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Article

Correlation of average hydrophobicity, water/air
interface surface rheological properties and foaming
properties of proteins

A Medrano1, C Abirached1, AC Araujo1, LA Panizzolo1, P Moyna1

and MC Añón2

Abstract
A comparative study on the behavior in the air–water interface of b-lactoglobulin, a-lactoalbumin, glycinin and
b-conglycinin was performed. The behavior at the interface was evaluated by equilibrium surface tension and
surface rheological properties of adsorbed films. There were significant differences (a� 0.05) in the values of
the constants of adsorption to the interface of the four proteins. The glycinin had the slowest rate of adsorp-
tion, due to its low average hydrophobicity, low molecular flexibility and large molecular size. Smaller proteins
like b-lactoglobulin and a-lactoalbumin tended to greater equilibrium pressure values than the larger proteins
because of its higher rate of adsorption to the interface. The foam capacity of proteins showed a positive
correlation with the average hydrophobicity; the maximal retained liquid volume or the initial rate of passage
of liquid to foam were significantly lower (a� 0.05) when protein was glycinin. The dilatational modulus of
glycinin was the lowest, which implies lowest resistance to disruption of the film. Glycinin protein has lower
proportion of gravitational drainage and higher disproportionation having perhaps a less resistant film. In
conclusion, b-conglycinin and whey proteins showed a similar behavior, so b-conglycinin might be the best
soybean protein to replace milk proteins in food formulations.
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INTRODUCTION

Of all the functional properties of proteins, the forma-
tion of foam is of great interest because they provide
the airy texture of many products (Campbell and
Mougeot, 1999). The foams are present in many
foods either in the finished product or incorporated
during its production stage, in a preliminary process,
which may be subject to subsequent processing steps.
Therefore, knowledge of the mechanisms of formation
and stability of foam is essential if we are required to
produce foam with certain characteristics.

Foam destabilization process consists on the ten-
dency of the discontinuous gaseous phase to form a
continuous phase by approaching and fusion of the
bubbles, in order to reach a minimum surface area
(minimum free energy). To this process, there is an
opposition of the surface protein film, a mechanical
barrier that is more effective as it is stiffer and visco-
elastic (Wagner, 2000). The mechanisms for foam
destabilization are liquid drainage (as a consequence
of gravity force and liquid transfer from the interbubble
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lamella to the Plateau border), foam collapse by lamel-
lar rupture and disproportionation. Foam collapse is
usually a consequence of liquid drainage, and dispro-
portionation also involves liquid drainage (Walstra,
1989).

Therefore, it is reasonable to consider the existence
of two different processes for liquid drainage from
foam, one due to liquid drainage itself and other due
to a disproportionation (Panizzolo et al., 2012).
Panizzolo et al. (2012) proposed a second-order kinetic
model of foam destabilization with two terms, showing
the existence of two simultaneous mechanisms of foam
destabilization (liquid drainage by gravity and dispro-
portionation) which predominate alternatively accord-
ing to foam age. These authors also indicate that the
kinetic constant k is the appropriate parameter for
comparing the stabilizing properties of different pro-
teins, since it is not influenced by the initial volume of
liquid in the foam.

To be a good foaming agent, a protein should pos-
sess the following attributes: first, it should be able to
rapidly adsorb at the air–water interface during whip-
ping or bubbling; second, it should undergo fast con-
formational change and rearrangement at the air–water
interface and rapidly reduce the surface tension and
third, it should be able to form a cohesive, viscoelastic
film through intermolecular interactions. The first two
criteria are essential for better foamability; whereas, the
third criterion is important for the foam stability
(Damodaran, 1997).

No correlation was found among the foaming cap-
acity of proteins and their surface hydrophobicity (So;
Townsend and Nakai, 1983), instead, foaming capacity
exhibits a positive correlation with the average hydro-
phobicity of proteins (Kato et al., 1983). At the high
free energy air–water interface, proteins are denatured
to a greater extent, which exposes buried hydrophobic
residues to the interface. Thus, the properties of the
unfolded protein rather than the native protein dictate
the behavior of the protein at the air–water interface
(Damodaran, 2005). Despite the above, very few stu-
dies have correlated the average protein hydrophobicity
and foam properties.

So it is essential in designing new aerated
products using soybean protein (glycinin and b-congly-
cinin) and whey protein (b-lactoglobulin [b-Lg] and
a-lactoalbumin [a-La]), to evaluate the drainage and
disproportionation and relate them with dynamic prop-
erties of adsorbed protein films on air–water interface
to know better the way in which this affects the forma-
tion and stability of foams. Therefore, the objective of
this work was to carry out a comparative study between
these proteins evaluating foaming properties, the
proportion in which the gravitational drainage and dis-
proportionation occurs, their behavior at the air–water

interface and relate them with their average
hydrophobicity.

