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Abstract

In this paper we present surface dilatational properties of soy globulins (b-conglycinin, glycinin, and reduced glycinin with 10

mM of dithiothreitol (DTT)) adsorbed on the air–water interface, as a function of adsorption time. The surface rheological para-

meters (surface dilatational modulus, E, its elastic and viscous components, and phase angle) were measured as a function of protein

concentration (ranging from 1 to 1 · 10�3%, wt/wt) at pH 2.0 and 5.0. We found that the surface dilatational modulus, E, increases

with time, h. This phenomenon has been related to protein adsorption, unfolding, and/or protein–protein interactions (at long-term

adsorption). The dilatational properties of the adsorbed films depend on the molecular structure of the protein, the pH, and on the

protein concentration in the aqueous phase. Soy globulins are adsorbed at the air–water interface with different degrees of associ-

ation at different concentrations in the bulk phase and at different aqueous phase pH.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Proteins due to their amphiphilic character can ad-

sorb at fluid interfaces. The adsorption of proteins at

interfaces and other dynamic surface properties—such

a the film viscoelasticity—are known (Dickinson,

1992; Halling, 1981) to play an important role in the

formation and stability of food dispersed systems

(foams and emulsions). Due to the adsorption at fluid
interfaces, protein molecules prevent the recoalescence

of previously created bubbles or droplets. In addition,

during the protein adsorption the surface or interfacial

tension of the air–water or oil–water interface decreases

(Dickinson, 1992), which is an important attribute to
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optimise the input of energy involved in the foaming
or emulsification process (Walstra, 1993), and for the

production of smaller bubbles or droplets, which is

an important factor for the stability of the dispersion

(Dickinson, 1992). On the other hand, emulsification

and foaming involve interfacial deformation and the

response of the adsorbed layer to such deformations

(measured by the surface dilatational properties) is

crucial for understanding the role of proteins in food
systems (Benjamins, 2000).

Vegetable proteins from legumes (Kinsella, 1979;

Utsumi, Matsumura, & Mori, 1997) are being used

successfully for the formation and stabilization of new

food products, most of them presented commercially

as dispersions (emulsions and foams). Soy proteins

act as a macromolecular emulsifier to stabilize food

dispersions such as confectionary products, coffee
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whitener, dressings, sausages, and soups (Utsumi et al.,

1997). The use of soy proteins as functional ingredients

is gaining increasing acceptance in food manufacturing

from the standpoints of human nutrition and health.

The applicability of soy proteins in foods is based on

their functionality. Despite their commercial impor-
tance, fundamental knowledge about the dispersion

properties (emulsifying or foaming) of soy proteins is

scarce. Very little progress has been made so far in

understanding the mechanical properties of soy globu-

lin adsorbed films.

This paper presents experimental information on sur-

face dynamic properties (time-dependent viscoelastic

characteristics) of b-conglycinin (7S), glycinin (11S),
and glycinin reduced with DTT (11S + 10 mM DTT) ad-

sorbed films at the air–water interface, at 20 �C and at

pH 2.0 and 5.0. The concentration of protein in the bulk

phase was the variable studied. Globulins 7S and 11S

are two major storage proteins in soybeans with a

molecular weight of about 180 and 360 kDa, respec-

tively. Native soy glycinin because of its compact

tertiary structure, which is stabilized by disulfide cross-
linking, has limited foaming and emulsifying (Kinsella,

1979; Utsumi et al., 1997) properties. However, reduc-

tion of some disulfide bonds may improve their foaming

and emulsifying ability by allowing greater conforma-

tional flexibility (German, O�Neill, & Kinsella, 1985).

The 7S globulin is a glycoprotein which does not contain

disulfide bonds. The strong pH dependence of the

molecular conformation and the associated functional
properties (Kinsella, 1979; Utsumi et al., 1997) mean

that the optimum functionality of soy proteins occurs

at pH < 5, which limits their application as food ingredi-

ents. Thus, more research is required to resolve this and

other issues related to the use of soy proteins in food

formulations.
2. Materials and methods

2.1. Materials

Samples for interfacial characteristics of soy protein

films were prepared using Milli-Q ultrapure water and

were buffered at pH 2.0 and 5.0. Analytical-grade acetic

acid and sodium acetate were used for adjusting the pH
5.0 as supplied by Sigma (>95). HCl (analytical-grade,

