the mixture Xyp = 0.20, and () pure monopalmitin spread
monolayer. Concentration of S-lactoglobulin in the agueous phase,

The circular domains of monopalmitin, with a liquid condensed 1.10-5 wt %. Open symbols are for adsorbed monolayers and closed
structure?® were more numerous as the surface pressure symbols are for spread monolayers. The z. of S-lactoglobulin
increased (Figure 2A-c), just as for a pure monopalmitin (w2 ***#**") is indicated by means of an arrow.
monolayer8 At i > i '2°09°Pun 5 characteristic squeezing
out phenomena of-lactoglobulin by monopalmitin was ob-  0f Xem = 0.25 are shown in Figure 5. In the same figure are
served (Figure 2A-c,d), and the mixed films were practically included as a reference the viscoelastic properties of a pure
dominated by monopalmitin domains. That is, at higher surface monopalmitin spread monolayer afidactoglobulin+ mono-
pressures, collapsgtlactoglobulin residues (bright region) may  Palmitin mixed monolayers spread at the-aiater interface
be displaced from the interface by monopalmitin molecules atXew = 0.20¢ It can be seen that tfe—x plot for an adsorbed
(circular dark regions). A topographical characteristic of the film showed an irregular shape. At < z 29" the
adsorbed film (not observed in spread mixed fjrwas the values ofE increase withr and tend to a maximum plateau at
presence of short fractures in the film at higher surface pressures;z & af 29PN st ask of a puref-lactoglobulin adsorbed
near to the collapse point of the mixed film (Figure 2A-e), which film or the E, values for a spread film (Figure 3A). At these
are characteristic of proteirmonoglyceride adsorbed filn$$:22 values, theE values of the mixed film are higher than those for
Finally, after the expansion, the film undergoes breakup of the a pureg-lactoglobulin adsorbed film, but are much lower than
collapse structure to a three-dimensional foam structure (Figurethose for a pure monopalmitin spread monolayer. The values
2A-f), which consists of a collapse protein phase in the plateau of E tend to a maximum plateau at ~ 7/ 29" Thege
borders with foam cells containing a liquid-like protein and results corroborate the idea thatat< ﬂg—'aﬂog'obu"q B-lacto-
monopalmitin. globulin and monopalmitin coexist in adsorbed and spread
The segregation observed in BAM images (Figure 2A) for mixed films at the air-water interface.
B-lactoglobulin + monopalmitin mixed adsorbed films is At r > gl tactedlobuln the yajues of increase withr up to
confirmed by the evolution of the reflectivity)(with surface a maximum value at the collapse point of the mixed film, just
pressure (Figure 2B). Thepeaks observed over the overall as for a pure monopalmitin monolayer and fblactoglobulin
range of existence of the mixed film are an indication of the + monopalmitin mixed spread monolayers. In addition Eher
film heterogeneity because domains of monopalmitin (with low plots for mixed films (either adsorbed or spread) were parallel
I) and-lactoglobulin residues (with high) are present during  to those of monopalmitin, which demonstrated the effect of
the monolayer compressiemxpansion cycle. The reflectivity  monopalmitin onE at higher surface pressures. However, the
of some spots of the mixed film is higher than that for pure data in Figure 5A also demonstrate that minor amounts of
p-lactoglobulin (Figure 2B) or pure monopalmitin (data not g-lactoglobulin collapsed residues at the interface, as deduced
shown), especially at higher surface pressures. These resultsit a microscopic level from BAM images (Figure 2A), have an
strengthen the hypothesis that, for adsorBedctoglobulin+ effect on the surface dilatational properties of the mixed films.
monopalmitin mixed films, some degree of attractive interactions |n fact, the values of for mixed films are lower than those for
between film-forming components exists at a microscopic level, a pure monopalmitin monolayer, even at the collapse point of
giving a mixed film with greater thickness compared with those the mixed films. In addition, at higher values, theE values
of pure components. for B-lactoglobulin+ monopalmitin are lower for adsorbed films
The surface viscoelastic properties fGflactoglobulin + than for spread mixed films at the same surface pressures, as
monopalmitin adsorbed mixed films on the-awater interface observed for purg-lactoglobulin films (Figure 3A). Thus, the
at a representative monopalmitin concentration in the mixture mechanical properties of the mixed films also demonstrateng{,/
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Figure 6. (A) Surface pressure—trough area isotherms (compression
curves) and (B) surface pressure—area isotherms (compression—
expansion curves) for mixed monolayers of monoolein spread on a
[-lactoglobulin adsorbed film from buffered water at pH 7 and at 20
°C. (C) Surface pressure—area isotherms (compression curves) for
mixed monolayers of monoolein spread on a f-lactoglobulin adsorbed
film on the basis that only monoolein is present at the air—water
interface. Concentration of S-lactoglobulin in the agueous phase,
1-1075 wt %. Mass fraction of monoolein in the mixture (Xup): (+) O,
(—) 0.2, (---) 0.4, and (O) 1.0. The direction of the expansion/
compression curves is indicated by means of solid arrows. The e of
B-lactoglobulin (2180921 ig indicated by means of a dash arrow.