MATERIALS AND METHODS

Materials

a-La and b-Lg isolate, both with 90.0% of purity, from
Davisco (Le Sueur, MN) were used in all experiments
performed.

The isolation of the native fractions of b-conglycinin
and glycinin was made from defatted soy flour with the
procedure proposed by Nagano et al. (1992), followed
by the dispersion of the precipitate on alkaline medium
(pH 8.0) and freeze-drying.

In all cases, protein content was determined by
Lowry method (Lowry et al., 1951).

All other chemicals and reagents were of analytical
grade from Sigma Chemical Co. (St. Louis, MO).

Methods

Protein solubility. The solubility index of all the sam-
ples was calculated as the ratio between the soluble
protein concentration (mg/mL) and the total protein
concentration (mg/mL). Soluble protein concentration
and the total protein concentration were determined by
Lowry method (Lowry et al., 1951). Samples were dis-
persed in 0.01M phosphate buffer pH 7.5 for 30min at
room temperature and centrifuged for 15min at
10,000 g at 5 �C before measuring protein concentration
in the supernatant.

Average hydrophobicity. The average hydrophobicity
was calculated according to the method of Bigelow
(1967).

Surface hydrophobicity. It was evaluated using
8-anilino-1-naphthalenesulfonic acid (ANS) as
fluorescent probe (Hayakawa and Nakai, 1985).
Spectrofluorometric measurements were taken at pH
7.5 on an Aminco-Bowman Series 2 Luminescence
spectrometer. The fluorescence intensity of the blank
(FIb) and of the ANS––protein conjugate (FIe) were
recorded at �ex: 363 nm and �em: 475 nm, using 5-nm
emission and excitation slit widths. The So was
obtained graphically using the Kato and Nakai (1980)
equation. A plot of FI% versus PC was drawn; where
PC is the protein concentration, FI%¼ (FIN)/(FImax),
FIN¼FIe – FIb, FImax is the maximum fluorescence
measured from the total binding of ANS in methanol.

Interfacial tension and interfacial rheology. The
interfacial tension at the air–water interface was
measured by using the automated drop tensiometer
(Tracker, IT-Concept, Saint-Clémenttes Places,
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France). Measurements were performed at room tem-
perature (25� 3 �C). A dispersion of 1mg/mL of the
proteins in 0.01M phosphate buffer pH 8 was intro-
duced in the bucket of the tensiometer and the air
was added in a syringe from which a bubble of 3 mL
was formed. The surface pressure (p) is p¼ g0 – g,
where g0 and g are the surface tension of pure water
in absence of any surface-active component and in pres-
ence of protein, respectively.

The interfacial rheological properties were also
determined by the oscillating bubble technique as
described by Benjamins et al. (1996). The volume of
the air bubble was modified in sinusoidal way with a
constant amplitude (�A/A¼ 0.1) and oscillation fre-
quency of 0.2 Hz.

The surface dilatational modulus (E) derived from
the change in interfacial tension (g; equation (1)) as a
result of a small change in droplet surface (A), equation
(2), according to equation (3) (Lucassen and van den
Tempel, 1972).

� ¼ �0 � sinð$tþ �Þ ð1Þ

A ¼ A0 � sinð!tÞ ð2Þ

E ¼
d�
dA
A

¼
d�

d ln A
ð3Þ

where g0 and A0 are the stress and strain amplitudes,
respectively, t is time, ! is frequency, � is the phase
angle between stress and strain, p¼ g0 – g is the inter-
facial pressure and g0 is the interfacial tension in the
absence of emulsifier.

The dilatational modulus, E, is a complex quantity
and is composed of real and imaginary terms equation
(4). The real term is related to the elastic or storage
component (Ed) and the imaginary term to the viscous

or loss component (Ev). For a perfectly elastic material,
stress and strain are in phase (�¼ 0) and the imaginary
term is zero. In the case of a perfectly viscous material
(�¼ 90�), the real term is zero. The loss-angle tangent is
defined by equation (5). If the film is purely elastic, the
loss-angle tangent is zero.