Panreac) and KCl (analytical-grade, Merck) were used

for adjusting the pH 2.0 and the ionic strength (I) of

the aqueous solutions, respectively. The isolation of b-

conglycinin and glycinin soy globulins, solubility, and

structural characterization have been described else-

where (Molina, Carrera, Rodrı́guez Niño, Añón, &

Rodrı́guez Patino, 2003). Glycinin was reduced using
10 mM DTT (German et al., 1985; Kim & Kinsella,

1986).
2.2. Methods

For surface pressure (p) and surface dilatational

properties measurements of adsorbed protein films at

the air–water interface an automatic drop tensiometer

(TRACKER, IT Concept, Longessaigne, France) was
utilized, as described elsewhere (Rodrı́guez Patino, Ro-

drı́guez Niño, & Carrera, 1999). Briefly, the method in-

volved a periodic automatically controlled, sinusoidal

interfacial compression and expansion performed by

decreasing and increasing the drop volume, at the de-

sired amplitude (DA/A) and angular frequency (x).

The surface dilatational modulus (E) (Eq. (1), its elastic

(Ed) and viscous (Ev) components, and the phase angle
(/) were derived from the change in surface pressure (p)

resulting from a small change in surface area (A). The

surface dilatational properties were measured as a func-

tion of time, h. The percentage area change was deter-

mined (data not shown) to be in the linear region.

E ¼ dr
dA=A

¼ � dp
d lnA

ð1Þ

E ¼ ðr0=A0Þ � ðcos / þ i sin /Þ ¼ Ed þ iEv ð2Þ
where r0 and A0 are the strain and stress amplitudes,

respectively, / is the phase angle between stress and

strain, p = r0 � r is the surface pressure, and r and r0

are the surface tension in the presence and in the absence
of protein, respectively.

The dilatational modulus is a complex quantity and is

composed of real and imaginary parts (Eq. (2). The real

part of the dilatational modulus or storage component is

the dilatational elasticity, Ed = jEj Æ cos/. The imaginary

part of the dilatational modulus or loss component is

the surface dilatational viscosity, Ev = jEj Æ sin/. The

ratio (r0/A0) is the absolute modulus, jEj, a measure of
the total unit material dilatational resistance to defor-

mation (elastic + viscous). For a perfectly elastic mate-

rial the stress and strain are in phase (/ = 0) and the

imaginary term is zero. In the case of a perfectly viscous

material / = 90� and the real part is zero.

The experiments were carried out at 20 �C. The tem-

perature of the system was maintained constant within

±0.1 �C by circulating water from a thermostat. Protein
solutions ranging from 1% to 10�3%, wt/wt were pre-

pared freshly and stirred for 30 min. The solution was

placed in the syringe and then in the compartment and

was allowed to stand for 30 min to reach the desired

constant temperature. Then a drop of protein solution

was delivered and allowed to stand for 180 min at 20

�C to achieve protein adsorption at the air–water inter-

face. The sinusoidal oscillation for surface dilatational
measurements started after 15 min of adsorption time.

Afterwards, the drop was subjected to repeated meas-

urements with five oscillation cycles followed by a time

corresponding to 50 cycles without any oscillation up
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Fig. 1. Time-dependent surface dilatational modulus (E, mN/m) for

b-conglycinin (7S) adsorbed films at the air–water interface at

pH = 2.0, I = 0.05 M, and at 20 �C. Frequency: 100 mHz. Amplitude

of compression/expansion cycle: 15%. Protein concentration in the

bulk phase (%, wt/wt): (�) 1, (n) 10�1, and (h) 10�3.
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Fig. 2. Time-dependent surface dilatational modulus (E, mN/m) for

glycinin (11S) adsorbed films at the air–water interface at pH = 2.0,

I = 0.05 M, and at 20 �C. Frequency: 100 mHz. Amplitude of

compression/expansion cycle: 15%. Protein concentration in the bulk

phase (%, wt/wt): (�) 1, (n) 10�1, and (h) 10�3.
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Fig. 3. Time-dependent surface dilatational modulus (E, mN/m) for

reduced glycinin (11S + 10 mM DTT) adsorbed films at the air–water

interface at pH = 2.0, I = 0.05 M, and at 20 �C. Frequency: 100 mHz.

