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a  b  s t r a  c t

In  this work  the  influence  of pH and  ionic strength  on the  stability  of foams prepared  with  amaranth
protein  isolate  was analyzed. The  behaviour  observed was  related  to the  physico-chemical  and structural
changes undergone by amaranth  protein  as  a result  of those  treatments.  The results obtained  show
that  foams prepared  at  acidic  pH were  more stable  than the  corresponding  to  alkaline pH. At  pH 2.0
the  foams  presented  higher  times and more volumes of drainage.  This  behaviour  is consistent with  the
characteristics  of the  interfacial  film, which  showed  a higher viscoelasticity  and  a greater  flexibility at
eywords:
maranth proteins
ir–water interface
ilm rheology
oaming properties

acidic  pH than alkaline pH value,  which  in  turn increased  by  increasing the  concentration  of proteins  in
the foaming  solution. It is also important to note that  the  presence of  insoluble  protein  is not necessarily
detrimental  to the  properties  of the  foam. Detected  changes in the  characteristics of  the  interfacial film
as  in the  foam  stability  have  been  attributed  to  the  increased unfolding, greater  flexibility  and  net  charge
of  amaranth  proteins  at acidic  conditions.

©  2014  Elsevier B.V.  All  rights  reserved.
. Introduction

The use of proteins obtained from vegetables is presented as
 prospect response to  worldwide food needs [1]. For this rea-
on, further information on the functional behaviour of proteins
f vegetable origin is needed so that they can be  incorporated to

 greater variety of products. Amaranth, a pseudocereal growing
n the American continent, is  an unconventional and interesting
ource of proteins. It  is a  C4 plant, whose seeds contain a  large
mount (14–17%, w/w) of high nutritional quality proteins [2,3]
nd it can grow under soil conditions that are unfavourable to other
onventional species of crops.

Many foods are dispersed systems where proteins are used
or their surfactant properties, which allow the formation and/or
ncrease their stability. Many authors have studied interfa-
ial properties of proteins over time, understanding that a
urfactant–covered interface can be seen as a  two-dimension body
ith its own rheological properties [4–7].
Please cite this article in press as: A.J. Bolontrade, et al., Amaranth pro
2, Colloids Surf. B: Biointerfaces (2014), http://dx.doi.org/10.1016/j.co

A great challenge is  to  incorporate amaranth into existing
ood formulations in order to modify their functional and nutri-
ional qualities, as well as to create entirely new products such as

∗ Corresponding author at: CIDCA calle 47 y 116, 1900 La Plata, Argentina.
el.: +54 221 4249287; fax: +54 221 4254853.

E-mail address: mcacidca@gmail.com (M.C. Añón).

ttp://dx.doi.org/10.1016/j.colsurfb.2014.10.061
927-7765/© 2014 Elsevier B.V. All  rights reserved.
foam-type products. We have already studied the interfacial and
emulsifying properties of amaranth proteins at acidic and alkaline
pHs. The results obtained clearly showed that amaranth proteins
at acidic pH have a  better activity at the oil:water interface and are
capable of forming stable emulsions [8]. Recently, we  have studied
interfacial properties of amaranth proteins. In particular [9],  we
studied the diffusion, adsorption and rearrangement phenomena
occurring at the air–water interface, the relation between these
phenomena and the protein structure and the influence of these
factors in the formation of foams formulated with them. We have
found that the acidic pH (treatment at pH 2,  together with the
increase of ionic strength) favours adsorption of proteins, reduces
the time for a rearrangement and improves the foaming properties
increasing foaming capacity and forming more dense and homo-
geneous foams [9]. The aim of this work was study the capability
of amaranth proteins to stabilize foams under different pH and
ionic strength conditions analysing the rheological behaviour of
air–water interface; with the final objective of using the amaranth
proteins in foam type-products.

