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Abstract
The gelation of soybean and amaranth proteins through a three-step-strategy: heat-induced denaturation at low protein con-
tent (2 or 4 wt%) in the presence of calcium (0.075–0.250 mmol Ca/g protein) and at pH 7.0, followed by freeze drying, and 
rehydration at higher protein content (10 or 13 wt%) was evaluated for mixtures 80:20 (soybean:amaranth) and for soybean 
proteins alone. Gelation was favored by high protein contents during denaturation and rehydration, and by a  Ca2+:protein 
ratio of 0.100 mmol Ca/g protein. Gels were soft (hardness from texture profile analysis was 0.26 N) and self-supporting and 
exhibited excellent water-holding capacity (99% upon centrifugation at 20,000xg). The aggregates formed during denaturation 
were weakly associated upon rehydration and were mostly extractable with water, which partially explained the softness of 
gels. The appropriate  Ca2+:protein ratio would lead to a particular distribution of  Ca2+ between free in solution and bound 
to proteins, which in turn balanced associations and repulsions allowing gelation. The presence of 20% amaranth proteins 
led to a more brownish color, a higher adhesiveness and a lower cohesiveness (texture), lower storage modulus, apparent 
viscosity, consistency index, and area of hysteresis (rheology) when compared to gels containing only soybean proteins. 
The mechanical differences suggest that soybean proteins dominated the three-dimensional matrix while amaranth proteins 
were less engaged and acted as a filler.
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Introduction

 Many factors, such as health care or ideological reasons, 
play a role in consumers’ food choices, driving new dietary 
trends towards increased consumption of plant-based pro-
teins. In this context, soybean proteins have an important 
role since they provide a good balance in amino acid com-
position, their techno-functional properties are versatile and 
allow their incorporation in many foodstuffs, and they are 
available because of high levels of production and low cost 
[1, 2]. On the other hand, although amaranth proteins have 
agronomic advantages as they adapt to different soils and 

climates and have various health benefits derived from their 
amino acid composition, bioactive peptides, and antioxidant 
polyphenols [3], their techno-functional properties are little 
known and therefore little used in the food industry. Ama-
ranth proteins have a higher methionine content than soy-
bean ones (which are limited in this essential amino acid) 
[4, 5], therefore they could be complemented to generate 
foods with high biological value and health-promoting com-
pounds. The study of the techno-functional properties of 
amaranth proteins would favor their use as food ingredi-
ents, which would broaden the spectrum of vegetable protein 
sources.

Calcium is essential for healthy body functions and it 
is not easy to complete its necessary daily amount (ca. 1 
g per day) [6]. The incorporation of calcium into prepara-
tions containing plant proteins is a challenge because cal-
cium induces associations that under some conditions may 
improve techno-functional properties such as gelation, water 
holding capacity and viscosity, but under other conditions 
may lead to excessive aggregation, which in turn leads to a 
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decrease in protein solubility and the consequent worsen-
ing of those properties [7]. Therefore, a balance must be 
found between the attempt to incorporate a high dose of 
this essential nutrient and the need to keep the acceptability 
of the foods.

Hydrogels are viscoelastic systems that retain large 
amounts of water and provide texture to different foods. 
Gelation has been studied for soybean protein isolates (SPI) 
and amaranth protein isolates (API), SPI has shown excel-
lent ability to gel under different conditions and with dif-
ferent strategies. API has not shown the same ability, its 
low solubility (compared to other plant globulins) may be a 
determining factor in forming gels with good characteristics, 
and genetic modifications have even been tried to improve 
the gelling capacity of amaranth proteins. [8–12]. The mix-
ing of proteins can tune the properties of plant protein gels, 
which may lead to reinforcing, indifferent, or weakening 
effects compared to the theoretically expected properties. 
These effects depend on different phenomena, such as the 
dilution of the protein that dominates the formation of the 
network, the possibility of individual networks to coexist, 
the increase in the number of associative interactions, and/
or the phase separation [13]. Protein aggregation and gela-
tion occur simultaneously in heat-induced gelation [14]. 
Moreover, there is knowledge about the cold-set gelation of 
globular proteins, in which aggregation and gelation occur 
in a two-step sequence. The first step includes denaturation 
and aggregation of the proteins usually achieved by heat 
treatment, whereas gelation occurs in the second step upon 
changes in the composition of the medium [12, 15]. Piccini 
et al. [16] evaluated the possibility of obtaining gels from 
SPI through a three-step sequence: protein denaturation by 
high hydrostatic pressure or heating at low protein content 
(1 wt%) and in the presence of calcium (1.8 or 5.0 mM), 
freeze-drying, and finally rehydration at higher content (10 
wt% protein). These authors obtained gels when high pres-
sure induced the denaturation, but obtained insoluble aggre-
gates when heating was the denaturation agent; possibly the 
different denaturation mechanisms led to different calcium-
proteins interactions that require different calcium concen-
trations for gelation. Thus, it is interesting to evaluate other 
protein and calcium concentrations in the case of heating.