Amplitude of compression/expansion cycle: 15%. Protein concentra-

tion in the bulk phase (%, wt/wt): (�) 1, (n) 10�1, and (h) 10�3.
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to the time required to complete protein adsorption. The

average standard accuracy of the surface pressure is

roughly 0.1 mN/m. However, the reproducibility of the

results (for at least two measurements) was better than

0.5%.

2.3. Data analysis

The rate of protein adsorption at the interface can be

monitored via diffusion, penetration and rearrangement

mechanisms (Damodaran & Song, 1988; Graham &

Phillips, 1979b; MacRitchie, 1989). During the first step,

at relatively low surface pressures when diffusion is the

rate-determining step, a modified form of the Ward
and Today equation (Ward & Tordai, 1946) can be used

to correlate the change in the surface pressure with time.

If the diffusion at the interface controls the adsorption

process, a plot of p against h1/2 will then be linear (De

Feijter & Benjamins, 1987; MacRitchie, 1978; Xu &

Damodaran, 1991) and the slope of this plot will be

the diffusion rate. The discrepancies observed at longer

adsorption time, as the surface pressure is higher than
about 5 mN/m, could be attributed to an energy barrier

for the adsorption of the protein, related to the penetra-

tion and unfolding at the interface of previously ad-

sorbed protein molecules (Rodrı́guez Niño &

Rodrı́guez Patino, 2002).

The rate of penetration and unfolding at the interface

of adsorbed protein molecules was deduced from the

application of a first-order phenomenological kinetic
equation to the time evolution of E (Rodrı́guez Patino,

Molina, Carrera, Rodrı́guez Niño, & Añón, 2003). We

find, for all experiments of soy globulin adsorption,

two linear regions in the plot of ln [(E180 � Eh)/

(E180 � E0)] vs. h. Where E180, E0, and Eh are the surface

dilatational moduli at h = 180 min of adsorption time, at

time h = 0 and at any time, h, respectively. The fit of the

experimental data to the mechanism was made at a time
interval based on the best linear regression coefficient.

The first linear region can be associated with the process

of penetration and unfolding. However, because protein

adsorption at fluid interfaces is very time-consuming

(Rodrı́guez Patino et al., 1999), no attempt was made

to discuss the experimental data for the second rear-

rangements step of previously adsorbed protein

molecules.
3. Results

3.1. Time dependence of surface dilatational properties

at pH 2.0

Time-dependent surface dilatational modulus (E) is
plotted for adsorbed films of b-conglycinin (Fig. 1),

glycinin (Fig. 2), and reduced glycinin with 10 mM
DTT (Fig. 3) at the air–water interface, at pH 2.0 and

as a function of the protein concentration in the aqueous

bulk phase. It was observed that the values for the sur-

face dilatational modulus were very similar to those for

the dilatational elasticity and the dilatational viscosity

values were low (data not shown). Thus, over the adsorp-
tion period studied here the film behaved, from a rheo-

logical point of view, as viscoelastic with a phase angle

higher than zero.
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Fig. 5. Time-dependent surface dilatational modulus (E, mN/m) for

glycinin (11S) adsorbed films at the air–water interface at pH = 5.0,

I = 0.05 M, and at 20 �C. Frequency: 100 mHz. Amplitude of

compression/expansion cycle: 15%. Protein concentration in the bulk

phase (%, wt/wt): (n) 10�1 and (�) 10�2.
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Fig. 6. Time-dependent surface dilatational modulus (E, mN/m) for

reduced glycinin (11S + 10 mM DTT) adsorbed films at the air–water

interface at pH = 5.0, I = 0.05 M, and at 20 �C. Frequency: 100 mHz.

Amplitude of compression/expansion cycle: 15%. Protein concentra-

tion in the bulk phase (%, wt/wt): (n) 10�1, (�) 10�2, and (h) 10�3.
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The increase in E with time may be associated with

adsorption of soy globulin at the interface (Graham &

Phillips, 1979a). This behaviour was similar to that ob-

served for soy globulin adsorption at the air–water inter-

face from solutions at basic pH (Rodrı́guez Patino et al.,

2003) and for milk proteins adsorption at the air–water
(Benjamins, 2000) and oil–water (Benjamins, 2000; Dic-

kinson, 1998) interfaces. Another interesting result was

the decrease in E for reduced glycinin with 10 mM

DTT at long-term adsorption (Fig. 3).

The surface dilatational modulus for b-conglycinin

(Fig. 1) and glycinin (Fig. 2) present an anomalous

behaviour with the protein concentration in solution.

