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a b s t r a c t

Milk whey proteins (MWP) and pectins (Ps) are biopolymer ingredients commonly used in the man-
ufacture of colloidal food products. Therefore, knowledge of the interfacial characteristics of these
biopolymers and their mixtures is very important for the design of food dispersion formulations (foams
and/or emulsions). In this paper, we examine the adsorption and surface dilatational behaviour of MWP/Ps
systems under conditions in which biopolymers can saturate the air–water interface on their own. Exper-
iments were performed at constant temperature (20 ◦C), pH 7 and ionic strength 0.05 M. Two MWP
samples, �-lactoglobulin (�-LG) and whey protein concentrate (WPC), and two Ps samples, low-methoxyl
pectin (LMP) and high-methoxyl pectin (HMP) were evaluated. The contribution of biopolymers (MWP
and Ps) to the interfacial properties of mixed systems was evaluated on the basis of their individual
surface molecular characteristics. Biopolymer bulk concentration capable of saturating the air–water
interface was estimated from surface pressure isotherms. Under conditions of interfacial saturation,
dynamic adsorption behaviour (surface pressure and dilatational rheological characteristics) of MWP/Ps
systems was discussed from a kinetic point of view, in terms of molecular diffusion, penetration and
ir–water interface configurational rearrangement at the air–water interface. The main adsorption mechanism in MWP/LMP
mixtures might be the MWP interfacial segregation due to the thermodynamic incompatibility between
MWP and LMP (synergistic mechanism); while the interfacial adsorption in MWP/HMP mixtures could be
characterized by a competitive mechanism between MWP and HMP at the air–water interface (antagonis-
tic mechanism). The magnitude of these phenomena could be closely related to differences in molecular

gatio
composition and/or aggre

. Introduction

Milk whey proteins (MWP) are a particular group of globular
roteins obtained from the cheese production industry [1]. Cur-
ently, the use of whey proteins is increasing due to their excellent
utritional and functional properties [2,3]. Nevertheless, there are
everal factors that could limit their use as functional ingredi-
nts in the formulation of standardized food products. Basically,
heese production [4,5] and membrane separation methods [6]
re the main factors that determine the chemical composition and
ariability of whey proteins from one manufacturer to another.
Please cite this article in press as: A.A. Perez, et al., Surface adsorption beh
air–water interface saturation, Colloids Surf. B: Biointerfaces (2011), doi:1

urthermore, industrial concentration and spray-drying processes
ay affect the native state and folding (denaturation/aggregation)

f MWP [7–9]. MWP are industrially obtained as protein isolates
WPI) and concentrates (WPC). Generally, the functional prop-

∗ Corresponding author. Tel.: +54 342 4571252x2602.
E-mail address: lsanti@fiq.unl.edu.ar (L.G. Santiago).

927-7765/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfb.2011.03.002
n state of MWP (�-LG and WPC).
© 2011 Elsevier B.V. All rights reserved.

erties (foaming, emulsifying and gelling) of these commercial
preparations could be explained in terms of �-lactoglobulin which
constitutes the main protein fraction of MWP [2,3]. However, WPC
is mostly used due to its low cost [10,11].

Recently, we demonstrated that it is possible to improve the
functionality (interfacial and foaming properties) of industrially
obtained WPC through synergistic macromolecular interactions
with non-surface-active polysaccharides, such as sodium algi-
nate (SA), �-carrageenan (�-C) and xanthan gum (XG) [12–15].
Under conditions of neutral pH and relatively low biopolymer
concentration, two different interfacial behaviours could exist in
WPC and non-surface-active polysaccharides aqueous mixtures:
(i) WPC adsorption through segregative interaction and thermody-
namic incompatibility mechanism between biopolymers [13–15]
aviour of milk whey protein and pectin mixtures under conditions of
0.1016/j.colsurfb.2011.03.002

and (ii) interfacial adsorption of WPC and non-surface-active
polysaccharides together under the form of hybrid macromolec-
ular entities stabilized by associative (attractive) interactions
between biopolymers [13,14]. Moreover, the impact of surface-
active polysaccharides, such as hydroxy-propyl-methyl cellulose

dx.doi.org/10.1016/j.colsurfb.2011.03.002
dx.doi.org/10.1016/j.colsurfb.2011.03.002
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:lsanti@fiq.unl.edu.ar
dx.doi.org/10.1016/j.colsurfb.2011.03.002
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HPMC), on the WPC interfacial adsorption and surface rheological
haracteristics has been recently reported [16]. These studies have
emonstrated the existence of competitive adsorption mechanisms
t the air–water interface of WPC/HPMC aqueous mixtures depend-
ng mainly on the biopolymer relative concentration and HPMC

olecular structure (molecular weight, percentage and nature of
ubstituted groups).

On the other hand, pectins (Ps) are an interesting group of
atural surface-active polysaccharides. Ps are structural compo-
ents of primary cell walls of fruits and vegetables, used in the

ood industry as stabilizers, thickening and gelling agents [17,18].
hemically, they are mainly composed of d-galacturonic acid

inked by �-(1,4) glycosidic bonds forming polygalacturonic acid
17]. Carboxyl groups are partially esterified with methanol. Neu-
ral sugars such as galactose, arabinose and xylose are bound to
he polysaccharide chain forming branches [17]. Ps are normally
xtracted from several raw materials (apple pomace, sugar beet
hips, sunflower-infructescence, citrus peels), molecular structures
different molecular weight, degree of esterification, neutral sugars
ontent, distribution of methoxylated carboxyl groups) and conse-
uently they have different functional properties [17,19]. Ps whose
egree of esterification (DE) of galacturonic acid residues is >50%
re known as high-methoxyl pectin. Low-methoxyl pectin has DE
50%. Methoxyl groups along the polysaccharide chain might be
ydrophobic sites capable of reducing the interfacial tension at fluid

nterfaces [20]. However, the application of pectins as emulsifiers is
imited due to the scarce knowledge available about the molecular
rigin of their surfactant properties [21,22].

MWP and Ps are biopolymer ingredients commonly used in
he formulation of food colloidal products such as ice cream,
ream liqueurs, whipped toppings, products for infant nutrition,
tc. [23]. Therefore, research about interfacial characteristics of
hese biopolymers and their mixtures is very important for the
esign of food dispersion formulations (foams and/or emulsions). In
cidified milk products, the pectin stabilizing capacity as a result of
ts adsorption at the surface of casein micelles is well known [24]. In
ddition, at acidic pH condition, Ps can be used to control the inter-
acial adsorption [25], and to modulate the viscoelastic properties of
-lactoglobulin layers [26]. However, the impact of Ps on the MWP
dsorption behaviour under neutral pH has not been addressed.
oreover, interfacial fundamental studies on more real systems

involving industrially available MWP and Ps) are required. Thus,
he food industry would have a direct practical interest in acquiring
uch knowledge.