A protein gel forms because of a balance between repul-
sions and associations of polypeptides. The associations 
are hydrophobic interactions, hydrogen bonds, disulfide 
bridges, and coulomb forces between opposite electrical 
charges [17]. Among the latter, calcium bridges can link 
negatively charged amino acid residues and contribute 
to gel formation. The repulsive interactions are mainly 
electrostatic in nature and depend on the distance from 
the pH to the isoelectric point, the ζ-potential, the ionic 
strength, and the types of ions present. In the case of cold-
set gels, some interactions are established in the first step, 

which results in the formation of aggregates or structural 
units, meanwhile, other interactions are established in the 
last step and link those aggregates. The last step has a 
great dependence on electrostatic phenomena, thus pH 
changes or salts addition are done to reduce electrostatic 
repulsion and allow the approach of aggregates and the 
establishment of associations. Divalent ion salts are more 
effective in inducing gelation than monovalent ion salts 
because divalent cations can bind specifically to proteins 
[12]. Among calcium-induced interactions, the formation 
of calcium bridges needs a decrease in the energy barrier 
that allows the aggregates to approach one another and 
link, which can be achieved if charges are enough screened 
[14]. As an example, Maltais et al. [14] postulated that in 
gels obtained from soybean proteins, (pH 7, 8% protein 
content), calcium bridges contributed to the gel structure 
when the  CaCl2 concentration was 20 mM but not when 
it was 10 mM.

Two effects of calcium have been discriminated: a non-
specific screening of electrostatic interactions by ions in 
solution (ionic strength), and a specific binding that reduces 
the effective charge density of the polypeptides [18]. The 
specific binding occurs through four main kinds of associa-
tions: interaction with carboxylate groups from glutamate 
and aspartate, calcium bridges that cross-link polypeptide 
chains, cation-π interaction with the deprotonated imidazole 
of histidine, and through weak cation-amide interaction with 
the carbonyl oxygen of exposed amide groups [19, 20]. This 
variety of interactions allows us to explain the effects of 
calcium on the gelation of soybean proteins, even at pHs 
lower than the isoelectric point [21], since calcium can 
bind to polypeptides even though the protein exhibits a net 
positive charge. Moreover, ions can exert effects on protein 
interactions and stability through an indirect mechanism by 
affecting the structure of water and competing for solvation 
with proteins, which generates stabilization and insolubiliza-
tion (kosmotropic ions) or denaturation and solubilization 
(chaotropic ions). This effect is manifested in the Hofmeister 
or lyotropic series and mainly originated because of charge 
density. According to that series, calcium should unfold and 
solubilize soybean proteins, but it stabilizes and insolubi-
lizes them [22]. It is possible that the lyotropic effect may 
not explain what happens with cations because the contribu-
tion due to their charge density (effect on water structure) is 
partially countered by the contribution of protein-cation-spe-
cific interactions. This phenomenon would be dominant at 
low salt concentrations, where interactions between cations 
and carboxylates are the most frequent [23]. These inter-
actions coexist in equilibrium, therefore there are different 
conditions in which a fraction of calcium binds to certain 
degrees to the different protein sites while another fraction 
of calcium remains in solution and screens charges. Some of 
those conditions would favor the establishment of attractive 
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(such as calcium bridges and hydrogen bonds) and hydro-
phobic interactions that enough balanced with repulsions to 
generate a gel.