2. Materials and methods
teins foaming properties: Film rheology and foam stability –  Part
lsurfb.2014.10.061

2.1. Plant materials and flour preparation

Seeds of Amaranthus hypochondriacus, (cultivar 9122) were
obtained from Estación Experimental of  Instituto Nacional de

dx.doi.org/10.1016/j.colsurfb.2014.10.061
dx.doi.org/10.1016/j.colsurfb.2014.10.061
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:mcacidca@gmail.com
dx.doi.org/10.1016/j.colsurfb.2014.10.061


 ING Model
C

2 rfaces

T
S
u
L
2
t
(
[

2

M
p
w
p
f
5
T
N
(
T
s

a
i
o
h

2

t
m
I
t
b
o

s
n
t
r

E

a
t
(
–
w
d
c

E

E

t

w

u

a
o

inPro 8 SR0 programme (Origin Lab Corporation, Northampton, MA
01060 USA). Each experiment was  performed three times.
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ecnología Agropecuaria (INTA), Anguil, La Pampa, Argentina.
eeds were ground and sieved through a 0.092 mm mesh in Fac-
ltad de Ciencias Agrarias y  Forestales, Universidad Nacional de
a Plata. The resulting flour was defatted with hexane at 4 ◦C for
4 h (100 g/l suspension) under continuous stirring, dried at room
emperature and stored at 4 ◦C until used. The protein content
19.8 ± 0.2% wet basis) was determined by  the Kjeldahl method
10], N × 5.85 [11].

.2. Preparation of amaranth isolates

The amaranth protein isolate was prepared according to
artínez and Añón [12].  The previously defatted flour was sus-

ended in water in  a  relation 1:10 and the pH of the suspension
as adjusted to 9.0 by  the addition of 2 N NaOH solution. The sus-
ension was stirred during 1 h and then centrifuged at 9000 × g
or 20 min  at 10 ◦C. The pH of the supernatant was adjusted to
.0 with 2 M  HCl and centrifuged at 4 ◦C for 20 min  at 9000 × g.
he precipitate was suspended in  water, neutralized with 0.1 M
aOH and freeze-dried. The protein content of isolate was 85 ±  1%

dry basis) as determined by Kjeldahl method [10], N × 5.85 [11].
he isolates used in  this work were prepared at least three times,
howing similar properties.

Protein isolates were dispersed at pH 2 in  0.035 M  phosphoric
cid–diacid phosphate buffer, and at pH 8 in 0.035 M  Tris buffer. The
onic strength (IS) was adjusted to 0.5 and 0.06 with 0.5 M NaCl,
btaining four amaranth isolates named AI  pH2-highIS, AI  pH8-
ighIS, AI pH2-lowIS and AI  pH8-lowIS [9].

.3. Protein film rheology

The interfacial rheology of films obtained with solutions in
he protein concentration range between 0.001–1.0 g/ml was

easured by using the automated drop tensiometer (Tracker,
T-Concept. Saint-Clémenttes Places, France). The protein concen-
rations used were selected according to  previous works [8,9].  The
ubble was formed in  the protein solution and the surface tension
ver time was calculated based on changes in drop form.

Dilatational rheology studies the interface response to sinu-
oidal deformations of compression/expansion (change of area but
ot of form). The interface response to  deformation is  described by
he complex modulus E*,  which refers to  the relation between the
esponse in 
 for a given relative area deformation.

∗ = d


dA/A
= d


d  ln A
(1)

E* modulus is  a complex number, which can be  decomposed in
 real part (E0,  Eq. (2)), called storage modulus – that represents
he elastic behaviour of the film – and an imaginary part (E00, Eq.
3)), called loss modulus – that represents the viscous component

 [13]. For an entirely elastic interface, deformation is  in  phase
ith the response. However, it is  generally observed that there is a
iscrepancy defined by  an angle �, which increases with a  greater
ontribution of the viscous component.

0 = |E ∗  | cos � (2)

00 = |E ∗ | sin � (3)

an � = E00

E0 (4)

here � is the viscous phase angle.
The relative contribution of both components was analyzed by
Please cite this article in press as: A.J. Bolontrade, et al., Amaranth pro
2, Colloids Surf. B: Biointerfaces (2014), http://dx.doi.org/10.1016/j.co

sing the parameter tan �.
Experimentally, rheological parameters E*,  E0,  E00 and tan � were

ssessed during the formation of the interfacial film for a  period
f 10,800 s.  Sinusoidal deformations were made at a  frequency of
 PRESS
 B: Biointerfaces xxx (2014) xxx–xxx

100 mHz  during 50 s,  every 500 s, with an amplitude of 0.11A/A
within the lineal viscoelasticity range.

The interfacial rheology of films in a  pseudo-equilibrium state
was studied using the same automated drop tensiometer. Rhe-
ological behaviour of the interface under different deformation
frequencies allows analysing relaxation times of  the interfa-
cial structure. Tests were carried out 3 h after the formation of
the film. Sinusoidal deformations of amplitude 0.11A/A were
performed, covering a  frequency range between 5  mHz and
300 mHz.