In this context, the aim of this paper was to obtain experi-
ental information about the adsorption and surface dilatational

ehaviour of MWP and Ps mixed systems under conditions in which
iopolymers can saturate the air–water interface on their own.
wo MWP samples, �-lactoglobulin (�-LG) and whey protein con-
entrate (WPC), and two Ps samples, low-methoxyl pectin (LMP)
nd high-methoxyl pectin (HMP), were evaluated. The contribu-
ion of biopolymers (MWP and Ps) to the interfacial properties of

ixed systems was evaluated on the basis of their individual sur-
ace molecular characteristics. Adsorption and surface dilatational
haracteristics of pure biopolymer components and their mixtures
ere discussed from a kinetic point of view, in terms of molec-
lar diffusion, penetration and configurational rearrangement of
iopolymer adsorbed segments at the air–water interface.

. Materials and methods
Please cite this article in press as: A.A. Perez, et al., Surface adsorption beh
air–water interface saturation, Colloids Surf. B: Biointerfaces (2011), doi:1

.1. Biopolymer samples

�-LG was supplied by Danisco Ingredients (Brabrand, Denmark).
ts composition was: protein 92 ± 2% (�-lactoglobulin > 95%, �-
 PRESS
Biointerfaces xxx (2011) xxx–xxx

lactalbumin < 5%), maximum fat 0.2%, ash 1.9% and moisture
4.8%. WPC was kindly provided by Arla Food (Porteña, Cordoba,
Argentina) and it was used without purification. This product is
a spray-dried WPC obtained from sweet whey after rennet casein
precipitation by means of low-temperature ultrafiltration. Its com-
position was: protein 76.81% (N × 6.38); moisture 4.52%; lactose
(max.) 9.00%; fat 2.01%; ash 2.05%; and others 5.61%. Ions present
in WPC powder were quantified by atomic-flame emission spec-
troscopy of the ash sample and the values were (wt%): Ca2+ 0.31;
Na+ 0.2%; Mg2+ 0.1%; Cl− 0.05%; K+ 0.6%; and phosphorous 0.3%.
The nitrogen solubility index (NSI) was determined by standard
methods (AACC, [27]) with a milk protein factor, N × 6.38. The WPC
sample had an NSI = 94.26% at pH 7. The determination of dena-
tured protein percentage [28] revealed the presence of 84% of native
and 16% of denatured protein in the WPC sample. Further WPC
physico-chemical analysis, such as size exclusion HPLC (SE-HPLC),
and differential scanning calorimetry (DSC) has been outlined in
[12]. This characterization revealed the existence of protein aggre-
gates of variable size (178–523 kDa) and that �-LG is the main
protein fraction in the WPC sample. LMP and HMP were kindly
supplied by Cargill (Buenos Aires, Argentina). The LMP sample
was obtained from citrus peels and had the following character-
istics (data supplied by Cargill): molecular weight (Mw) 150 kDa,
DE 7.5 ± 4.5%, and composition (wt%): carbohydrate 80.0%; mois-
ture 13.0%; and ash 8.0% (Na+ 3000 mg/100 g and K+ 180 mg/100 g,
Ca2+ 200 mg/100 g, Mg2+ 30 mg/100 g and Fe2+ 1 mg/100 g). The
HMP sample was obtained as a mixture extracted from citrus peels
and apple pomace, and had the following characteristics (data
supplied by Cargill): average Mw 295 kDa, DE 68.0 ± 2.0%, and com-
position (wt%): carbohydrate 87.0%; moisture 11.0%; and ash 2.0%
(Na+ 480 mg/100 g and K+ 160 mg/100 g, Ca2+ 200 mg/100 g, Mg2+

30 mg/100 g and Fe2+ 2 mg/100 g).

2.2. Pure and mixed aqueous systems

MWP (�-LG and WPC) and Ps (LMP and HMP) powders
were dissolved in Milli-Q ultrapure water at room temper-
ature, and pH and ionic strength were adjusted to 7 and
0.05 M, respectively, with a commercial buffer solution called
trizma ((CH2OH)3–C–NH2/(CH2OH)3–C–NH3Cl) (Sigma, USA). The
absence of surface-active contaminants in the aqueous buffered
solution was checked by interfacial tension measurement before
the preparation of dispersions. No aqueous solutions with a surface
tension other than that accepted in the literature (72–73 mN/m at
20 ◦C) were used. Stock LMP and HMP dispersions (2.0 wt%) were
stirred for at least 30 min at 80 ◦C to ensure complete dispersion and
they were subsequently left overnight at 4–5 ◦C to hydrate appro-
priately. MWP/Ps aqueous mixtures were obtained by mixing the
appropriate volume of each double concentrated biopolymer solu-
tion up to the final required bulk concentration. It should be noted
that there was a very slight difference in the ionic strength of the
aqueous systems due to ions contained in the biopolymer samples.

2.3. Protein surface hydrophobicity

The impact of Ps (LMP and HMP) on the exposed surface
hydrophobicity (S0) of MWP (�-LG and WPC) was determined by
extrinsic fluorescence spectroscopy using the fluorescence probe
1-anilino-8-naphtalene sulphonic acid (ANS, Fluka Chemie AG,
Switzerland) [12,29]. Serial dilutions in trizma buffer were obtained
from pure proteins and mixed aqueous systems. Dilutions were
aviour of milk whey protein and pectin mixtures under conditions of
0.1016/j.colsurfb.2011.03.002

prepared at pH 7 up to a final concentration of 0.01–0.50 mg/ml.
Ten microliters of ANS (8 mM) were added to 2 ml of each dilution
and the fluorescence intensity (FI) was measured at 350 nm (exci-
tation) and 470 nm (emission). The initial slope of the FI (arbitrary
unit, a.u.) versus protein concentration (mg/ml) plot was calcu-

dx.doi.org/10.1016/j.colsurfb.2011.03.002
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ated by linear regression analysis, and was used as an index of
0. Measurements were obtained in triplicate.

.4. Surface pressure isotherms

Equilibrium surface tension (�eq, mN/m) of pure biopolymer
dsorbed films at the air–water interface was determined by
he Wilhelmy plate method, using a rectangular platinum plate
ttached to a Sigma 701 digital tensiometer (KSV, Finland) as
escribed in [30]. MWP (�-LG and WPC) and Ps (LMP and HMP)
olutions in an increased range of concentrations 1 × 10−6–2.0 wt%
ere allowed to age for 24 h at 4 ◦C prior to each measurement

o achieve the biopolymer adsorption. Equilibrium condition was
ssumed when � did not change by more than 0.1 mN/m in 30 min.
quilibrium surface pressure (�eq) was calculated as �eq = �0 − �eq,
here �0 is the trizma buffer surface tension and �eq is the surface

ension of the biopolymer aqueous solution at equilibrium. Finally,
iopolymer surface pressure isotherms were obtained graphically
s �eq versus log concentration plots. Measurements were obtained
n triplicate at 20 ± 0.5 ◦C. It was found that �eq could be reproduced
o 0.5 mN/m.