It can be seen that the values of E at a b-conglycinin
(Fig. 1) or glycinin (Fig. 2) concentration in solution

of 1% were lower than those at 1 · 10�2 or 1 · 10�3%,

wt/wt. Moreover, the values of E for reduced glycinin

(Fig. 3) are practically independent of the concentration

of protein in solution. In this regards soy globulin ad-

sorbed films behaved in a different way to milk proteins

(Benjamins, 2000).

3.2. Time dependence of surface dilatational properties

at pH 5.0

Time-dependent surface dilatational modulus is plot-

ted for adsorbed films of b-conglycinin (Fig. 4), glycinin

(Fig. 5), and reduced glycinin with 10 mM DTT (Fig. 6)

at the air–water interface, at pH 5.0 and as a function of

the protein concentration in the aqueous bulk phase (at
1 · 10�1%, 1 · 10�2%, and 1 · 10�3%, wt/wt). We can-

not perform dilatational experiments at 1%, wt/wt due

to the insolubility of these proteins at pH 5.0. This

behaviour was different to that observed for the same

proteins in aqueous solution at pH 2.0. As a general rule

it can be seen that the rate of surface dilatational mod-

ulus change over time increased when the protein con-

centration in the bulk phase increased. That is, at
higher concentrations the surface dilatational modulus
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Fig. 4. Time-dependent surface dilatational modulus (E, mN/m) for b-

conglycinin (7S) adsorbed films at the air–water interface at pH = 5.0,

I = 0.05 M, and at 20 �C. Frequency: 100 mHz. Amplitude of

compression/expansion cycle: 15%. Protein concentration in the bulk

phase (%, wt/wt): (n) 10�1, (�) 10�2, and (h) 10�3.
of soy globulins is high which agrees with previous data

in the literature for other proteins (Benjamins, 2000),

b-conglycinin at long-term adsorption is an exception
(Fig. 4).

An interesting result was the lag period observed at

low protein concentrations in the aqueous phase, which

disappears at higher protein concentrations (Figs. 4–6)

and at long-term adsorption. At the same protein con-

centration in solution (1 · 10�2%, wt/wt) the lag period

is higher for glycinin (Fig. 5) than for b-conglycinin

(Fig. 4). For glycinin (data not shown) and b-conglyci-
nin (Fig. 4) the E value was practically zero within the

time of the experiment, at pH 5.0 and at a concentration

in solution of 1 · 10�3%, wt/wt. Interestingly, the reduc-

tion of SS/SH bonds in native glycinin by DTT reduced

the lag period (Fig. 6). In fact, reduced glycinin was ad-

sorbed at the interface at pH 5.0 and at a concentration

in solution of 1 · 10�3%, wt/wt.

Moreover, what these results also indicate is that the
level of E during adsorption of soy globulins at the inter-

face also depends on the protein, and the aqueous phase

pH. In fact, the values of E for 7S, 11S and 11S + 10

mM DTT were higher at pH 2.0 (Figs. 1–3) than at

pH 5.0 (Figs. 4–6).
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Fig. 7. Frequency dependence of surface dilatational properties for ($)

b-conglycinin (7S) and (�) glycinin (11S) adsorbed films at the air–

water interface at pH = 2.0, I = 0.05 M, and at 20 �C. Amplitude of

compression/expansion cycle: 15%. Protein concentration in the bulk

phase 0.1%, wt/wt.
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3.3. Effect of frequency on surface dilatational properties

Changes in surface dilatational properties for b-con-

glycinin and glycinin adsorbed films at the air–water

interface, at a protein concentration in the bulk phase

of 0.1%, wt/wt and at 180 min of adsorption time (as

two examples), as a function of frequency of oscillation
over a range of 5–300 mHz are illustrated in Fig. 7. We

did not observe any difference in the frequency depend-

ence of surface rheological parameters for reduced glyc-

inin with 10 mM DTT, at other protein concentrations

in the bulk phase (1% and 1 · 10�3%, wt/wt), or at pH

5.0 (data not shown). It can be seen that E increased

with frequency and tend to a plateau at the higher fre-

quencies. Moreover, the phase angle (data not shown)
decreased as the frequency increased. This behaviour

corroborates the conclusion that the surface viscoelastic

characteristics of soy globulin films adsorbed at the air–

water interface are practically elastic. These results are

in good agreement with those obtained for adsorbed

milk proteins (Benjamins, 2000; Murray, 2002) and for

soy globulins at pH 8.0 (Rodrı́guez Patino et al., 2003).
4. Discussion

In this paper, we have observed that the surface dila-

tational properties of soy globulins (b-conglycinin, glyc-

inin, including glycinin reduced with 10 mM DTT) films

adsorbed at the air–water interface depend on the

molecular structure of the protein, the pH of the aque-
ous phase, and the protein concentration in the aqueous

bulk phase.