2.3.1. Foaming properties – foam stability
The foaming properties of amaranth proteins were determined

by conductimetry using the method and device developed by Loisel
et al. [14].

Protein dispersions (soluble and insoluble proteins) or pro-
tein solutions at 1.0 g/l  of soluble protein were prepared in the
corresponding buffers. Protein solutions were obtained after cen-
trifugation at 10,000 ×  g during 15 min  at 20 ◦C.  Protein dispersions
or protein solutions were placed in  the sparging chamber at the
base of an acrylic column (length: 27.5 cm,  internal and exter-
nal diameters: 2.4 and 3.0 cm,  respectively). Foam was  generated
by sparging nitrogen gas through porous G4 type glass disc with
a pore size of 5–15 mm,  at a  rate of 80 ml/min into 6 ml of the
sample during 30 s.  The volume of initial or residual liquid under
the foam was measured by conductivity through two electrodes
located in  the sparging chamber. Conductivity values, as a func-
tion of time (Ct) and with reference to the conductivity of the
buffered test solution (Cinit), were used to  calculate half time (t1/2).
This parameter is defined as the time elapsed from the bubbling
stopped until half of the liquid incorporated to  the foam was
drained. VLF10 corresponds to the volume of liquid remaining in
the foam after 10 min  from the bubbling stopped. This is a param-
eter, defined in our laboratory, that allows to  estimate the foam
stability via processes of gas diffusion (disproportionation) and
collapse.

The foam destabilization phenomenon was interpreted, as other
authors have done [15–17],  as two simultaneous processes. On  the
one hand, the gravitational drainage of the liquid and on the other
hand, the diffusion and collapse drainage.

A first order biphasic exponential model (Eq. (5))  was used to  fit
the experimental data [15] as follows:

VLF(t) = Vge(−t/�g) +  Vdce(−t/�dc) (5)

where the first term refers to  the gravitational drainage process (g)
and the second to the gas diffusion or disproportionation and col-
lapse drainage processes (dc). With the application of  the model,
four parameters are adjusted, two  correspond to  the amplitude of
each process (Vg,  Vdc), and two kinetic parameters which corre-
spond to the relaxation time of each process (�g, �dc). Parameter
VLF for different t was calculated knowing the volume of  remaining
liquid at time t (VLS)  by subtracting the volume of  liquid at time
zero. VLS and VLS0 values were experimentally obtained from the
conductivity data.

The model was adjusted to the experimental data with the Orig-
teins foaming properties: Film rheology and foam stability –  Part
lsurfb.2014.10.061

2.3.2. Statistical analysis
The least significant difference (LSD) test (after analysis of vari-

ance, ANOVA) was used to identify pairwise differences between
means. Significance was determined at p  <  0.05.

dx.doi.org/10.1016/j.colsurfb.2014.10.061
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ig. 1. Complex modulus, E*, as a function of time. Effect of protein concentration. Sq
t  pH 8. (B) Protein isolates at pH  2. Grey symbols: 0.06 ionic strength; black symbol
n  the figure. The points of each assay overlapped.

. Results

.1. Interfacial viscoelasticity

Modulus E* is  a parameter that allows to assess the interface
esistance to deformation, which is generally associated to its solid
haracter [7]. Fig. 1 shows the variation of the dilatational modu-
us over time for amaranth proteins in  the air/water interface, as a
unction of the pH (Fig. 1A, pH 8 and B, pH 2) and the ionic strength.
nder all pH and IS conditions tested, an increase of the complex
odulus with the ageing time was observed. This increase can be

ttributable to the adsorption, penetration and rearrangement of
he proteins in the interface.

At pH 8 and adsorption times higher than 3600 s, no differences
ere observed between the employed IS conditions but there were
ifferences detected when the protein concentration was  modified.
t pH 8 and 0.001 g/l of protein bulk concentration, E* started to

ncrease 1000 s after the interface was formed while at greater con-
entrations of 0.01 and 1.0  g/l, the increase takes place faster. This
ehaviour is similar to that described for other proteins [18,19].
hree hours after the interface was formed, and with the low-
st protein concentration tested, E* reaches a  value of ∼40 mN/m,
hile at 1.0 g/l, it only increases up to ∼28 mN/m,  which suggests

he existence, at a  high protein concentration, of different molec-
lar rearrangements such as structural transitions or protein film
ollapse at the air–water interface.