.5. Dynamic surface properties

Adsorption dynamics of MWP (�-LG and WPC), Ps (LMP and
MP) and its mixtures at the air–water interface was evaluated by
eans of pendant drop tensiometry and surface dilatational rheol-

gy. Aqueous solutions of pure biopolymer components and mixed
ystems were stirred for 30 min at room temperature (20–23 ◦C)
efore the interfacial measurements were performed. Dynamic
urface pressure (�, mN/m) and surface dilatational measure-
ents for adsorbed films at the air–water interface were performed
ith an automatic pendant drop tensiometer (TRACKER, IT Con-

ept, Longessaine, France) as it has been outlined in [31]. For
urface dilatational measurements, the applied method involved
sinusoidal interfacial compression and expansion performed by
ecreasing and increasing the drop volume at the desired ampli-
ude (�A/A) and angular frequency (ω). The surface dilatational

odulus (E) derived from the change in interfacial tension (�)
esulting from a small change in the surface area may be described
y Eq. (1) [32]:

= d�

dA/A
= − d�

d ln A
= |E|ei� = Ed + iEv (1)

here |E| = (|Ed|2 + |Ev|2)1/2. Surface dilatational modulus (E, mN/m),
s a measure of the total material resistance to dilatational defor-
ation (elastic + viscous), is a complex quantity and it is composed

f real and imaginary parts. The real part of the dilatational modulus
or storage component) is the dilatational elasticity, Ed = |E| cos �.
he imaginary part of the dilatational modulus (or loss component)
s the surface dilatational viscosity, Ev = |E| sin �. The phase angle (�)
etween stress and strain is a measure of the relative film viscoelas-
icity. For a perfectly elastic material, stress and strain are in phase
� = 0) and the imaginary term is zero. In the case of a perfectly
iscous material, � = 90◦ and the real part is zero.

Interfacial experiments were carried out at 20 ± 0.3 ◦C. The tem-
erature of the experimental system was maintained constant by
irculating water from a thermostat. Aqueous solutions of pure
iopolymer components and mixed systems were placed in a
yringe and subsequently in a compartment, and they were allowed
o stand for 30 min to reach the desired constant temperature. Then
Please cite this article in press as: A.A. Perez, et al., Surface adsorption beh
air–water interface saturation, Colloids Surf. B: Biointerfaces (2011), doi:1

drop was delivered and allowed to stand for 10,800 s to achieve
iopolymer adsorption at the air–water interface. Surface rheolog-

cal parameters (E, Ed, Ev and �) were measured as a function of
dsorption time (�), at 10% of deformation amplitude (�A/A) and
t 0.1 Hz of angular frequency (ω). Sinusoidal oscillation for surface
 PRESS
Biointerfaces xxx (2011) xxx–xxx 3

dilatational measurement was made with five oscillation cycles fol-
lowed by a period of 50 cycles without any oscillation up to the
time required to complete adsorption. Measurements were made
at least twice. The average standard accuracy of the surface pressure
was roughly 0.1 mN/m. The reproducibility of the results was bet-
ter than 0.7% and 5.0% for surface pressure and surface dilatational
properties, respectively.

2.6. Adsorption kinetics

Biopolymer adsorption kinetics at the air–water interface can be
monitored by measuring changes in dynamic surface pressure (�).
During the first adsorption step, at relatively low pressures when
diffusion is the rate determining step, a modified form of the Ward
and Tordai equation [33] can be used to correlate the change in the
interfacial pressure with � (Eq. (2)).

� = 2C0KT

(
D�

3.14

)1/2

(2)

where C0 is the biopolymer bulk concentration, K is the Boltzmann
constant, T is the absolute temperature, and D is the biopolymer dif-
fusion coefficient. If the diffusion mechanism toward the interface
controls the adsorption process, a plot of � against �1/2 will then
be linear, and its slope is taken to correspond to a rate constant of
molecular diffusion (kdiff) [34,35].

On the other hand, in order to monitor molecular penetration
and configurational rearrangement of biopolymer adsorbed seg-
ments at the interface, the following first-order equation can be
applied [36,37]:

ln
(

�f − ��

�f − �0

)
= −ki� (3)

where �f, �0, and �� are the interfacial pressures at the final
adsorption time of each step, at the initial time, �0, and at any
time �, respectively, and ki is a first-order rate constant. In prac-
tice, a plot of Eq. (3) usually yields two or more linear regions. The
initial slope is taken to correspond to a first-order rate constant
of molecular penetration (kP), while the second slope is taken to
correspond to a first-order rate constant of configurational rear-
rangement (kR), occurring among a more or less constant number
of biopolymer adsorbed segments. It was noticed that the proposed
kinetic approach was adequate to describe the short and long-term
adsorption mechanisms of the biopolymer systems (R > 0.970 in all
cases).

3. Results and discussion

3.1. Surface pressure isotherms of pure biopolymers

The characterization of pure biopolymer adsorbed films in
equilibrium allows us to select the most appropriate concentra-
tion of these biopolymers in mixed systems for the evaluation of
adsorption dynamics at the air–water interface. Equilibrium sur-
face pressure isotherms of pure biopolymer components (MWP and
Ps) in the concentration range 1 × 10−6–2.0 wt% are plotted in Fig. 1.
For both biopolymer types, the observed behaviour was sigmoidal,
which is typical of surface-active macromolecules and surfactants
[30]. However, it can be observed that biopolymers showed differ-
ent surface behaviours depending on their type and concentration
in the aqueous subphase.
aviour of milk whey protein and pectin mixtures under conditions of
0.1016/j.colsurfb.2011.03.002

MWP showed higher surface activity than Ps over the whole
bulk concentration range, suggesting the more surfactant nature
of proteins (greater interfacial affinity of hydrophobic aminoacid
residues). As it can be seen in Fig. 1, �-LG and WPC surface
isotherms were very similar in shape, and their �eq values were

dx.doi.org/10.1016/j.colsurfb.2011.03.002
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ig. 1. Surface pressure at equilibrium (�eq, mN/m) of pure biopolymer adsorbed
lms at the air–water interface as a function of biopolymer bulk concentration
1 × 10−6–2.0 wt%). Symbols: �-LG ( ), WPC (filled ), LMP (�) and HMP (©).
emperature 20 ◦C, pH 7 and I 0.05 M.

lso similar up to concentrations below 1 × 10−2 wt%. From this
oncentration, differences in �eq for MWP films could be related to
ifferences in particular surface molecular characteristics of these
rotein samples, as it will be discussed below.

On the other hand, it was observed that at concentrations below
.1 wt%, �eq values of Ps films were near zero probably due to the
educed number of adsorbed hydrophobic groups. However, at con-
entrations higher than 0.1 wt%, �eq values increase suggesting a
reater number of Ps segments adsorbed at the air–water inter-
ace. This behaviour was consistent with results recently found by
ouambia et al. (2009) in the evaluation of interfacial characteris-
ics of commercial pectins [38].