Taking into account the above, we hypothesize that no 
matter what procedure is used to denature, proper protein 
content and proper ratio of masses (and electrical charges) 
of calcium and plant proteins can be found and consequently 
gels could be obtained through the mentioned sequence 
(denaturation in the presence of calcium, freeze-drying, 
and rehydration). Since both SPI and API contain proteins 
with related structures, i.e. vicilins and legumins [24–26], it 
might be expected that once denatured simultaneously they 
can cross-link and modulate the mechanical properties of 
matrices. Either way, the addition of API would improve the 
biological value of SPI-based products and would increase 
the ingestion of healthy bioactive substances. If it works, 
this strategy would be the basis for generating foods with 
high nutritional value that are easy to prepare at home (the 
consumer should only add water) and also easy to swallow 
(which can be advantageous for elderly people or patients 
with certain diseases). The aim of this work was to evaluate 
the possibility of adding API to SPI to generate a dehydrated 
mixed product that gels upon the addition of water. In addi-
tion, testing the protein isolates separately will allow the 
evaluation of possible interactions in the ability to gel.

Materials and Methods

Materials

Soybeans were provided by a local market, La Plata, Argen-
tina, and Amaranthus hypochondriacus grains were provided 
by Agronomy and Veterinary School of Rio Cuarto National 
University, Argentina. Calcium was incorporated as a  CaCl2 
solution using  CaCl2.2H2O (Sigma, USA). Bovine serum 
albumin was from Sigma (USA). All other chemicals were 
reagent grade.

Preparation of Protein Isolates

Amaranth grains and soybeans were ground and the result-
ing flours were sieved (500 μm) prior to being defatted by 
exposure to hexane (ratio flour:hexane was 1:9) during 12 
h at room temperature. Filtering was carried out by apply-
ing vacuum. The remaining solvent was evaporated at room 
temperature for 24 h.

Amaranth and soybean protein isolates were prepared 
according to Ventureira et al. [27] and to Manassero et al. 
[28], respectively. In both cases, a first step of alkaline pro-
tein extraction (pH 9.0 and 8.0 for API and SPI, respec-
tively) was followed by an isoelectric precipitation step (pH 
5.0 and 4.5 for API and SPI, respectively), protein isolates 

were dispersed at pH 7.0 and freeze-dried. The Kjeldahl 
method [29] was applied to determine the protein content 
(N factors of 6.25 and 5.75 for SPI and API, respectively), 
which resulted in 92.9 ± 0.6% for SPI and 85.3 ± 0.5% for 
API (d.b.).

Protein Dispersions

Aqueous dispersions of 80:20 SPI:API mixtures, SPI and 
API were prepared at 2.0 or 4.0 wt%. Calcium chloride was 
added from a 1.0 M stock solution. The addition of calcium 
was done at different Calcium to protein ratios: 0.075; 0.100 
or 0.250 mmol  Ca2+/g protein, which throughout the text are 
indicated without units for abbreviation. After calcium addi-
tion, the pH was corrected to 7.0 with 2 M NaOH.

Denaturing Treatment

Heat treatment was carried out by placing the samples in 50 
mL centrifuge tubes, without internal stirring but shaking 
the tubes by hand every 5 min, in a thermostatic bath (Vick-
ing, Argentina) at 95 °C for 25 min, after which samples 
were freeze-dried. Protein content was determined by Kjel-
dahl method, no differences were found between the protein 
contents before and after heat treatment and freeze-drying.

ζ‑potential

The ζ-potential was evaluated in dispersions of SPI:API 
mixtures that were heated at 4.0 wt% protein and then 
diluted with bi-distilled water up to 0.005 wt% protein. The 
samples with ratio 0.250 were filtered (0.45 μm) to eliminate 
particles formed by insoluble protein. Measurements were 
carried out in a Nano ZS Zetasizer (Malvern Instruments 
Corp., Malvern, UK) in disposable polystyrene capillary 
cells with a light path of 10 mm at 25 °C.

Gel Formation Assays

Gel formation assays were carried out according to Piccini 
et al. [16]. Denatured and freeze-dried samples were dis-
persed in bi-distilled water at 10 or 13 wt%, stirred for 1 h, 
and centrifuged (2,000xg, 1 min, 15 °C, Hermle, Z 326 K, 
Germany) to eliminate the foam. The foam was destabilized 
by acceleration; a residual foam, which occupied approxi-
mately 2% of the height of the tube at its top, was removed 
with a spatula and discarded. Samples were stored at 4 °C 
for 24 h prior to demolding.