At pH 2, no differences were observed between the two tested
S conditions. When increasing protein concentration, E* increases
aster. At  0.001 g/l and 0.01 g/l, 3 h after the interface was formed,
he E* value reaches ∼46 mN/m,  while at 1.0  g/l, unlike what has
reviously been observed at pH 8, the interface improves its resis-
ance to deformation reaching E* values of 116 mN/m.  This would
mply greater adsorption of proteins at the interface and greater
nterfacial interactions.

Given that the dilatational modulus is  related to the quantity of
rotein adsorbed in  the air–water interface, data corresponding to
* might be normalized in a  master curve E* vs.  � [20]. Fig. 2a  shows,
s an example, this kind of curve for AI  pH8-lowIS sample. The slope
Please cite this article in press as: A.J. Bolontrade, et al., Amaranth pro
2, Colloids Surf. B: Biointerfaces (2014), http://dx.doi.org/10.1016/j.co

f this graphic is  a  parameter that allows assessing the flexibility of
olecules in  the interface, understanding that the lower the value

f the slope; the more flexible the interface is [21,22].  The calculated
lope values suggest the formation of more flexible interfaces at
ymbols: 0.001 g/l; circles: 0.01 g/l; upside down triangle: 1.0 g/l. (A) Protein isolates
onic strength. The assays were performed in triplicated, and all of them are showed

lower pH and greater IS. Under assessed conditions, the following
slope values were obtained: 7.2 (AI pH8-lowIS), 5.0 (AI pH8-highIS),
4.3 (AI pH2-lowIS), 3.0 (AI pH2-highIS). These values are similar to
those evidenced for other proteins such as b-lactoglobulin, (with a
value of 7.5; [23]) and k-casein (with a value of 4.0; [24]). According
to Benjamins and Lucassen-Reynders [24],  more flexible proteins
usually produce a  more compressible and less cohesive films with
lower elasticity than more compacted proteins.

The normalization of E* vs. � was  only possible for the samples
corresponding to  pH 8 both at high and low ionic strength. At acidic
pH, at both ionic strengths (AI pH2-lowIS and AI pH2-highIS), the
curves corresponding to  the highest protein concentration tested
(1.0 g/l) provided a  line of E* vs. � different from the rest of  the
concentration (Fig. 2b), which suggests that under these conditions
proteins join at the interface with a  different degree of association.

In previous studies [8,9],  we  have demonstrated that treating
proteins at acidic pH leads not  only to its dissociation and denat-
uralization with subsequent reduction of molecular mass and the
increase of their flexibility, but also to the activation of  an active
aspartic protease that accompanies the proteins. This group of
structural modifications might be responsible for the greater flex-
ibility of the interface obtained at acidic pH as well as for the
different degrees of association with which proteins are adsorbed
onto the interface, depending on the conditions of the environment.

Fig. 3 shows the variation of the tan � during the formation of
the interfacial film. At  all pH and IS conditions tested, when the
protein concentration in  the solution is increased, we observed an
increase in the viscous component reaching values of tan � higher
or equal to 0.6. In previous studies [9],  we have demonstrated that
the increase of protein concentration in  the solution leads to an
increase of the adsorbed protein at the interface, which could brings
about a  greater interchange of protein molecules between the inter-
face and the solution, and consequently, an increase of  the viscous
component [7].  At lower protein concentrations, 0.01 and 0.001 g/l
for AI pH8-lowIS, AI pH8-highIS and AI  pH2-lowIS, the values of
the tan �  are lower or  equal to 0.2, which suggests the formation
of more elastic films with a reduced contribution of the viscous
component.
teins foaming properties: Film rheology and foam stability –  Part
lsurfb.2014.10.061

In the case of AI  pH2-highIS, separated data populations accord-
ing to the interfacial concentration of proteins can be detected,
which may  be due to a  higher rate of the relaxation processes in
the  thicker interfaces in comparison to the thinner ones. It can

dx.doi.org/10.1016/j.colsurfb.2014.10.061
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e observed that as the protein concentration increases, values of
an � increase at values of � of 10–20 mN/m to decrease when the
nterfacial pressure increases [25,26].