As it can also be seen in Fig. 1, the adsorption isotherm for
WP and Ps reaches a plateau at 1.0 wt% bulk concentration. This

oncentration value corresponds to the biopolymer concentration
n the aqueous subphase which is able to saturate the air–water
nterface, and this is defined as adsorption efficiency [37]. At this
oncentration, �eq is normally defined as surface activity [37]. In
he present work, the differences found in surface activity may be
elated to differences in the particular molecular characteristics of
hese biopolymer samples. It can be observed that the WPC surface
ctivity was higher than for �-LG. The increased WPC surface activ-
ty could be linked mainly to its highest residual fat content and/or
he existence of an aggregated protein fraction in the sample (as it
as been previously described). This result agrees with previously
eported data using WPC and �-LG [13,39]. Moreover, HMP showed
igher surface activity than LMP, behaviour that could be consis-
ent with its higher Mw and DE (68.0 ± 2.0%), which could increase
he number of potentially adsorbed segments. However, there are
ome discrepancies regarding the relationship between the mag-
itude of surface activity and the pectin DE in the literature [20].
ased on our results, the biopolymers (MWP and Ps) bulk concen-
ration chosen to carry out dynamic interfacial experiments was
.0 wt%.

.2. Dynamic surface properties of pure biopolymers

.2.1. Milk whey proteins
Dynamic surface characteristics (surface pressure and inter-
Please cite this article in press as: A.A. Perez, et al., Surface adsorption beh
air–water interface saturation, Colloids Surf. B: Biointerfaces (2011), doi:1

acial rheological properties) of MWP (�-LG and WPC) adsorbed
lms, at a protein bulk concentration which is capable of saturat-

ng the air–water interface (1.0 wt%) were discussed in a recently
ublished paper [15]. In short, main conclusions derived from
his work were: (i) dynamic surface pressure was higher for WPC
Fig. 2. Temporal evolution of surface pressure (�, mN/m) of Ps adsorbed films at
the air–water interface (A). Surface pressure of Ps adsorbed films at short adsorp-
tion times (B). Symbols: LMP (�) and HMP (©). Pectin bulk concentration 1.0 wt%,
temperature 20 ◦C, pH 7 and I 0.05 M.

film compared to �-LG ones, which was closely related to the
greater WPC exposed surface hydrophobicity and molecular diffu-
sion rate toward the air–water interface, and (ii) surface dilatational
behaviour of �-LG and WPC adsorbed films at the air–water inter-
face was essentially elastic mainly at long adsorption times. At
long-term adsorption, the elastic (solid) character for �-LG film was
higher than for WPC, which was linked with the greater constant
rates for molecular penetration and configurational rearrangement
of �-LG adsorbed segments at the air–water interface. Although �-
LG is the main protein fraction in WPC (as it has been previously
described), differences found in dynamic surface characteristics
could be related to differences in protein molecular composition,
presence of fat impurities [40] and other surface active components
[41] and/or in protein aggregation state of these MWP [7–9].

3.2.2. Pectins
Dynamic surface pressure (�) and dilatational parameters (Ed

and �) for Ps adsorbed films, at pectin bulk concentration which
is able to saturate the air–water interface (1.0 wt%) are shown in
Figs. 2 and 3, respectively.

3.2.2.1. Surface pressure. Temporal evolution of � for Ps (LMP and
aviour of milk whey protein and pectin mixtures under conditions of
0.1016/j.colsurfb.2011.03.002

HMP) adsorbed films at the air–water interface is plotted in Fig. 2A.
It was observed that � values for Ps films increased with adsorp-
tion time (�) reaching � values consistent with those of �eq (as it
can be seen in Fig. 1). The increase in � values could be linked with
Ps adsorption and the increased adsorbed pectin amount at the

dx.doi.org/10.1016/j.colsurfb.2011.03.002
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Fig. 3. Temporal evolution of dilatational elasticity (Ed, mN/m, open symbols) and
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interactions among adsorbed biopolymer segments [48,49]. The
d (mN/m) as a function of � (mN/m) of Ps adsorbed films at the air–water interface
B). Symbols: LMP (�) and HMP (©). Deformation amplitude (�A/A) 10%, angular
requency (ω) 0.1 Hz. Pectin bulk concentration 1.0 wt%, temperature 20 ◦C, pH 7
nd I 0.05 M.

ir–water interface [37,42,43]. A similar behaviour was observed
or sugar beet pectin (SBP) adsorption at the air–water interface
44]. Over the whole �, it was observed that � values for HMP
lm were higher than those for LMP film. This behaviour could be
xplained in terms of a higher DE of HMP that could increase the
umber of segments potentially adsorbed per mol of polysaccha-
ide [20].

In addition, a time-dependent behaviour for Ps interfacial
dsorption was observed. This phenomenon (at short adsorption
imes) is best represented in Fig. 2B. It can be noticed at short-term
dsorption, there is a period in which the Ps dissolutions show no
hange in � values. This period is known as induction or lag time
�lag). The presence of �lag could be related to the time required
or adsorption of sufficient biopolymer macromolecules in order
o make the interactions among adsorbed biopolymer segments
ppreciable [45]. The existence of �lag in the interfacial adsorption
f a surface-active biopolymer has been linked with its: (i) macro-
olecular flexibility in the aqueous solution, (ii) thermodynamic

ffinity for the solvent, and (iii) ability to undergo conformational
hanges during the first steps of interfacial adsorption [45,46].
able 1 shows the �lag values for Ps (LMP and HMP). It can be
bserved that the �lag value was higher for LMP compared to HMP.
his phenomenon could be related to the low LMP DE value and
as in agreement with the lowest surface activity for this pectin.
Please cite this article in press as: A.A. Perez, et al., Surface adsorption beh
air–water interface saturation, Colloids Surf. B: Biointerfaces (2011), doi:1

s it can be seen in Fig. 2B, after the induction period (�lag), the rate
f change in � could also be dependent on the pectin DE. After �lag,
ccording to Ward and Tordai, Ps adsorption kinetics at short � can
e deduced from the �−�1/2 curves, being the slope of these plots
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the diffusion rate constant (kdiff) [33]. The application of Eq. (2) to
obtain the kdiff values for Ps (LMP and HMP) is shown in Table 1. It
can be observed that kHMP

diff > kLMP
diff . In principle, these results could

be linked with the highest surface activity of HMP. However, HMP
Mw value is higher than LMP Mw. Therefore, this behaviour could
be explained because the biopolymer surface activity is not only
dependent on its Mw, but also on its spacial conformation and the
number of potential adsorbing groups along the biopolymer back-
bone [47]. Thus, the magnitude of kHMP

diff could be closely associated
with its higher DE. The greater number of methoxyl groups on
pectin backbone could act as a driving force for the diffusion mech-
anism due to their higher incompatibility (lower affinity) with the
aqueous phase [31].

3.2.2.2. Dilatational rheology. Over the whole �, it was observed
that E and Ed values were high and similar, while the Ev and �
values for Ps films were low, mainly at long � (as it can be seen
in Table 2). Therefore, from a rheological point of view, it could be
concluded that the overall viscoelastic behaviour of Ps films was
essentially elastic at the applied frequency (0.1 Hz).