The samples were visually inspected for transparency, tur-
bidity, or opacity, and for the ability to form self-supporting 
gels.
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Characterization of Gels

Protein Extraction from Gels by Different Solvents

In order to evaluate the interactions that stabilized the 
gels, proteins were extracted with different solvents, with 
a method based on that from Peyrano et al. [30] with slight 
modifications. The solvents were water (for solubilizing 
unbound proteins); 0.4 M NaCl aqueous solution at pH 
7.0; 0.05 M  NaH2PO4 + 0.4 M NaCl at pH 7.0 (NaCl and 
NaCl in buffer interferes with electrostatic bonds); 0.05 
M  NaH2PO4 + 0.4 M NaCl + 6 M urea + 10 g/L SDS at 
pH 7.0 (urea and SDS interfere with hydrogen bonds and 
hydrophobic interactions); or 0.05 M  NaH2PO4 + 0.4 M 
NaCl + 6 M urea + 10 g/L SDS + 5% β-mercaptoethanol 
at pH 7.0 (β-mercaptoethanol disrupts disulfide bonds) 
[30, 31]. Samples were dispersed at a 1:4 (gel:solvent) 
ratio and homogenized first with a vortex stirrer, then 
with a Thermomixer Eppendorf (750 rpm, 30 min, 30 °C), 
and finally again with a vortex stirrer. The samples that 
contained β-mercaptoethanol were heated at 100 °C for 5 
min after the first vortex stirring. After homogenization, 
dispersions were centrifuged (10.000xg, 15 min, 4 °C) and 
the supernatants were stored at -80 °C until protein content 
analysis or molecular characterization by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Protein Extraction Levels The protein content of superna-
tants from the extraction from gels was determined by the 
Lowry method [32]. Bovine serum albumin was used as 
standard (0 to 1 mg/mL) and was solubilized in the differ-
ent solvents that were used to extract proteins from gels. 
Absorbance was measured at 750 nm in a plate reader 
(Biotek Instruments, USA). The level of protein extraction 
was expressed as the percentage given by the protein in the 
supernatant relative to the total protein in the gel.

Molecular Characterization by SDS-PAGE Supernatants 
from gel extraction were analyzed by SDS-PAGE with a 
separating gel at 12 w/v% polyacrylamide and a stacking gel 
at 4% w/v polyacrylamide in a mini slabs system (BioRad 
Mini-Protean II). Gels composition, current and voltage 
conditions, fixation, and staining were as in Piccini et al. 
[16]. Low molecular weight markers in the range from 
14.4 to 94 kDa (Pharmacia, Amersham, England) were 
used. Electrophoresis was carried out under non-reducing 
conditions, the only sample that was reduced was the one 
extracted with the buffer containing β-mercaptoethanol. In 
order to compare the levels of protein extraction, the samples 
corresponding to the extracts with different solvents were 
loaded using the same volume (10 µL), except for those 
containing β-mercaptoethanol in which half (5 µL) was used. 

For this, all the extracts were previously diluted by mixing 
200 µL of extract with 600 µL of water, subsequently, 600 
µL of this dilution was added to 200 µL of electrophoresis 
sample buffer.

Rheological Characterization

Viscosity Flow behavior was determined at 20 °C in a Dis-
covery HR20 rheometer (TA Instruments, USA) with a 
plate/plate geometry (40 mm diameter, 1 mm gap) through 
rotational tests by applying three flow stages: shear rate ris-
ing from 0 to 300  s−1 in 90 s, holding for 1 min at 300  s−1, 
and shear rate decreasing from 300 to 0  s−1 in 90 s. The 
apparent viscosity was calculated in the up-curves at  51s−1. 
Flow and consistency index were determined by adjusting 
experimental results from down-curves with the Ostwald-de 
Waele model:

where τ is the shear stress (Pa), Κ is the consistency index, 
�̇� is the shear rate and n is flow index.

Viscoelasticity Small deformation oscillatory measurements 
were carried out at 20°C in the same rheometer and with the 
same geometry probe. Measurements were carried out at a 
constant strain of 1%, which belonged to the linear viscoe-
lastic region (previously determined at 1 Hz). Frequency 
sweeps were applied between 0.01 and 10.0 Hz to obtain the 
mechanical spectra (complex modulus, G*, storage modu-
lus, G’, and loss modulus, G’’, as a function of frequency). 
The G* values versus angular frequency (ω) were modeled 
according to:

Where A represents the structural strength of the gel and 
z is the number of rheological units interacting with one 
another in the three-dimensional network [33].