During the interfacial film formation, we observed a relative
Please cite this article in press as: A.J. Bolontrade, et al., Amaranth pro
2, Colloids Surf. B: Biointerfaces (2014), http://dx.doi.org/10.1016/j.co

ncrease of the complex modulus for the different protein concen-
rations tested. This increase is  well defined for samples of pH 2 at
igh and low IS (Fig. 1b). The increase of the viscoelastic modulus of

able 1
arameters of foam stability: t1/2, half  time of foam and VLF10,  liquid volume retained at  

olubility. Values ± standard deviation.

Samples Buffer conditions %Sa t1/2 (s)a

pH  IS Protein solution
1 mg/ml

AI pH8-lowIS
8

0.06 70 ± 4 36  ± 7ab 

AI  pH8-highIS 0.5  59  ± 1 45  ± 6b 

AI  pH2-lowIS
2

0.06 87  ± 3 62  ± 1c 

AI  pH2-highIS 0.5 25.3 ± 0.4 85  ± 1d 

S: Percentage solubility.
n each parameter different letters indicate significantly different values (p <  0.05).

a Assay made at least in triplicate.
 PRESS
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20 mN/m at 120 mN/m for � values of 20–30 mN/m (Fig. 2b) could
be attributable to  a  restructuring and rearrangement of the inter-
face protein with modification of the relaxation mechanisms that
take place at an interface level, which contributes to  greater elastic-
ity of the film (Fig.  3) [27]. Moreover, the contribution of  increased
protein–protein interaction cannot be ruled out.

According to Lucassen and van den Tempel [28],  the relationship
between the elastic and the viscous components of the dilatational
modulus depends on the frequency applied to the interface. Nor-
mally, a  decrease in the shift of the response to the deformation
with the increase of the frequency is  detected. This phenomenon
is due to  the decrease of the cycle time of deformation below the
necessary time so that certain relaxation processes can happen.
Three hours after the interface was formed, the interfacial film was
subjected to sinusoidal deformations dA/A =  0.1 in the frequencies
range 5–300 mHz. In the case of AI  pH8-lowIS and AI pH8-highIS
(Fig. 4), the viscoelastic modulus fell slightly when the protein con-
centration of the solution was increased from 0.01 to 1.0 g/l  in  the
whole frequencies range tested, while the value of  tan � decreased,
suggesting a decrease of the interfacial viscosity (Fig. 4, insert). At
pH 2 (Fig. 5) a similar behaviour to that described at pH 8, was
evidenced. At frequencies above 150 mHz, a  critical increase in  the
deformation resistance was detected, with an evident increase in
the interfacial elasticity. At this pH, a  faster relaxation processes
than at pH 8, evidenced by the decrease of the tan � at greater
deformation frequencies, was  also observed (Fig. 5,  insert).

3.2. Stability of formed foams

Different mechanisms such as the gravitational drainage, dis-
proportionation and collapse are  involved in the destabilization of
foam. These mechanisms cannot be separated over time, with the
aim of analysing the stability of foams formed by  sparging, we have
determined the mean time of the foam (t1/2) and the volume of  liq-
uid remaining in the foam after 10 min  (VLF10). Data are  shown in
Table 1. Values of t1/2 detected for foams prepared with the fraction
of soluble protein showed a  significant difference between the two
levels of pH and the IS tested. Foams formed at pH 2  were more sta-
ble than those prepared at pH 8,  particularly at high IS. On the other
hand, foams prepared with the soluble fraction of AI pH8-lowIS,
AI pH8-highIS and AI pH2-highIS showed greater stability than
those formed with the same concentration of total protein (sol-
uble protein + insoluble protein), as it would be  expected given the
contribution of the insoluble fraction. However, the foam formed
with a total dispersion of AI pH2-lowIS presented a  greater t1/2 than
that corresponding to  the foam prepared with the soluble fraction.
Apparently, the presence of a  low content of insoluble protein (Al
pH2-lowIS, 13%, w/w  of insoluble protein) favours the stability of
teins foaming properties: Film rheology and foam stability –  Part
lsurfb.2014.10.061

74.7% w/w of insoluble protein) would favour the development
of destabilization mechanisms (Table 1). A low amount of  insol-
uble protein may  act as a  physical barrier at the interface between

10 min, of protein solution and protein dispersions. Buffer conditions and samples

VLF10 (ml)a

Protein dispersion
1 mg/ml

Protein solution
1 mg/ml

Protein dispersion
1 mg/ml

28  ± 1a 0.8  ±  0.1bc 0.70 ± 0.03b
36  ± 8a 0.3  ±  0.2a 0.3 ± 0.1a
74  ± 2d 0.90 ±  0.08c 1.15 ± 0.07d
30 ± 3a 0.50 ±  0.06b 0.2 ± 0.1a

dx.doi.org/10.1016/j.colsurfb.2014.10.061
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ig. 3. Tangent of out of phase angle versus surface pressure for interfacial films 

.01  g/l; upside up triangle: 0.1 g/l; upside down triangle: 1.0 g/l. Grey symbols: 0.0
C)  AI pH2-lowIS and (D) AI pH2-highIS. Grey lines in the last panel were included t

ubbles without interfering with the soluble proteins anchored at
he interface.