Temporal evolution of dilatational elasticity (Ed, mN/m) and
phase angle (�) for Ps adsorbed films at the air–water interface
is shown in Fig. 3A. In general, Ed values gradually increase with �,
suggesting an increment in the solid character of the films due to a
greater number of interactions among adsorbed Ps segments. This
behaviour agrees with the results found by Gromer et al. (2009) in
the analysis of surface rheological properties of SBP films [44]. The
Ed values for HMP film were higher than those for LMP, consistently
with the highest HMP DE. Thus, the presence of a greater amount
of methoxyl groups (hydrophobic groups) in HMP could increase
the number of macromolecular interactions among the adsorbed
pectin segments at the air–water interface resulting in increased
film elasticity. Moreover, at higher �, the closer packing of Ps could
be the consequence of molecular penetration and conformational
rearrangement of adsorbed pectin segments, as reflected by the
significant increment in Ed [31].

At higher �, after the very short period controlled by diffusion,
an energy barrier for Ps adsorption appears which can be attributed
to adsorption, penetration, and rearrangements of the Ps at the
air–water interface [36,37]. The application of Eq. (3) to obtain the
kP and kR values for Ps (LMP and HMP) is shown in Table 1. It can be
observed that kHMP

P ∼kLMP
P but kHMP

R > kLMP
R . In general, these results

could be explained in terms of the different surface characteristics
of Ps. Thus, the magnitude of kHMP

R could be closely associated to its
higher surface activity promoted by higher DE of HMP.

On the other hand, at short-term adsorption, � values for Ps
(LMP and HMP) films were low, and then � values increased with
� reaching a practically constant value. As Ps were at a bulk con-
centration which is able to saturate the air–water interface, the
decrement in relative viscoelasticity, i.e. increased fluid character
(from increased � values), of Ps films could be explained consid-
ering the formation of pectin adsorbed multilayers. The formation
of adsorbed multilayers in HPMC aqueous systems has also been
reported in the literature [16].

3.2.2.3. Interfacial molecular structuration. If the magnitude of Ed
is a consequence of the adsorbed pectin amount at the air–water
interface, every Ed data should be normalized in a single master
curve of Ed versus �. In the case of surface-active biopolymers,
such as globular proteins and some surface-active polysaccharide,
Ed increases with � suggesting an increment in macromolecular
aviour of milk whey protein and pectin mixtures under conditions of
0.1016/j.colsurfb.2011.03.002

Ed–� master curves for Ps (LMP and HMP) films at 1.0 wt% bulk
concentration are shown in Fig. 3B. It can be seen that the slopes of
Ed–� plots were higher than one (represented by the solid line in
Fig. 3B); therefore, a non-ideal behaviour was confirmed suggest-

dx.doi.org/10.1016/j.colsurfb.2011.03.002
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Table 1
Lag time (�lag), molecular diffusion (kdiff), penetration (kP) and configurational rearrangement (kR) parameters for adsorption dynamics of low-methoxyl pectin (LMP) and
high-methoxyl pectin (HMP) at the air–water interface. Values are presented as mean ± SD. Pectin bulk concentration 1.0 wt%, temperature 20 ◦C, pH 7 and I 0.05 M.

Pectins �lag (s) kdiff (mN/m s−0.5) kP (10−4 s−1) kR (10−4 s−1)

LMP 0.0–90.9 0.2 ± 0.1 3.2 ± 0.1 8.0 ± 1.0
HMP 0.0–80.1 0.6 ± 0.2 3.0 ± 0.1 10.4 ± 1.2

Table 2
Surface pressure (�f) and dilatational rheological parameters (Ef , Edf, Evf and �f) for Ps (LMP and HMP), MWP (�-LG and WPC) and their mixtures at long-term adsorption
(10,800 s). Values are presented as mean ± SD. Biopolymer (MWP and Ps) bulk concentration 1.0 wt%, temperature 20 ◦C, pH 7 and I 0.05 M.

System MWP:Ps (wt%) �f (mN/m) Ef (mN/m) Edf (mN/m) Evf (mN/m) �f

LMP 0.0:1.0 20.7 ± 0.1 32.5 ± 0.2 32.3 ± 0.2 3.3 ± 0.1 5.9 ± 0.1
HMP 0.0:1.0 23.0 ± 0.1 69.0 ± 0.3 66.6 ± 0.3 18.0 ± 0.1 15.1 ± 0.1
�-LG 1.0:0.0 26.7 ± 0.2 59.2 ± 0.3 56.2 ± 0.3 18.7 ± 0.1 18.5 ± 0.1
�-LG/LMP 1.0:1.0 29.4 ± 0.2 58.4 ± 0.3 56.5 ± 0.3 14.8 ± 0.1 15.6 ± 0.1

7.1 ±
0.9 ±
6.4 ±
9.8 ±
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values of MWP in the mixtures could be related to a higher exposure
of protein hydrophobic patches in the presence of Ps, confirm-
ing the higher MWP diffusion rates toward the interface. These
results could also suggest that molecular diffusion behaviour in
MWP/Ps systems is mainly dominated by the presence of MWP
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�-LG/HMP 1.0:1.0 30.4 ± 0.2 4
WPC 1.0:0.0 28.9 ± 0.2 4
WPC/LMP 1.0:1.0 30.6 ± 0.2 5
WPC/HMP 1.0:1.0 31.1 ± 0.2 2

ng the existence of higher biopolymer interactions at the interface
44,50]. Moreover, Ed–� plots for LMP and HMP films were not nor-

alized in a unique curve, indicating that Ps could absorb at the
ir–water interface with different degrees of structuration (pack-
ng and/or condensation) depending on the pectin DE. Differences
n Ps interfacial packing could be a consequence of different rate
f configurational rearrangement of pectin adsorbed residues, as
eflected by the increment in Ed values for Ps absorbed films (as it
an be deduced from Table 1 and Fig. 3A, respectively).

.3. Dynamic surface properties of MWP/Ps mixtures

.3.1. Surface pressure of adsorbed films
Time evolution of the surface pressure (�) for MWP/Ps and MWP

�-LG and WPC) adsorbed films are plotted in Fig. 4. As for pure
WP films, the increment in � values for MWP/Ps films with �

ould be associated with surface adsorption behaviour and/or with
he gradual increment of the amount of biopolymer adsorbed at
he air–water interface [37,42,43]. In addition, the existence of �lag
uring interfacial adsorption of mixed systems was not observed.
s compared to pure biopolymer adsorbed films, it can be observed

hat � values for MWP/Ps films were higher, mainly at long � (as it
an also be deduced from Table 2).