Texture Profile Analysis

Gels were prepared in cylindrical tubes (14 mm diameter), 
removed with the aid of a plunger, and cut to a height of 6 
mm. The assays were carried out in CT3 Texture Analyzer 
(Brookfield Engineering Labs, USA) in compression mode. 
A plate-plate sensor system with a probe TA11/1000 at a 
constant rate of 0.5 mm/s was used. Gels were compressed 
(20% of their original height) in a two-cycle uniaxial test. 
Hardness, adhesiveness, springiness, and cohesiveness 
were obtained from the force-time curves according to 
Bourne [34].

𝜏 = K (�̇�)n

G∗ = A ω (1∕z)
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Water Holding Capacity (WHC)

WHC was evaluated as in Piccini et al. [16] with differ-
ent accelerations, portions of gels (0.75 g) were centrifuged 
(5,000, 10,000, 15,000, or 20,000xg, 15 min, 4 °C, Hermle, 
Z 326 K) in previously tared Eppendorf tubes. Supernatants 
were discarded and the residues were weighed. WHC was 
expressed as:

 where  Wo was the weight of water in the gel before cen-
trifugation and  Wr was the weight of water released upon 
centrifugation.

Color

The color parameters were measured on cylindrical gels 
lying on a white surface with Konica Minolta CR-400 
(Japan) colorimeter. Results were expressed as L* (light-
ness), a* (redness/greenness), and b* (yellowness/blueness) 
in the CIELab system.

Statistical Analysis

Assays were performed at least in triplicate. One-way analy-
ses of variance were conducted. Differences between means 
were analyzed by Tukey’s test at the significance level of 
p < 0.05. Statistical analysis was carried out using the Origin 
software (OriginLab Corporation, USA).

Results and Discussion

Gel Formation Assays

Different conditions of Ca:protein ratio and protein content 
during denaturation and rehydration were assayed in order to 
identify the conditions in which self-supporting gels could 
be obtained. Preliminary studies showed that API alone, 
unlike SPI alone, generated no self-supporting gels, but 
dispersions with low WHC in the ranges of protein contents 
assayed in this work (data not shown). Therefore, a low per-
centage (20%) of API was tested in the mixtures.

When the highest Ca:protein ratio (0.250) was applied 
for both protein contents (2 and 4 wt%), macroscopic par-
ticles (ca. 1–2 mm in diameter, observed with the naked 
eye) and insoluble aggregates (evidenced as turbidity) were 
formed during the heat treatment. Upon rehydration, these 
samples generated opaque systems that spontaneously 
released water, of which only the one denatured at 4 wt% 
and rehydrated at 13 wt% generated a weak self-supporting 

WHC =
(W

0
−W

r
)

W
0

× 100

gel. Macroscopic particles are not useful for gelling since 
they are too compact, interact with a small amount of water, 
so they precipitate quickly and generate a separate phase. 
On the other hand, some insoluble aggregates can interact 
with each other to gel and generate coarse systems with low 
WHC; while soluble aggregates generate ordered gels with 
high WHC [35]. Maltais et al. [14] suggested that high cal-
cium concentrations increased the aggregates’ size and the 
protein-protein associations, but decreased the protein-water 
associations, which resulted in a random ordering of the 
three-dimensional network.

At the lowest end of the range of Ca:protein ratio assessed 
(0.075), the rehydrated samples were turbid and with amber 
coloration, which indicated a lower degree of insolubiliza-
tion than in samples with the highest ratio. Self-supporting 
gels with this Ca:protein ratio (0.075) were formed only 
when denaturation occurred at 4 wt% and rehydration was 
carried out at 13 wt%.

 Samples with Ca:protein ratio of 0.100 were turbid and 
with amber coloration, the same as for the ratio of 0.075; 
self-supporting gels were obtained at this Ca:protein ratio 
when protein denaturation and rehydration were carried out 
at 2 and 13 wt%, respectively, and when protein denaturation 
was carried out at 4 wt%, for both protein contents assayed 
during rehydration. The gel obtained by denaturing at 4 wt% 
and rehydrating at 13 wt% was visually observed as the most 
structured since it better maintained its shape after demold-
ing (Table 1).