Foams prepared with soluble protein showed different VLF10
alues depending on the pH and IS of the sample (those prepared
ith AI  pH8-lowIS, AI  pH8-highIS and AI  pH2-lowIS Table 1), retain-

ng higher quantity of liquid. As in the case of t1/2,  the presence
f insoluble protein negatively affected the stability of the foam
ormed with AI  pH2-highIS, while at low IS and equal pH (AI pH2-
owIS), the effect of this fraction was favourable. This difference

ay  be attributable both to the difference in the quantity of insol-
ble protein present in both samples and the quality of the proteins
resent.

When the performance of amaranth proteins was  compared to
 – lactoglobulin, a  protein with recognized foaming properties, it
as observed that amaranth proteins presented less stable foams

t  pH 8 (59.1 ± 5, and 80 ± 5 for AI pH8-lowIS and AI pH-highIS)
han b – lactoglobulin. At  acidic pH, the stability of both foams was
imilar over time (81 ±  4). Adjustment of the obtained experimen-
al data to a  biphasic exponential model of first order facilitated
he interpretation of the foam destabilization process, separating
t into two simultaneous processes: the gravitational drainage and
he inter-bubble gas diffusion which lead to  disproportionation
nd collapse of them. This simplification has also been assumed by
ther authors [15,16],  considering these two mechanisms as the
ain responsible ones for foam destabilization [29]. The model
Please cite this article in press as: A.J. Bolontrade, et al., Amaranth pro
2, Colloids Surf. B: Biointerfaces (2014), http://dx.doi.org/10.1016/j.co

as allowed adjusting the parameter of the drained liquid volume
n each process and the speed at which it occurs. Out of all the
iquid incorporated into the foam, we could observe – in the case
f more unstable foams – a  tendency to a  greater elimination of
n isolates obtained at different concentrations. Square symbols: 0.001 g/l; circles:
c strength, black symbols: 0.5  ionic strength. (A) AI pH8-lowIS; (B) AI pH8-highIS;
e the eye.

liquid due to  the gravitational drainage process in  comparison to
the disproportionation and collapse drainage (Table 2).

To analyze the rate at which such processes take place, the
relaxation times of the model (�g and �dc) were adjusted to the
experimental data. In first order equations, the factor 1/�  corre-
sponds to  the speed constant, so greater relaxation time implies
lower speed of the process. When comparing both drainage pro-
cesses, it was observed that relaxation times of  gravitational
drainage (Table 2) were a lower order of magnitude than relax-
ation times through disproportionation and collapse (Table 2). This
would be in  line with the findings of Yu and Damodaran [17],  when
they reported that the magnitude of the foam decay through inter-
bubble gas diffusion (disproportionation) is only significant when
it is  under the lamella critical thickness reached through the liquid
gravitational drainage.

Relaxation times in the gravitational drainage process were
lower at pH 8 than at pH 2. The difference between the two condi-
tions of IS was significant at pH 2, presenting a  greater relaxation
time at high IS (Table 2).  Lower relaxation time conditions – in
consequence greater drainage rate – coincided with a greater pro-
portion of liquid eliminated through this process, which in  turn
led to  a  lower value of t1/2 (Table 1). This lower stability at pH 8
in comparison to pH 2 coincided with a  lower interfacial elasticity
(Fig. 3).

The remaining liquid in  the foam that is not eliminated through
teins foaming properties: Film rheology and foam stability –  Part
lsurfb.2014.10.061

gravitational drainage is attributable to the drainage process
through disproportionation and collapse. As we  have already men-
tioned, disproportionation and collapse is a process that occurred
at a lower order of magnitude than the gravitational drainage,

dx.doi.org/10.1016/j.colsurfb.2014.10.061


ARTICLE IN PRESSG Model
COLSUB-6767; No. of Pages 8

6  A.J. Bolontrade et al. / Colloids and Surfaces B: Biointerfaces xxx (2014) xxx–xxx

Table  2
Percentage of drainage volume, relaxation times of gravitational drainage process (�g), and disproportion and collapse process (�dc),  estimated applying the biphasic expo-
nential  model. The last column corresponding to  the percentage of drained volume at t1/2 of foam, applying the same model. Values ± standard deviation. Assays were made
at  least in triplicated.