In a previous study we have analysed the b-conglyci-

nin and glycinin structural characterization, hydrophob-

icity, solubility, and surface activity of spread and

adsorbed soy globulin films at equilibrium as a function

of pH (Molina et al., 2003). Some differences were also

observed between surface activity of adsorbed protein
and equilibrium spreading pressure for 7S, 11S, and

11S + 10 mM DTT. Moreover, poor surface activity

was observed for pH 5.0.

b-Conglycinin would be in native conditions at pH

8.0, then it would be unfolded progressively at a decreas-

ing pH. This conformational change is associated with a
minor denaturation enthalpy, changes of thermal stabil-

ity, and different exposure of the aromatic residues such

as tryptophan and tyrosine. The first residue would be

shifted to pH 2.0 as a consequence of the conforma-

tional change, to a more non-polar region, giving rise

to a greater exposure of tyrosine residues. At pH 5.0,

the protein would produce aggregates due to its proxim-

ity to the isoelectric point (pI).
The glycinin fraction also undergoes structural

changes due to the pH. In this case, the protein would

be partially denatured and aggregated at pH 5.0,

whereas at higher acidic pH it would be completely

denatured and dissociated. The glycinin fraction treated

with 10 mM DTT would be totally denatured at pH 2.0.

The reduction process also produces an increase in the

surface hydrophobicity of the molecule and an exposure
of apolar groups (Kim & Kinsella, 1987).

All these structural characteristics of the protein and

their implications in interfacial characteristics of ad-

sorbed and spread films at equilibrium (Molina et al.,

2003) also have an important effect on surface dilata-

tional characteristics of adsorbed soy globulin films, as

we have observed for pH 2.0 (Figs. 1–3) and 5.0 (Figs.

4–6). Previously we have also observed that the structure
of the protein have an effect on structural characteristics

of spread films at the air–water interface depending on

the aqueous phase pH (Carrera, Molina, Rodrı́guez

Niño, Añón, & Rodrı́guez Patino, 2003; Carrera,

Rodrı́guez Niño, Molina, Añón, & Rodrı́guez Patino,

2003).

4.1. Time dependent surface dilatational properties

The results of time dependent surface dilatational

properties are consistent (Graham & Phillips, 1979a)

with the existence of protein–protein interactions which

is thought to be due to the protein adsorption at the

interface via diffusion, penetration and rearrangement

(looping of the amino acid residues). The looping of

the amino acid residues of soy globulin molecules is
more closely packed and the surface density is higher

as the adsorption time increases (Rodrı́guez Patino,

Carrera, Molina, Rodrı́guez Niño, & Añón, 2004; Ro-

drı́guez Patino et al., 2003). The closer packing of soy

protein at higher adsorption time is a consequence of

the existence of a molecular rearrangement of the previ-

ously adsorbed soy protein molecules, as is reflected by

the significant increment in E (Figs. 1, 2, 4, 5 and 6),
with the formation of a gel-like elastic film, as reflected

by the decrease in the phase angle (data not shown).
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However, the decrease in the surface dilatational

modulus at the higher adsorption time for some sys-

tems (Figs. 3 and 4) may be associated with decreased

protein–protein interactions. We know from the

topography and reflectivity of adsorbed films that at

higher adsorption time the formation of b-conglycinin
or glycinin multilayers takes place as detected by the

film thickness (unpublished results). This heterogeneity

in the topography of the film at a microscopic level—

with collapsed soy globulin residues forming multilay-

ers alternating with more homogeneous thin layers of

protein gel-like—may explain the reduction of E at

higher adsorption time (Rodrı́guez Patino et al.,

2003).
As the surface dilatational modulus is related to the

amount of protein adsorbed at the air–water interface,

all E data should be normalized in a single master curve

of E vs. p (Lucassen-Reynders, Lucassen, Garrett, Giles,

& Hollway, 1975; Rodrı́guez Patino et al., 2003). Figs. 8

and 9 show that this normalization was only possible at

pH 5.0 (Fig. 9). It can be seen that a line gave the com-
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Fig. 8. Surface dilatational modulus as a function of surface pressure

for soy globulins adsorbed films at the air–water interface at pH = 2.0,

I = 0.05 M, and at 20 �C. (A) b-conglycinin (7S), (B) glycinin (11S),

and (C) reduced glycinin (11S + 10 mM DTT). Frequency: 100 mHz.