at higherr values, monopalmitin angtlactoglobulin molecules
coexist at the airwater interface.

From the values of the loss angle tangent @air curves)
for p-lactoglobulin+ monopalmitin adsorbed mixed films, it
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6B) atmr < b 29PN aopt a liquid-like structure, just as
for pure components. There was a film expansion due to the

o : 3—lactoglobulin
presence of monoolein in the mixture. At> 7/ ,
ther—A isotherms for mixed films were practically parallel to
those of monoolein. Under these experimental conditions, the
hypotheticatz—A isotherms for mixed films, calculated on the
basis that only monoolein is present at the-awater interface,
tend to that of a pure monoolein monolayer, especially at higher
Xmo (Figure 6C). These results prove thatactoglobulin is
displaced from the airwater interface by monoolein. At the
highest 7z, at the collapse point of the mixed film, the
immiscibility between film-forming components is deduced
because the collapse pressure of mixed films is similar to that
of a pure monoolein monolayer (Figure 6B).

BAM images are characteristics for adsorlelhctoglobulin
+ monoolein mixed films (Figure 7A). At lower than that of
the collapse of the mixed film, the topographies of the pure
components and the mixed film are practically identical (Figure
7A-a) because, in this region, both components and the mixed
film form an isotropic (homogeneous) film without any differ-
ence in the domain topography. Athigher than that of the
collapse of the mixed film, BAM images (Figure 7A-b)
demonstrated thgf-lactoglobulin and monoolein molecules
adopted an isotropic structure in the mixed film with some white
regions, which correspond to the presence of a thigkkrc-
toglobulin collapsed film. BAM images and- plots (Figure
7) prove that, at a microscopic level, (i) there exists a high
degree of segregation betwegdactoglobulin and monoolein
in adsorbed mixed films; however, the presence of monoolein
in the mixed film attenuates thepeaks of collapseg-lacto-
globulin at low; (ii) S-lactoglobulin and monoolein coexist
at the air-water interface, even at the highest surface pressure
(at the collapse point of the mixed film); and (iii) some degree
of attractive interactions exists between film-forming compo-
nents because the film thickness of the mixed film is higher
than those of pure components, especially at higher surface
pressures.

The surface viscoelastic properties fGflactoglobulin +
monoolein adsorbed mixed films on the-awater interface at
a representative monoolein concentration in the mixtubéef
= 0.25 are shown in Figure 8. In the same figure are included
as a reference the viscoelastic properties of monoolein and
spread mixed monolayers at the interfaceXgy = 0.203 It
can be seen th& increases with increasingup to the collapse
point of 5-lactoglobulin. Upon further increase of the surface
pressurek decreases to a minimum value at the collapse point

can be concluded that these films behaved as viscoelastic a©of the mixed film. Thus, thé&—ax evolution of3-lactoglobulin

low 7, but their behavior changes to elastic at highéFigure

+ monoolein adsorbed mixed films (Figure 8A) is the same as

5B). In this regard, adsorbed and spread films behave in athat for a pure3-lactoglobulin adsorbed film (Figure 3A), but