Samples Percentage of drainage (% volume) Relaxation time (s)  Percentage of drained liquid at
time t1/2

Gravitational
drainage (Vg)

Disproportion and
collapse drainage (Vdc)

�g �dc % Vt1/2g %  Vt1/2dc

AI pH8-lowIS 67.4 ± 0.1b 32.6 ± 0.1 b 35  ± 2a 722 ± 98a 97 3
AI  pH8-highIS 58 ± 3a 42  ± 3a 35  ± 2a 341 ± 42b 89 11
AI  pH2-lowIS 57 ± 3a 43  ± 3a 42  ± 1b 688 ± 131a 92 8
AI  pH2-highIS 53.2 ± 0.2a 46.8 ± 0.2a 56  ± 4c 405 ± 49b 82 18

I
V
V

t
p
m

c
w
w

F
p
t
d
g
o

collapse. At low IS, there is  greater electrical repulsion between the
n each column different letters indicate significantly different values (p <  0.05).
t1/2g: Drained liquid by gravitational drainage.
t1/2dc: Drained liquid by  disproportion and collapse drainage.

herefore, the greatest proportion of liquid drained through dis-
roportion and collapse would imply a  slower drainage generating
ore stable foams.
When analysing the relaxation times of this process, no signifi-
Please cite this article in press as: A.J. Bolontrade, et al., Amaranth pro
2, Colloids Surf. B: Biointerfaces (2014), http://dx.doi.org/10.1016/j.co

ant differences with the pH were observed, However; such times
ere found to be influenced by the IS,  being those foams obtained
ith low IS more stable. This lower rate of drainage through
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ig. 4. Complex modulus versus deformation frequency of the interfacial films
repared with AI pH8, after three hours have formed, at different protein concentra-
ions.  Square symbols: 0.001 g/l; circles: 0.01 g/l; upside up triangle: 0.1 g/l; upside
own triangle: 1.0 g/l. (A) 0.5  ionic strength, black symbols. (B) 0.06 ionic strength,
rey  symbols. In inserts: �g � vs. frequency. Error bars indicate standard deviation
f  three assays.
disproportionation and collapse may  be due to  a greater thick-
ness of the lamella at low IS, which would retard the gas diffusion
through the lamella and the subsequent disproportionation and
teins foaming properties: Film rheology and foam stability –  Part
lsurfb.2014.10.061

lamella interfaces, a  characteristic that would limit its slimming.
The latter process not only favours gas diffusion among bubbles

Fig. 5.  Complex modulus versus deformation frequency of the interfacial films
prepared with AI pH2, after three hours have formed, at different protein concentra-
tions. Square symbols: 0.001 g/l; circles: 0.01 g/l; upside up triangle: 0.1 g/l; upside
down triangle: 1.0 g/l. (A) 0.5 ionic strength, black symbols. (B) 0.06 ionic strength,
grey symbols. In inserts: �g �  vs. frequency. Error bars indicate standard deviation
of  three assays.

dx.doi.org/10.1016/j.colsurfb.2014.10.061
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ut also increases the chances of forming pores in the lamella which
llow free flow of gas.

This slower rate in  the disproportionation and collapse pro-
esses is  related to the greater quantity of liquid remaining in the
oam 10 min  after the bubbling stopped (Table 1), regardless of the
ravitational drainage rate.

Previous works performed in our laboratory have clearly shown
hat amaranth storage proteins suffer important structural changes
t pH 2.  Such changes include: a  decrease of its molecular mass
ue to  the dissociation processes and due to the actions of an
ndoprotease, unfolding of the protein and increase in  its super-
cial hydrophobicity and net load [8,9,30]. Such modifications

avourably influence the ability to form foams given that the acidic
H favours the amaranth protein adsorption process and reduces
he rearrangement of molecules in the air/water interface leading
o a greater initial speed of air incorporation to the foam and the
ormation of thick and homogeneous foams [9].