According to Ward and Tordai [33], in pure biopolymer sys-
ems, the adsorption kinetics at short � for MWP/Ps mixtures can be
educed from the �–�1/2 curves, being the slope of these plots the
iffusion rate constant (kdiff). As it can be seen in Fig. 4, the �–�1/2

lots show that at biopolymer bulk concentrations in the aque-
us phase 1.0 wt%, the diffusion step is too fast (with � > 10 mN/m)
o be detected by the experimental method used in this work.
hus, the initial slope of �–�1/2 curve at the beginning of the
dsorption (at 0.5 s) can be considered a measure of the apparent
iffusion rate (ka

diff) [13]. The ka
diff values for MWP and MWP/Ps

ixtures are shown in Table 3. Under conditions where MWP and
s can saturate the air–water interface on their own, the value
f ka MWP

diff � kPs
diff (as it can deduced from Table 1) and the value

f ka MWP/HMP
diff > ka MWP/LMP

diff > ka MWP
diff . These results could suggest

hat at short �, the molecular dynamics in solution of MWP/Ps mix-
ures could play a decisive role in MWP diffusion step toward the
ir–water interface.
Please cite this article in press as: A.A. Perez, et al., Surface adsorption beh
air–water interface saturation, Colloids Surf. B: Biointerfaces (2011), doi:1

In order to evaluate the incidence of the interactions between
WP and Ps in solution on the MWP diffusion mechanism toward

he interface, protein exposed hydrophobicity in MWP/Ps mix-
ures was determined [12,13]. Table 3 shows the values of surface
ydrophobicity (S0) for MWP and MWP/Ps mixtures. It can be
0.2 45.7 ± 0.2 16.0 ± 0.1 13.5 ± 0.1
0.2 39.4 ± 0.2 10.8 ± 0.1 15.3 ± 0.1
0.3 54.3 ± 0.3 13.1 ± 0.1 15.6 ± 0.1
0.1 29.7 ± 0.1 17.7 ± 0.1 14.5 ± 0.1

observed that S0
MWP/HMP > S0

MWP/LMP > S0
MWP. The increment in S0
aviour of milk whey protein and pectin mixtures under conditions of
0.1016/j.colsurfb.2011.03.002

Fig. 4. Impact of Ps (LMP and HMP) on the time evolution of surface pressure (�,
mN/m) of MWP (�-LG and WPC) adsorbed films at the air–water interface. (A) �-
LG/Ps systems. Symbols: pure �-LG ( ), �-LG/LMP system (filled �) and �-LG/HMP
system (filled ©). (B) WPC/Ps systems. Symbols: pure WPC (filled ), WPC/LMP
system (filled �) and WPC/HMP system (filled ©). Biopolymer (MWP and Ps) bulk
concentration 1.0 wt%, temperature 20 ◦C, pH 7 and I 0.05 M.

dx.doi.org/10.1016/j.colsurfb.2011.03.002
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Table 3
Impact of Ps (LMP and HMP) on the exposed surface hydrophobicity (S0), molecular apparent diffusion (ka

diff
), penetration (kP) and configurational rearrangement (kR)

parameters for adsorption dynamics of MWP (�-LG and WPC) at the air–water interface. Values are presented as mean ± SD. Biopolymer (MWP and Ps) bulk concentration
1.0 wt%, temperature 20 ◦C, pH 7 and I 0.05 M.

System MWP:Ps (wt%) S0 (a. u.) ka
diff

(mN/m s−0.5) kP (10−4 s−1) kR (10−4 s−1)

�-LG 1.0:0.0 181 ± 2 22.0 ± 0.1 2.2 ± 0.1 8.8 ± 0.1
�-LG/LMP 1.0:1.0 190 ± 4 25.6 ± 0.1 2.5 ± 0.1 8.7 ± 1.1
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(Fig. 6B). These results confirm the hypothesis that MWP prevails
on the air–water interface of the MWP/LMP systems, controlling
the relative viscoelasticity of adsorbed films from initial �.
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Fig. 5. Temporal evolution of dilatational elasticity (Ed, mN/m) (A) and phase angle
�-LG/HMP 1.0:1.0 197 ± 2
WPC 1.0:0.0 265 ± 3
WPC/LMP 1.0:1.0 278 ± 2
WPC/HMP 1.0:1.0 283 ± 2

n the mixtures. At short-term adsorption, the existence of a
egregative phenomenon between MWP and Ps in the aqueous
ubphase could lead to changes in surface pressure of MWP films
ue to modifications of the protein thermodynamic activity in the
resence of Ps [51]. Segregative mechanisms of proteins [52,53],
rotein/surface active polysaccharides [16,54], and protein/non-
urface active polysaccharides [13–15,54] in aqueous systems and
t the air–water interface are all well documented in the literature.
n this work, Ps could enhance the MWP adsorption depending pri-

arily on pectin Mw. Thus, HMP due to its higher Mw and anionic
haracter could promote an MWP segregation phenomenon of
reater magnitude than LMP. Moreover, this evidence indicated
hat the greater the MWP surface hydrophobicity in MWP/Ps sys-
ems, the greater the MWP diffusion rate to the interface, which
onfirms results from previous studies [12–15].

On the other hand, as it can be seen in Table 3, differences in ka
diff

alues between �-LG/Ps and WPC/Ps systems could be attributed
o differences in protein composition and/or the presence of fat
mpurities in the WPC sample.

.3.2. Dilatational rheology of adsorbed films
For MWP/Ps adsorbed films, it was observed that E and Ed values

ere high and similar, while the Ev and � values were low, mainly
t long � (Table 2). As a consequence of these results, it can be
oncluded that the overall viscoelastic behaviour of MWP/Ps films
as essentially elastic at the applied frequency (0.1 Hz).

Temporal evolution of the surface dilatational parameters (Ed
nd �) for �-LG/Ps and WPC/Ps films are plotted in Figs. 5 and 6,
espectively. For a better interpretation of the results, the time evo-
ution of Ed and � for pure biopolymer (MWP and Ps) adsorbed films
re also included in these plots. In general, it was observed that
d values for MWP/Ps systems increased while � values decreased
ith the increment in �. This behaviour could be related to biopoly-
er interfacial adsorption [37,42,43] but more specifically it could

e interpreted in terms of an increased solid character of the
dsorbed films due to an increment in interactions among adsorbed
iopolymer segments at the air–water interface [31]. A similar
rend was also observed for �-LG and propylene glycol alginates

ixed systems [54], and WPC/HPMC systems [16].
At intermediate �, the Ed values of �-LG/LMP film were higher

han those of pure biopolymer films (Fig. 5A). The same behaviour
as observed for WPC/LMP film, but mainly at long � (Fig. 6A). The

verall dilatational elasticity of MWP/LMP films could be explained
n terms of a synergistic interaction effect between biopolymers.
he greater elastic (solid) character of MWP/LMP films could be
ue to an increased number of macromolecular interactions among
dsorbed biopolymer segments at the interface. From Table 3, it
an be observed that the kMWP/LMP

P > kMWP
P , and kMWP/LMP

R ≥ kMWP
R .

his kinetic behaviour could explain the Edf values obtained for
Please cite this article in press as: A.A. Perez, et al., Surface adsorption beh
air–water interface saturation, Colloids Surf. B: Biointerfaces (2011), doi:1

WP/LMP mixtures at long � (as it can be deduced from Table 2).
owever, compared with pure LMP, kMWP/LMP

P < kLMP
P (Table 1).

lthough LMP has a greater penetration rate, the higher MWP sur-
ace activity could govern the rheokinetic behaviour from initial

(as it is also evident from ka MWP
diff � kLMP

diff ) preventing the LMP
28.4 ± 0.1 1.8 ± 0.1 6.3 ± 0.3
27.1 ± 0.1 2.1 ± 0.1 6.2 ± 0.1
29.1 ± 0.1 2.5 ± 0.2 6.4 ± 0.1
31.7 ± 0.1 2.1 ± 0.1 5.6 ± 0.1

adsorption at the air–water interface. At long-term adsorption,
LMP in the vicinity of the interface could induce higher expo-
sure rates (unfolding) and interactions (rearrangements) among
the hydrophobic patches of unfolded MWP through segregative
mechanisms at the interface [12–15].