E ¼
�0
A0

� �
� ðcos�þ i sin�Þ ¼ Edþ iEv ð4Þ

tg� ¼
Ev

Ed
ð5Þ

Foam properties. The foam properties of samples were
determined by conductimetry using the method and
device developed by Loisel et al. (1993). Foam was
formed by air sparging into the protein solution in a
column with fritted glass disk at the bottom. The foam-
ing solutions were prepared at 1mg/mL in 0.01M
sodium phosphate buffer pH 8. The level of the solution
as a function of time was measured by conductimetry
with a pair of electrodes located at the base of the
column. To evaluate the foaming capacity, the maximal
volume of liquid retained in the foam (VLEmax) and the
initial rate of liquid transfer to the foam (vo) were mea-
sured (Wagner et al., 1996). In order to estimate the
stability of the foams formed, experimental data were
adjusted to the second-order equation of two terms
proposed by (Panizzolo et al., 2012).

VðtÞ ¼
V2

gkgt

Vgkgtþ 1
þ

V2
dkdt

Vdkdtþ 1
ð6Þ

where kg and kd are the rate constants corresponding to
the gravitational draining and gas diffusion or dispro-
portion, respectively, and t is time. Vg and Vd are the
maximum volume drained because of the gravitational
drainage and gas diffusion or disproportion, respect-
ively. By this model, it can be distinguish between
two processes that occur simultaneously such as gravity
drainage and disproportion.

Statistical analysis. All the experiments were per-
formed in triplicate. The statistical analysis was estab-
lished by variance analysis and test of minimum
significant difference, using statistical program
StatgraphicPlus7.0.

RESULTS AND DISCUSSION

Characterization of proteins

Several functional properties, such as thickening, foam-
ing, emulsification and gelation of proteins are affected
by protein solubility. Solubility of a protein is mainly
related to its hydrophilicity/hydrophobicity balance.

Table 1. Solubility index, average hydrophobicity and
surface hydrophobicity of b-lactoglobulin, a-lactoalbumin,
b-conglycinin and glycinin. The solubility index and surface
hydrophobicity were measured in dispersions of 1 mg/mL
of the protein in 0.01 M sodium phosphate buffer pH 8

Solubility
index* (%)

Average
hydrophobicity
(kJ/mol)

Surface
hydrophobicity*

b-Lg 86� 5 a 5.482 37� 1 b

a-La 84� 2 a 5.041 12� 2 a

b-conglycinin 88� 4 a 4.653 14� 6 a

Glycinin 88� 6 a 4.041 17� 2 a

b-Lg: b-lactoglobulin; a-La: a-lactoalbumin.
*Means in the same column followed by different letters are sig-
nificantly different (p� 0.05).
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Thus, the amino acid composition of a protein inher-
ently affects its solubility characteristics.

The values of solubility of the b-Lg, a-La, b-congly-
cinin and glycinin in 0.01M phosphate buffer pH 7.5
had no significant differences between them (Table 1).
However, the values of So of the b-Lg were significantly
higher than those from a-La, b-conglycinin and glyci-
nin with no significant differences (p� 0.05) between
the last ones. It is also observed that the b-Lg had the
highest average hydrophobicity followed by the a-La
and b-conglycinin, while glycinin had the lowest value.

Surface behavior

The diffusion of protein onto the air–water interface
can be inferred from the rate of change of the surface
pressure upon adsorption (Figure 1). There was a sig-
nificant increase in surface pressure with time of
adsorption at the interface for the four proteins studied.
This increase was related to the behavior of proteins at
the interface which can be evaluated through three con-
secutive stages: the diffusion of protein molecules,

adsorption to the interface and the unfolding of the
adsorbed molecules (Rodrı́guez Patino et al., 2008). It
is observed that milk whey proteins have the highest
values of equilibrium surface pressure which is consist-
ent with data from average hydrophobicity. Rodrı́guez
Niño et al. (2005) observed that the milk whey protein
isolate presented higher surface pressure than 7S and
11S soy globulins. The same behavior was achieved in
this work as shown in Figure 1.

The experimental data were adjusted with a first-
order equation with two exponential components devel-
oped by Panizzolo (2005) and the first-order rate con-
stants for the adsorption (ka) and rearrangement (kr)
processes of the proteins in the air–water interface were
estimated

�t ¼ Aae
�kat þ Are

�krt þ �e ð7Þ

where gt is the tension at the time t, ka and kr are first-
order rate constants for the processes of adsorption
(involving penetration and possible unwinding of the
protein molecule at the interface) and rearrangement
of proteins at the air–water interface, respectively. Aa

and Ar are the amplitude parameters of these kinetic
phases and ge the equilibrium tension.