The results obtained in  this work also indicate that pH 2 favours
he stability of the foams formed, in  comparison to those obtained
t pH 8; this effect was observed both at an interface level and in
he bulk.

Regarding foam stability, elasticity of the film of the adsorbed
rotein on the bubbling surface has been described as one of the
haracteristics of the interface with the biggest impact [31–34].  The
estabilization process, in general terms, is related to  the resistance
f the film to undergo deformation over time. In our  experiments,
t was possible to observe a viscoelastic modulus that was greater
t pH 2 than at pH 8, a phenomenon that is expected for foams of
reater stability.

The increase of protein concentration in the bulk solution
llowed to  detect an increase in the viscoelastic modulus (E*). The
ncrease of the concentration from 0.1 to 1 g/l  had a different impact
t each tested pH, detecting an increase of E* at pH 2 and a  decrease
t pH 8.  No effect of the IS was detected at any of the tested pHs.

Given that the increase of protein concentration leads to an
ncrease of the contribution of the viscous component of the elas-
ic modulus, it is  expected that a rapid incorporation of protein
o the interface take place, kinetically hampering the intermolecu-
ar rearrangement. Another feasible alternative would be a greater
nterchange of proteins between the interface and the bulk solu-
ion, which would provide the interfacial film with a more viscous
haracter. However, with the ageing of the film, a  greater contri-
ution of the elastic component to the viscoelastic modulus was
bserved, which would be due to  the interfacial rearrangement and
nteraction between protein molecules.

Once the film was formed, the rheology studies performed in
his work have shown a  more flexible interface at pH 2 than at
H 8, and at IS 0.5 than at IS 0.06. This behaviour may  be  due to
he greater proportion of proteins/peptides of low molecular size
resent at acidic pH, a  result of the above mentioned structural
hanges. The assays performed at different frequencies allowed us
o assess the presence of relaxation processes of higher speed at
H 2 than at pH 8, such as the reorientation of protein molecules
fter adsorption, internal rearrangements, molecular compression
nd the formation of multi-film structures that contribute to the
iscosity of the interface.

Our results have also shown that foams formed at acidic pH
re more stable, in terms of mean time of drainage and volume of
emaining liquid in  the foam after 10 min  of having been formed,
han those prepared at pH 8, particularly at high IS. The adjust-

ent of the experimental data making use of a biphasic exponential
odel of first order [15] allowed to determine that less stable
Please cite this article in press as: A.J. Bolontrade, et al., Amaranth pro
2, Colloids Surf. B: Biointerfaces (2014), http://dx.doi.org/10.1016/j.co

oams, obtained as was previously explained at pH 8,  had a greater
endency to  lose liquid through gravitational drainage, displaying

uch shorter relaxation times than those corresponding to  dispro-
ortionation and collapse processes.
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Interfacial elasticity is also a  key element in the different stages
of destabilization process. A fall in  the drainage due to the effect
of the plateau border in  elastic interfaces [35] has been described,
which is  in  line with our  results, where foams at pH 2 that showed
greater interfacial elasticity, also presented a lower speed in  the
drainage process. It has been demonstrated that the increase of  the
interfacial viscoelasticity leads to  a  decrease in the transportation
of gas among bubbles, which brings about a fall in  the dispropor-
tionation process [36] and a  rise in  the stability through collapse
[37]; an effect that, in our  case, is evidenced in  the foams obtained
at low IS, both at pH 2 as at 8.

Finally, it is worth highlighting the effect of the presence of insol-
uble particles in the environment where foams are formed. Results
indicate that, in general, the presence of  insoluble aggregates
favours the destabilization of formed foams, except from those
foams obtained at pH2-lowIS, an effect that could be attributable
both to the quantity of insoluble aggregates present and to  their
physicochemical properties [6].

4. Conclusions

The results presented clearly show that the foams made with
amaranth proteins at acidic pH exhibit better stability than those
obtained at alkaline pH. Under these conditions more flexible,
particularly at low ionic strength, and elastic films were formed.
Moreover we have also shown that relaxation phenomena associ-
ated with the rearrangement of the protein chains at the interface
occur faster at acidic pH. These foams in turn were less sensitive to
gravity drainage. A low ionic strength, the foams made both at acid
pH and at alkaline pH showed less tendency to become unstable by
disproportionation and collapse phenomena.

The results obtained provide an interesting opportunity to
incorporate amaranth proteins into acid foam-type food, such as
dessert stuffing and ice creams, among others.
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