On the other hand, the � values for �-LG/LMP film were higher
compared to pure LMP film, over the whole � (Fig. 5B). However, the
� values for �-LG/LMP film were similar to those for pure �-LG ones.
Practically, the same behaviour was observed for WPC/LMP film
aviour of milk whey protein and pectin mixtures under conditions of
0.1016/j.colsurfb.2011.03.002

(�) of �-LG/Ps adsorbed films at the air–water interface (B). Symbols: �-LG ( ), �-
LG/LMP system (filled �) and �-LG/HMP system (filled ©). Temporal evolution of Ed

and � for LMP (dash line) and HMP (dash-dot line) adsorbed films at the air–water
interface were included as references. Deformation amplitude (�A/A) 10%, angu-
lar frequency (ω) 0.1 Hz. Biopolymer (MWP and Ps) bulk concentration 1.0 wt%,
temperature 20 ◦C, pH 7 and I 0.05 M.

dx.doi.org/10.1016/j.colsurfb.2011.03.002


ARTICLE ING Model

COLSUB-4478; No. of Pages 10

8 A.A. Perez et al. / Colloids and Surfaces B:

200 40 60 80 100 120
0

10

20

30

40

50

60

70(A)
E

d
 (

m
N

/m
)

1/2 (s0.5)

200 40 60 80 100 120

0

5

10

15

20

25

30

35(B)

1/2 (s0.5)

Fig. 6. Temporal evolution of dilatational elasticity, Ed (A), and phase angle, � (B), of
WPC/Ps adsorbed film at the air–water interface. Symbols: WPC (filled ), WPC/LMP
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or LMP (dash line) and HMP (dash-dot line) adsorbed films at the air–water interface
ere included as references. Deformation amplitude (�A/A) 10%, angular frequency

ω) 0.1 Hz. Biopolymer (MWP and Ps) bulk concentration 1.0 wt%, temperature 20 ◦C,
H 7 and I 0.05 M.

The Ed values for �-LG/HMP film were lower compared to pure
iopolymer ones, except at intermediate � (Fig. 5A). Practically,
he same results were obtained for WPC/HMP film (Fig. 6A). This
imilarity could suggest that the overall dilatational elasticity of
WP/HMP films could be explained by an antagonistic interaction

ffect between biopolymers, mainly at long �. It has been recently
emonstrated that WPC/HPMC systems showed an antagonistic
dsorption behaviour that was also manifested by a decrease in Ed
alues for adsorbed films [16]. Under these conditions, the reduced
lastic (solid) character of MWP/HMP films could be related to weak
acromolecular interactions between adsorbed biopolymer seg-
ents at the interface. From Table 2, as compared with pure MWP,

MWP/HMP
P < kMWP

P , and kMWP/HMP
R < kMWP

R . These results were in
greement with the Edf values for MWP/HMP mixtures at long �
as it can be deduced from Table 2). Moreover, compared with
ure HMP, kMWP/HMP

P < kHMP
P , and kMWP/HMP

R < kHMP
R . This kinetic

ehaviour could explain the higher Edf values observed for HMP
as it can be also deduced from Table 2). Methoxyl groups have a
trong hydrophobic nature, which in turn gives HMP the property
o penetrate and to rearrange at the air–water interface. Therefore,
Please cite this article in press as: A.A. Perez, et al., Surface adsorption beh
air–water interface saturation, Colloids Surf. B: Biointerfaces (2011), doi:1

lthough the higher MWP surface activity could govern the rheoki-
etic behaviour at short � (as it is evident from ka MWP

diff � kHMP
diff ), at

ong-term adsorption, HMP could compete with MWP at air–water
nterface due to its higher penetration and rearrangement rates and
urface dilatational elasticity.
 PRESS
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On the other hand, it can be seen that at short �, the � val-
ues for �-LG/HMP film were higher compared to pure HMP film
(Fig. 5B). However, from intermediate �, the � values for �-LG/HMP
were very similar to those for pure HMP film. Practically, the same
behaviour was observed for WPC/LMP film (Fig. 6B). These findings
support the hypothesis that MWP could influence the relative vis-
coelasticity of MWP/HMP systems mainly at short �. After that short
�, the relative viscoelasticity of MWP/HMP systems could be deter-
mined by HMP, which means that final � behaviour could depend
on the partial surface coverage by the pectin. As it has been pre-
viously discussed, the higher � values for MWP/HMP films were
explained by the existence of a synergistic phenomenon between
biopolymers over the whole �. Therefore, it seems accurate to think
that MWP and HMP are able to coexist at the air–water interface
in such a way that HMP governs the relative viscoelasticity while
MWP appears to drive the surface activity of the MWP/HMP mix-
tures.

Finally, as it can be noticed in Table 2, Edf values for �-LG/Ps
were higher than for WPC/Ps films which could be associated with
differences in the molecular composition of MWP samples. Protein
aggregation and/or the presence of fat impurities and other surface
active molecules in the WPC sample could reduce macromolecular
interactions among protein adsorbed segments at the air–water
interface [13,15]. Nevertheless, it was observed that the �f values
for �-LG/Ps were similar than for WPC/Ps films. This finding sug-
gests that �-LG present in the WPC sample could play a determinant
role of relative viscoelastic behaviour of WPC/Ps systems. However,
due to WPC chemical complexity, additional studies may be needed
to confirm this hypothesis.

3.4. Interfacial structuration of MWP/Ps mixtures

The evolution of Ed with � (Ed–� master curves) for MWP/Ps
and pure MWP (�-LG and WPC) films are plotted in Fig. 7. In gen-
eral, it can be observed that the Ed values increase with � which
could be associated to closely packaged biopolymers in MWP/Ps
films, mainly at higher � [48–50]. It can be observed that Ed–�
master curves for MWP/Ps films were not normalized with pure
MWP curves, which could indicate that the presence of Ps had a
different effect on molecular structuration and/or condensation of
adsorbed MWP segments at the air–water interface [13,15]. More-
over, the Ed–� slope values for MWP/Ps films were higher than one.
An Ed–� slope equal to one, represented by the solid line in Fig. 7,
corresponds to an ideal behaviour of biopolymer films [50]. This
behaviour suggests the existence of stronger or weaker interactions
between biopolymers at the interface compared to interactions
among pure components, depending on whether the Ed values
for the mixed systems are above or below the line denoting ideal
behaviour. For MWP/Ps films a non-ideal interfacial behaviour
was confirmed. Nevertheless, as it has been previously discussed,
the nature and strength of macromolecular interactions among
adsorbed segments at the interface of MWP/Ps mixtures mainly
depend on the surface molecular characteristics of each biopolymer
system.