Glycinin had the slowest rate constant for adsorp-
tion in the air–water interface (ka) due to its low aver-
age hydrophobicity (Table 2), low molecular flexibility
and large molecular size. These results are consistent
with those found by Wagner and Guéguen (1995).
These authors showed that the adsorption rate at the
beginning of the process was highly dependent on con-
formational state. Consequently, smaller proteins like
b-Lg (MW: 18 kDa) and a-La (MW: 14 kDa) tend to
have greater equilibrium pressure values than the larger
proteins (Table 2) because its rate of adsorption is
related to their higher rate of diffusion to the interface
(Martin et al., 2002). With respect to kr, there were no
significant differences between the samples (results not
shown). The same result was achieved by Rodrı́guez
Niño et al. (2005) with the milk whey protein isolate
and the 7S and 11S soy globulins.

The surface viscoelasticity is a measure of the ability
of the film to adapt to a change in surface area, and
therefore it is expected to play a crucial role in the foam
capacity of the protein. In this case, it was found that
the dilatational modulus (E), Ed and Ev of glycinin were
significantly lower than those corresponding to other
proteins, which implies a lower resistance to rupture
of the film formed (Table 2).

Foam properties

Regarding foaming capacity, no significant differences
were found in the maximal retained liquid volume
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Figure 1. Surface pressure (p) as a function of adsorption
time of the a-lactoalbumin (þ), b-lactoglobulin («), glycinin
(m) and b-conglycinin (*) in dispersions of 1 mg/mL of the
protein in 0.01 M sodium phosphate buffer pH 8 at the air–
water interface.

Table 2. Parameters related to the foaming capacity cor-
responding to the different samples assayed in dispersions
of 1 mg/mL of the protein in 0.01 M sodium phosphate
buffer pH 7.5

VLEmax (mL) Vo� 103 (mL/s)

b-Lg 7.6� 0.6 a 2.7� 0.3 a

a-La 6.1� 0.7 b 2.7� 0.5 a

b-conglycinin 6.3� 0.4 b 3.0� 0.2 a

Glycinin 4.3� 0.3 c 2.2� 0.3 b

b-Lg: b-lactoglobulin; a-La: a-lactoalbumin.
Means in the same column followed by different letters are
significantly different (p�0.05).
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(VLEmax) or the initial rate of liquid to foam passage
(vo) between b-Lg, a-La and b-conglycinin. However,
VLEmax and vo were significantly lower (p� 0.05) when
protein was glycinin (Figure 2).

The foamability of proteins shows a positive correl-
ation with the average hydrophobicity (Kato et al.,
1983). The results shown in Figure 2 and Tables 1
and 2 suggest that the surface hydrophobicity (SO)
allowed the proteins to successfully anchor to the air/
water interface during bubbling. However, once the
protein is adsorbed to the interface, its ability to
expose all the hydrophobic residues to the interface
depends on the average hydrophobicity, as it was pre-
viously mentioned by Damodaran (2005). Experimental
evidence indicates that proteins indeed undergo sub-
stantial conformational changes at the air/water inter-
face (Phillips et al., 1995). Thus, the rate of reduction in
surface tension and the expansion of the interfacial area

during foaming are only limited by the total number of
hydrophobic groups available in the protein, not by the
number of hydrophobic patches on the protein surface.

Although flexibility, which is defined as the relative
movement of various domains in a protein or the
reorientation relaxation rates of amino acid residues
in a polypeptide chain, has been recognized as the
most important criterion for functionality, especially
for foaming properties, the relationship between initial
conformation of a protein in solution and its foaming
properties is not fully understood (Damodaran, 1997,
2005). This is important, especially in technological
applications, because if such a relationship exists, pro-
teins can be physically or chemically modified to
assume a certain structure prior to foaming.

The foaming capacity of a protein is intimately
related to the rate of diffusion onto the surface and to
the rheological properties of the protein adsorbed layer.
Hence, small, flexible and random proteins have higher
foaming capacity than large and compact proteins due
to their more rapid diffusion onto the surface. The sur-
face viscoelasticity of the protein layer is a key param-
eter in foamability according to numerous studies
(Langevin, 2000; Stubenrauch and Miller, 2004;
Wilde, 2000). Explicitly, the process of formation of
foam implies the creation of surface area that should
be rapidly covered by protein to prevent rupture of the
film.