different way, especially at higher (at z > /) 'actegiobulry
The viscoelastic behavior gi-lactoglobulin+ monopalmitin
adsorbed mixed films also confirms the effecpefactoglobulin
on the surface dilatational properties of the mixed films.
Self-Assembly of Monoolein Ing-Lactoglobulin Adsorbed
Films at the Air —Water Interface: Structural, Topographi-
cal, and Rheological Consequencedhe effect of the self-
assembly of monoolein molecules jf+lactoglobulin films
previously adsorbed at the aiwater interface on the structural
characteristics of mixed films ¢@f-lactoglobulin+ monoolein,
as deduced from—A isotherms, is illustrated in Figure 6. As
in the preceding section, the actuatA isotherms fors-lac-
toglobulin+ monoolein adsorbed mixed films (Figure 6B) were
derived from thewr—trough area plots (Figure 6A). As ex-
pected??31 B-lactoglobulin+ monoolein mixed films (Figure

with E values a bit higher for the former. The differences
between thé values for a pure monoolein monolayer or spread
mixed films ands-lactoglobulin+ monoolein adsorbed mixed
films reach a maximum at the highest surface pressure, at the
collapse point of the mixed films. Finally, at> 7/ 'actcglobuin

the E—x plots for mixed films were not parallel to those of
monoolein (Figure 8A). These results demonstrateEhatlues

of the mixed films are dominated by the presenceg-décto-
globulin in the mixture, even at higher surface pressunes (

nﬂflactoglobulir).

e
From the values of the loss angle tangent @aiwr curves)
for monoolein angs-lactoglobulin+ monoolein adsorbed mixed
films, it can be concluded that these films behaved as viscoelas-
tic films at every surface pressure (Figure 8B). For the mixed
adsorbed films, taf—x curves follow the same evolution asc'bv
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Figure 7. (A) Visualization of S-lactoglobulin—monoolein adsorbed mixed monolayers by BAM: (a) compression of -lactoglobulin + monoolein
adsorbed film at 7 < 40 mN/m and (b) compression of g-lactoglobulin + monoolein adsorbed film at 7 = 44 mN/m. Shutter speed, 1/50 s. Mass
fraction of monoolein in the mixture, Xuo = 0.4. The horizontal direction of the image corresponds to 630 um, and the vertical direction corresponds
to 470 um. (B) Reflectivity (arbitrary units) during the compression for (O) S-lactoglobulin adsorbed film + monoolein at Xwo = 0.20 and (&)
p-lactoglobulin adsorbed film + monopalmitin at Xuo = 0.4. The reflectivity of pure (x) adsorbed S-lactoglobulin and (®) spread monoolein films
are included as a reference. Shutter speed, 1/250 s. Temperature 20 °C, pH 7.

pure monoolein monolayer, with a more elastic character for dynamic characteristics (surface dilatational properties) of
the latter 5-Lactoglobulin+ monoolein spread mixed films also  S-lactoglobulin+ monoglyceride mixed films adsorbed on the
show a more elastic character than adsorbed mixed films, exceptair—water interface.

at the collapse point. The structural (Figure 1) and topographical (Figure 2)
characteristics gf-lactoglobulin adsorbed and spread films are
similar. However, the surface dilatational modulusjefacto-
globulin films shows a complex behavior depending on film

Knowledge of the interfacial structure of adsorbed emulsifiers formation and the experimental conditions (Figure 3). The
(proteins and lipids) on a micro/nanoscale and the interfacial Surface dilatational modulus and viscoelasticityjefactoglo-
properties derived from this structure (i.e., the surface dilata- bulin films is not only determined by the interactions between