Over the whole range of �, Ed values for WPC and WPC/Ps
films were lower than those for �-LG and �-LG/XG ones (Fig. 7),
suggesting that differences in MWP molecular composition and/or
MWP–Ps interactions in solution could affect the interfacial struc-
turation (as deduced from � values in Fig. 4) and macromolecular
interactions at the interface (as deduced from Ed values in Figs. 5A
and 6A).
aviour of milk whey protein and pectin mixtures under conditions of
0.1016/j.colsurfb.2011.03.002

The Ed–� curves for MWP/LMP adsorbed films approach to those
of pure MWP. These results corroborate the hypothesis that when
the MWP (�-LG and WPC) saturates the interface, the elasticity of
the mixed film is dominated by the presence of MWP. Moreover, at
higher �, the Ed values for WPC/LMP film were higher than those

dx.doi.org/10.1016/j.colsurfb.2011.03.002
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Fig. 7. Impact of Ps (LMP and HMP) on the molecular structuration (given by Ed–�
plots) of MWP (�-LG and WPC) adsorbed films at the air–water interface. (A) �-
LG/Ps systems. Symbols: pure �-LG ( ), �-LG/LMP system (filled �) and �-LG/HMP
system (filled ©). (B) WPC/Ps systems. Symbols: pure WPC (filled ), WPC/LMP
s
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interface. Nevertheless, complementary studies could be necessary
ystem (filled �) and WPC/HMP system (filled ©). Deformation amplitude (�A/A)
0%, angular frequency (ω) 0.1 Hz. Biopolymer (MWP and Ps) bulk concentration
.0 wt%, temperature 20 ◦C, pH 7 and I 0.05 M.

or pure WPC film (Fig. 7B). This finding supports the hypothesis
hat even as the WPC does saturate the interface, film elasticity is
ffected by the presence of LMP, that could promote an improve-
ent of WPC film viscoelastic characteristics due to a significant

ncrement in Ed. In general, the results for MWP/LMP system are
ompatible with the existence of a thermodynamic incompatibil-
ty phenomenon between MWP and LMP both in solution and in the
icinity of the air–water interface [13–15]. Thus, LMP could lead to
WP interfacial concentration by means of a depletion mechanism

esulting in a higher packing (condensation) of the films [54]. The
ame phenomenon was observed for less surface-active propylene
lycol alginate [54], and non-surface-active polysaccharides, such
s SA, �-C and XG [13–15] showing a synergistic and/or cooperative
ehaviour during MWP interfacial adsorption.

On the other hand, the Ed–� curves for MWP/HMP films are
way from those of pure MWP film. At higher �, the Ed values for
-LG/HMP film was above the line that corresponds to an ideal
ehaviour (Fig. 7A); while the Ed values for WPC/HMP film was
elow the same line (Fig. 7B). This latter behaviour could be linked
ith the interfacial adsorption of two biopolymers, preventing the

ormation of a coherent film due to a reduction in the number
Please cite this article in press as: A.A. Perez, et al., Surface adsorption beh
air–water interface saturation, Colloids Surf. B: Biointerfaces (2011), doi:1

f macromolecular interactions between the adsorbed biopoly-
er segments [16]. HMP could be a predominant component at

he air–water interface of WPC/HMP mixtures probably due to its
trong hydrophobic nature, which in turn gives HMP the property
 PRESS
Biointerfaces xxx (2011) xxx–xxx 9

to penetrate and to rearrange at the air–water interface forming
cohesive films at the air–water interface. In fact, the displacement
of WPC by HMP seems to be easier at higher � values, i.e. at higher
adsorbed biopolymer amount as it can be deduced from Fig. 4B.
Nevertheless, the magnitude of the displacement of �-LG by HMP
could be lower than that observed for WPC in the mixtures. As it has
been previously mentioned, these differences could be associated
with differences in molecular composition, presence of fat impuri-
ties and other surface-active-molecules and/or protein aggregation
in the WPC sample which could promote a reduced number of
interactions among adsorbed protein segments at the air–water
interface [13–15]. In general, the results for MWP/HMP system are
compatible with the existence of strong competition between MWP
and HMP for the air–water interface [16]. Thus, HMP could have
direct repercussions on the structuration (packing and/or conden-
sation) of the MWP/HMP films.

4. Conclusions

In this work, experimental information about interfacial adsorp-
tion behaviour of two milk whey proteins (MWP), �-LG and WPC,
two commercial Ps, LMP and HMP and their mixtures (MWP/Ps)
was obtained at temperature 20 ◦C, pH 7 and ionic strength 0.05 M.
The main conclusions derived from this study were:

(i) MWP had higher surface activity compared with Ps due to their
more amphiphilic nature. However, both types of biopolymer
were able to saturate the air–water interface on their own at
1.0 wt% bulk concentration.

ii) Under conditions of interfacial saturation, dynamic adsorption
behaviour (surface pressure and surface dilatational rheology)
of pure biopolymer and MWP/Ps mixtures was interpreted
from a kinetic point of view. After an induction or lag period
(�lag), Ps were able to diffuse, penetrate, rearrange and struc-
ture the air–water interface forming cohesive films whose
viscoelasticity strongly depended on their surface and molecu-
lar characteristics (DE and Mw). Interfacial characteristics of Ps
exerted a great influence on the adsorption behaviour of MWP
at the air–water interface.

iii) The main adsorption mechanism identified in MWP/LMP
mixtures might be MWP interfacial segregation due to a ther-
modynamic incompatibility between MWP and LMP in the
vicinity of interface (synergistic mechanism). This mechanism
was accompanied by an improvement of the dilatational elas-
ticity of MWP films, mainly for WPC film.

iv) The interfacial adsorption in MWP/HMP mixtures could be gov-
erned by a competitive mechanism and coexistence of both
biopolymers at the interface (antagonistic mechanism). This
mechanism led to a reduction of the dilatational elasticity of
MWP films, especially in the case of WPC ones.

(v) The magnitude of these phenomena was closely linked to dif-
ferences in molecular composition (proteins, residual fat and
other surface-active components) and/or aggregation state of
MWP evaluated, i.e. �-LG and WPC.

Finally, the results obtained confirm the hypothesis that MWP
and Ps interfacial functionality could be conveniently handled
through the knowledge of the surface adsorption behaviour of
pure components as well as from a rational control of MWP–Ps
interactions both in solution and in the vicinity of the air-water
aviour of milk whey protein and pectin mixtures under conditions of
0.1016/j.colsurfb.2011.03.002

to obtain: firstly, independent information of the molecular inter-
actions of these same biomacromolecules in bulk aqueous solution,
and, secondly, and most importantly, some direct information on
the nanoscale structure of the mixed layers.

dx.doi.org/10.1016/j.colsurfb.2011.03.002
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