In the foams obtained with the four proteins, the
values of the kg (gravity drainage) were higher by an
order regarding kd (disproportionation). Glycinin pro-
tein presents a higher kg than the other proteins
(p� 0.05), which implies lower foam stability. Foams
formed from b-conglycinin, a-La and b-Lg had no sig-
nificant differences in stability with respect to gravity
drainage (kg), probably related to a more resistant
film as confirmed in the study of interfacial rheology
(Table 3). Pizones et al. (2009) found that, for a par-
ticular protein, the overall foam destabilization (the
half-life time of the foam) may be related to the inter-
facial characteristics of the protein film adsorbed
around the bubbles, which, in turn, depend on the
aggregation of the protein molecule in dissolution and
at the interface. A relationship exists between the over-
all foam stability and surface pressure. On the other
hand, the combined effects of interfacial adsorption
and interfacial interactions between adsorbed proteins,
which are reflected in surface dilatational modulus, may
also correlate with the foam stability, but this correl-
ation was not observed by them. However, we found
that a better foam stability implies higher values of the
elastic component or the viscous component of the elas-
tic dilational modulus.

One important factor that retards film drainage
is the Marangoni effect. The magnitude of the
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Figure 2. Parameters related to the foaming capacity, («)
Vo* and ( ) VLEmax corresponding to the different samples
assayed in dispersions of 1 mg/mL of the protein in 0.01 M
sodium phosphate buffer pH 8.

Table 3. The rate constant of adsorption to air–water
interface, Ka, surface dilatational properties E (dilatational
modulus), Ed (dilatational elasticity), Ev (surface dilatational
viscosity) of the studied proteins in dispersions of 1 mg/mL
of the protein in 0.01 M sodium phosphate buffer pH 7.5

Ka (s–1)
E
(mN/m)

Ed

(mN/m)
Ev

(mN/m)

b-Lg 0.051� 0.002 a 36� 4 c 35� 4 c 7� 2 b

a-La 0.041� 0.002 b 57� 4 a 56� 4 a 13� 2 a

b-conglycinin 0.010� 0.002 c 48� 4 b 47� 4 b 5� 2 b

Glycinin 0.002� 0.002 d 21� 2 d 21� 2 d 2.2� 0.3 c

b-Lg: b-lactoglobulin; a-La: a-lactoalbumin.
Means in the same column followed by different letters are
significantly different (p� 0.05).
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Marangoni effect is a function of the dilatational modu-
lus, E, of the protein film and the ability of the surfac-
tant layer to stretch toward the high-tension region is
greater the larger is E, Ed and Ev (Damodaran, 2005).

The viscoelastic properties of the surfactant film can
exert control of the shrinkage of the small bubbles
because of the solubilization of the gas in the continu-
ous phase in the disproportionation. For instance, if the
surfactant molecule in the film can be readily displaced
or dissolved into the bulk phase as the bubble shrinks,
then disproportion can proceed without any change in
the interfacial tension. In the case with proteins, the
increase in the concentration of surfactant in the
adsorbed layer as the bubble shrinks increases its sur-
face rheological properties, notably, the surface dilata-
tional modulus of the adsorbed layer. This significantly
retards the rate of disproportion (Damodaran, 2005).

The mechanisms of foam destabilization also occur
during the formation of the foam so that to have good
foaming properties, the proteins must be able to coun-
ter these mechanisms of destabilization. The presence
of protein at the interface is a key factor in the forma-
tion of foams and, hence, it seems reasonable to find
that only the solutions that provide a fast decrease of
the surface tension provide stable foams. The
Marangoni effect plays a vital role during foam forma-
tion, where constant stretching of foam lamellae occur
(Damodaran, 1997), with the consequent relationship
with the interfacial rheological parameters noted above.

The study of the rate constants is interesting, to see
in what extent the gravitational drainage and dispro-
portionation mechanisms contribute to the total
volume of liquid drained. For this reason, the propor-
tions of volume of liquid drained by gravity drainage
(Vg) and drained volume because of the disproportion-
ation (Vd) was determined. In all tested cases, the pro-
portion of drained liquid by gravity drainage was
significantly higher (never less than 60%) than the
drained volume because of the disproportionation.
For the calculation of Vg and Vd, it was assumed that
all the liquid has drained (infinite time). As to the pro-
portions of the contribution of each mechanism, glyci-
nin has a lower proportion of gravitational drainage
and higher disproportionation having perhaps a less
resistant film. The glycinin has the lowest values of sur-
face dilatational modulus (E), elastic component (Ed)
and viscous component (Ev), then, the Marangoni effect
is diminished, and therefore the foam stability
phenomena.

CONCLUSIONS

The results obtained indicate that in the working
conditions glycinin presents worse behavior in the
air–water interface and foaming properties than other

proteins studied. Glycinin presents the slowest rate of
adsorption, vo and VLEmax due to its low average
hydrophobicity and the lowest film resistance at the
interface. b-conglycinin presented a similar behavior
to those corresponding to a-La and b-Lg, so b-congly-
cinin might be the best soybean protein to replace milk
proteins in food formulations.
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