Amplitude of compression/expansion cycle: 15%. Protein concentra-

tion in the bulk phase (%, wt/wt) (h) 1, (	) 10�1, and (n) 10�3. The

dotted line with a slope of one indicates the behaviour of an ideal gas.
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Fig. 9. Surface dilatational modulus as a function of surface pressure

for soy globulins adsorbed films at the air–water interface at pH = 5.0,

I = 0.05 M, and at 20 �C. (A) b-conglycinin (7S), (B) glycinin (11S),

and (C) reduced glycinin (11S + 10 mM DTT). Frequency: 100 mHz.

Amplitude of compression/expansion cycle: 15%. Protein concentra-

tion in the bulk phase (%, wt/wt) (h) 10�1, (�) 10�2, and (n) 10�3. The

dotted line with a slope of one indicates the behaviour of an ideal gas.
bined results of the adsorption at pH 5.0 (Fig. 9) with

different protein concentrations at different adsorption
times. This master curve, characteristic for each protein,

was similar to those obtained recently for milk proteins

at fluid interfaces (Benjamins, 2000). As for other glob-

ular proteins, E increased with p and this dependence re-

flects the existence of increased interactions within the

adsorbed protein residues (Lucassen-Reynders et al.,

1975; Rodrı́guez Patino et al., 2003). For b-conglycinin

(Fig. 8A) and glycinin (Fig. 8B) at pH 2.0 the results
of the adsorption at different adsorption times are

aligned in different E–p lines for different protein con-

centrations. These results support the hypothesis that

soy globulins are adsorbed at the air–water interface

with different degrees of association (aggregation) at

different concentrations in the bulk phase (Rodrı́guez

Patino et al., 2003). In agreement with the theory of

Lucassen-Reynders et al. (1975), the plot of Figs. 8
and 9 suggests that interactions between adsorbed soy

protein residues increase with surface pressure. In fact,

the slope of the E–p plot was higher than 1 (characteris-



J. M. R. Patino et al. / Journal of Food Engineering 68 (2005) 429–437 435
tic of the behaviour of an ideal gas), which implies an

important non-ideal behaviour with higher molecular

interactions as the surface pressure increases.

In summary, for b-conglycinin, glycinin or reduced

glycinin the maximum values for E over time were ob-

served at pH 2.0, as the molecular structure of the pro-
tein was more denatured (Molina et al., 2003)—and with

higher possibilities of interactions between amino-acid

residues at interface. For glycinin reduced with 10 mM

DTT the values of E at pH 2.0 (Fig. 8C) were practically

the same than those observed for denatured glycinin at

pH 8.0 (Rodrı́guez Patino et al., 2003). That is, the de-

gree of glycinin denaturation by the acidic pH (Molina

et al., 2003) or by the effect of DTT (Kim & Kinsella,
1987) does have not any significant effect on the values

of E. The lower values of E were observed at pH 5.0

(Fig. 9) no matter what the protein, b-conglycinin, glyc-

inin or reduced glycinin. This result was unexpected. In

fact, if glycinin is unfolded by the effect of DTT, the neg-

ative effect of pH 5.0 on E in native glycinin (Fig. 9B)

did not disappear in the reduced protein (Fig. 9C).