tional properties) will have an important role in innovations in Protein molecules (which depend on the surface pressure), but
food dispersion formulations (emulsions and foams). In fact, also by other factors such as the state of condensation of amino
the correlation between a specific product property and the acid residues, which, for adsorbed films, must be different from
micro/nanostructurepfoperty functiof) can be obtained by the  that for spread films, or the film formation from low or high
choice of suitable process conditionsdcess functioy such protein concentrations in solution, or even the dynamics of film
as surface pressure or surface density, surface composition, filmformation and collapse. That is, surface rheology is very
formation (spreading, adsorption, or both), and so fd?tieduct sensitive to the structural characteristics and dynamic phenom-
engineering(or formulation engineering which is concerned ~ €na of proteins at fluid interfacé®2° including the effect of
with physical or physicochemical principles, may improve the film formation (Figure 3).
quality and performance of products with added value due to  The structural, topographical and dilatational properties of
an adequate correlation between property function and procesgnonoglyceride (monopalmitin and monoolein) spread films have
function#748Thus, the results of this work have direct relevance been analyzed in detail in the literatéfeFrom the z—A
to food engineering (specially for foam formation and stabiliza- isotherm and BAM, different structures can be deduced for
tion*9) and serve as a model study for extrapolation to more monoglyceride monolayers as a function of surface pressure.
complex real food systems (foams and emulsions). Monopalmitin monolayers show that liquid-expanded, liquid-
In this work, a single device that incorporates different condensed, and solid structures and, finally, the collapse at a
interfacial techniques, such as Wilhelmy-type film balance, surface pressure higher than the equilibrium spreading pressure
BAM, and interfacial dilatational rheology, has been used to (z7°"°Pa™"~ 452 mN/m) take place as the surface pressure

e
analyze the static (structure, morphology, and interactions) andincreases. In contrast with monopalmitin, a monoolein mogB-V

Discussion
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100 ' T '/‘0 g displacement by monoglyceride is higher for monopalmitin than
' o» for monoolein. From a rheological point of viefixlactoglobulin
801 /,/ i + monoglyceride adsorbed films have a viscoelastic character
E oo . L] (Figures 5 and 8). Atr < z#~2cte9buinthe gyrface dilatational
E ‘/ ' characteristics of the mixed films were dominated by the
w404 O/O/O‘C}\o\o 1 presence ofg-lactoglobulin in the mixture. Even at higher
ol 7 E o ] surface pressures (at > ) '#°9°PU the small amounts of
! A p-lactoglobulin collapsed residues with a variable extension and
0 , —r— . a random distribution at the interface have a significant effect
KA\A‘ i on the surface dilatational properties of the mixed films. The
02 T results also corroborate the presence of significant differences

in the viscoelastic character gflactoglobulin+ monoglyceride
(monopalmitin or monoolein) adsorbed mixed films, especially
at higherz, with a more elastic character f@trlactoglobulin+

' monopalmitin adsorbed mixed films.

¥ From the comparison between viscoelastic characteristics of

Tane
»}

0,14

0.0 e B adsorbed (Figures 5 and 8) and spf&gétlactoglobulin +
"0 10 20 30 40 50 monoglyceride mixed films, it can be concluded thaE(ijalues
7 (MN/m) of adsorbed and spread mixed films are different, the lckver

values being shown by the former, (ii) the elastic character is
higher for spread films, except at higheastat the collapse point

of mixed films), and (iii) the viscoelastic characteristics of the
mixed films corroborate the idea that protein displacement for
monoglycerides is easier for adsorbed than for spread mixed
films, especially for thgg-lactoglobulin+ monopalmitin system.

Figure 8. Surface pressure dependence of (A) the surface dilatational
modulus (E) and (B) the loss angle tangent (tan 6) for mixed
monolayers of monoolein and -lactoglobulin in buffered water at pH
7 and at 20 °C. Symbols: (O, aA) mixed monolayers of monoolein
spread on a f-lactoglobulin adsorbed film at a mass fraction of
monoolein in the mixture Xwo = 0.20, (®, A) monoolein and
[-lactoglobulin spread mixed films at a mass fraction of monoolein in
the mixture Xuo = 0.20, and (®) pure monoolein spread monolayer.
Concentration of -lactoglobulin in the aqueous phase, 1:1075 wt %.
Open symbols are for adsorbed monolayers and closed symbols are
for spread monolayers. The 7. of S-lactoglobulin (78~ '2ctegiobuiiny jg
indicated by means of an arrow.
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