Finally, from a practical point of view, the low values
of E explain the bad foaming properties of soy globulins

at pH 5.0 near to their isoelectric points (German et al.,

1985; Kinsella, 1979; Utsumi et al., 1997).
4.2. Effect of pH and protein concentration

4.2.1. Induction time

An interesting result with important practical conse-
quences is the presence of a lag period at low protein

concentrations in the aqueous phase and especially at

pH 5.0, which disappears at higher protein concentra-

tions (Figs. 4–6). The presence of an induction time is

typical for the adsorption of globular proteins from

aqueous solutions (Miller et al., 2000). The lag period

at pH 5.0 is higher for glycinin than for b-conglycinin

(Figs. 4 and 5), due to the more compact structure of
glycinin, which is stabilized by SS/SH bonds in the na-

tive state (Utsumi et al., 1997). In fact, some authors at-

tribute the existence of this induction period to the

molecular flexibility of the protein and their susceptibil-

ity to conformational changes (Miller et al., 2000; Raz-

umosvky & Damodaran, 1999). The higher lag period at

pH 5.0 (Figs. 4 and 5), especially for glycinin, is due to

the fact that at pH close to the isoelectric point (pI) these
proteins are more aggregated (Molina et al., 2003). The

presence of a lag period during the adsorption of soy

globulins at pH ffi pI can also explain the lower foaming

properties of soy proteins (Kinsella, 1979; Utsumi et al.,

1997) in comparison with those for milk proteins (Ro-

drı́guez Patino, Naranjo, & Linares, 1995; Rodrı́guez

Patino, Rodrı́guez Niño, & Alvarez, 1997) in acidic

aqueous solutions, which are typical of food
formulations.
4.2.2. Diffusion, penetration, and unfolding of the

protein at the air–water interface

The increase in surface pressure (Rodrı́guez Patino

et al., 2004) or surface dilatational modulus (Figs. 1–6)

with time for soy globulins is caused by different proc-

esses (Graham & Phillips, 1979b): (i) the protein has
to diffuse from the bulk phase to the subsurface (a layer

immediately adjacent to the fluid interface) by diffusion

and/or convection, (ii) this step is followed by the

adsorption and unfolding of the protein at the interface,

and (iii) the adsorbed protein segments rearrange at the

fluid interface, a slow process caused by reorganization

of the amino-acid segments previously adsorbed on the

interface giving a gel-like film.
The first step of diffusion at the beginning of the soy

globulins adsorption at the air–water interface was

described by the linear plot of p vs. h1/2 (Rodrı́guez

Patino et al., 2004). Unfortunately, in the case of

adsorption experiments performed in this work, the dif-

fusion step is too fast to be detected from the time

dependent surface dilatational modulus, after 15 min

of adsorption time, especially at pH 2 (Figs. 1–3). The
period at which diffusion controls the adsorption of

soy globulins at the air–water interface—that is, the per-

iod at which the p vs. h1/2 or E vs. h1/2 plot is linear (data

not shown), increased as the protein concentration de-

creased (Figs. 1–6). The pH has a significant effect on

the protein diffusion towards the interface. The period

at which diffusion controls the kinetics of adsorption

of soy globulins at the air–water interface increased
drastically at pH 5.0 and as decreased the protein con-

centration in solutions. In fact, for b-conglycinin and

glycinin at 1 · 10�3%, wt/wt the proteins do not pene-

trate and unfold at the interface within the time of the

experiment. Since the diffusion coefficient is inversely

proportional to the cube root of the molecular weight,

the aggregation of soy globulins in the bulk phase at

pH 5.0 (Molina et al., 2003) could diminish the diffusion
of the protein towards the interface and increases the

period at which diffusion controls the kinetics of adsorp-

tion of soy globulins at the air–water interface, as ob-

served from the time dependence of surface pressure

(Rodrı́guez Patino et al., 2004).

At pH 2.0 and during the period at which the pene-

tration and unfolding of soy proteins is the mechanism

that controls the adsorption, the rate of adsorption in-
crease with the protein concentration in solution (Figs.

1–3). That is, penetration of soy globulins at pH 2.0 is

facilitated at higher protein concentrations in solution

(Figs. 1–3). However, at pH 5.0 (close to the isoelectric

point of the protein) the penetration of the protein at the

interface was only observed at the higher protein con-

centrations in solution (Figs. 4–6).

The results in Figs. 1–6 also prove that each of these
processes contributes to the mechanical properties of the

film (especially to the surface dilatational modulus) to a
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different degree. The most significant increase in E is

produced during the adsorption at the interface, after

the first step of diffusion of the protein to the interface.

The last period of rearrangement of the adsorbed pro-

tein molecules contributes only very little to the values

of E.
The effect of concentration on E also depends on the

soy globulin, as reflected by the evolution of the surface

dilatational modulus at 120 min (E120) of adsorption

time (Fig. 10), as the penetration and unfolding is the

mechanism that controls the adsorption of soy globulins

at the air–water interface. It can be seen that for glycinin

and reduced glycinin at pH 5.0 the values of E120 in-

creased with the protein concentration in solution. How-
ever, the values of E120 are higher for reduced glycinin

than for native glycinin. The cleaving of SS bridges of

glycinin using DTT (German et al., 1985) facilitates

the unfolding and rearrangement of the amino acid res-

idues at the interface, which does increase the value of

E120 for glycinin in relation to that of the native glycinin,

especially at lower protein concentrations in the bulk

phase.
Another interesting result was that for b-conglycinin

adsorbed film at every pH the value of E120 decreased at

higher b-conglycinin concentrations in solution. The

lower values of E120 at the highest protein concentration

in solution may be due to the formation of more aggre-
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Fig. 10. The effect of protein concentration in the bulk phase on

surface dilatational modulus at 120 min of adsorption time for (h)

b-conglycinin, (�) glycinin, and (n) glycinin + 10 mM DTT adsorbed

films at the air–water interface at (A) pH = 2.0, and (B) pH = 5.0.

I = 0.05 M, and at 20 �C. Frequency: 100 mHz Amplitude of

compression/expansion cycle: 15%.
gated residues of the protein at the interface, as stated in

previous sections. However, the decrease in E at higher

concentrations may be a consequence of the rapid occu-

pation of the interface, which may restrict surface

unfolding and rearrangement, as evidenced by the lack

of an effect on the reduced glycinin (Fig. 10A).
The results in Fig. 10 also reflect the fact that the dil-

atational properties of the adsorbed films is affected by

the pH of the aqueous phase. In fact, at every protein

concentration in solution the values of E120 are lower

at pH 5.0 than for pH 2.0. That is, as the protein is more

aggregated at pH 5.0 (Molina et al., 2003) the interac-

tions between amino-acid residues would be reduced, a

phenomenon which coincides with the lower values of
E120 (Fig. 10).

4.2.3. Effect of frequency

The frequency dependence of the surface dilatational

properties (Fig. 7) may be associated with the effect of

the rate of deformation on the structure and relaxation

phenomena in the soy globulin film. The viscoelastic,

practically elastic, behaviour observed for protein films
in the low frequency range (x < 100 mHz) may be asso-

ciated with the slow organization/reorganization of film

structure and with the formation/destruction of multi-

layers at the higher concentrations and adsorption time

(Rodrı́guez Patino et al., 2003; Rodrı́guez Patino et al.,

1999). At higher frequencies (x > 100 mHz), as more

elastic behaviour characterized the protein film, unfold-

ing and reorganization may contribute little to the dila-
tational modulus. Thus, for short time scales the

exchange of protein residues in the conformation of

loops from the interface and the subsurface during the

compression–expansion cycle may play an important

role (Rodrı́guez Patino et al., 2003; Rodrı́guez Patino

et al., 1999), no matter what the protein or the pH is

(Fig. 7). Interestingly, at higher frequencies the time

scale of the compression–expansion cycle coincides with
the period in which diffusion is the step that controls the

adsorption of the protein to the interface.
5. Conclusions

In this paper, we have observed that the surface

dilatational properties of soy globulins (b-conglycinin,
glycinin, including glycinin reduced with 10 mM DTT)

films adsorbed at the air–water interface depend on

the molecular structure of the protein, the pH, and

on the protein concentration in the aqueous bulk phase.

The dilatational modulus is not only determined by the

interactions between adsorbed molecules (which depend

on the adsorption time and/or on the surface pressure),

but the structure of the protein adsorbed at the interface
(which depends on the pH) also plays an important role.

The results of time dependent surface dilatational prop-
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erties are consistent with the existence of protein–

protein interactions which is thought to be due to the pro-

tein adsorption at the interface via diffusion, penetration

and rearrangement (looping of the amino acid residues).

A lag period was observed at low protein concentrations

in the aqueous phase and at pH 5.0, which disappears at
higher protein concentrations and at long-term adsorp-

tion. Soy globulins are adsorbed at the air–water inter-

face with different degrees of association at different

concentrations and at different pH in the bulk phase. Fi-

nally, the viscoelastic, practically elastic behaviour, as a

function of the frequency of oscillation may be associated

with the effect of the rate of deformation on the structure

and relaxation phenomena in the soy globulin film.
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