These results indicate that the protein content during 
heat treatment affected the ability of the protein mixture to 
form self-supporting gels. At the highest protein content (4 
wt%), more conditions were able to form these kinds of gels 
than at the lowest one (Table 1). Regarding protein con-
tent, Chen et al. [36] reported that the aggregate size formed 
from SPI at neutral pH during heating at 90 °C was higher 
as the protein content increased. Moreover, these authors 
stated that the gelation of SPI aggregates (evaluated at 20 
°C) was favored by increasing aggregate size. Furthermore, 
Li et al. [37] reported that heat-induced aggregates from 
soybean proteins were larger the higher the protein content 
assayed, and that the percentage of the protein involved in 
the aggregates also increased with increasing protein con-
tent during heating. Thus, probably the aggregates formed 
in SPI:API mixture at 4 wt% were larger and more abundant 
than those obtained at 2 wt%; and the size and abundance 
of the aggregates, together with other structural characteris-
tics, favored the establishment of interactions between them, 
which allowed the formation of self-supporting gels.

As was expected, the highest protein content during the 
rehydration favored the formation of a three-dimensional 
structure. This phenomenon was evidenced by the formation 
of self-supporting gels at both less favorable ratios (0.075 
and 0.250) when protein content was 13 wt%.
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Regarding Ca:protein ratio, most of the gels were obtained 
when it was 0.100. At the highest ratio (0.250) the samples 
showed a higher degree of insolubilization (opacity and 
phase separation). With the ratio of 0.250, it is likely that 
the calcium ions have reached a high degree of binding to 
protein and caused the charge shielding that led to aggregation 
and precipitation. Several researchers worked on the cold-set 
gelation of different protein systems (whey, β-lactoglobulin, 
SPI mixed with sorghum arabinoxylan, and tofu) and 
found that low calcium concentration promoted gelation 
and/or improved gel characteristics but excessive calcium 

concentration avoided gelation or worsened the characteristics 
of gels [18, 38–40]. Regarding the mechanisms, Zheng et al. 
[41], studied heat-induced gelation of calcium-added SPI 
and reported that low calcium concentration promoted the 
establishment of hydrophobic interactions and hydrogen and 
ionic bonds, but at high calcium concentration, the protein 
insolubilization prevented the associative interactions. Taken 
together, our data and data from other researchers indicate 
that calcium-assisted gelation largely depends on the balance 
of the interactions of electrical charges that can be achieved 
with proper calcium content.

Table 1  Formation of self-
supporting gels and visual 
aspect of samples

Conditions tested for mixtures of soybean and amaranth protein isolates (80:20)

Protein content during 
denaturation
(wt%)

Ca:protein ratio
(mmol  Ca2+ to g 
protein)

Protein content during 
rehydration
(wt%)

Formation of self-
supporting gels

Visual aspect

2.0 0.075 10 - amber turbid
13 - amber turbid

0.100 10 - amber turbid
13 ++ amber turbid

0.250 10 - ivory opaque
13 - ivory opaque

4.0 0.075 10 - amber turbid
13 ++ amber turbid

0.100 10 + amber turbid
13 +++ amber turbid

0.250 10 - ivory opaque
13 + ivory opaque

Fig. 1  ζ-potential of 0.005 
wt% dispersions of soybean 
and amaranth protein isolates 
mixtures (80:20) as a function 
of Ca:protein ratio. Results 
are expressed as mean val-
ues ± standard error. n was 5
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ζ‑Potential

The ζ-potential was measured in diluted protein disper-
sions of heat-treated SPI:API mixtures. The absolute 
value of ζ-potential decreased as the Ca:protein ratio 
increased (Fig.  1). A similar effect was reported by 
Manassero et al. [28] who worked with SPI alone. Since 
the samples had to be diluted to 0.005 wt% protein (and 
the sample with Ca:protein ratio of 0.250 was in addition 
filtered), it is possible that the ζ-potential values in the 
presence of calcium in the gels (13 wt% protein) were 
even closer to 0 mV. This effect would be due to the fact 
that when going from 13 mM  CaCl2 (in the gels at 13 wt% 
protein) to 0.005 mM  CaCl2 (in the dispersions to meas-
ure ζ-potential at 0.005 wt% protein) the balance between 
calcium bound to proteins and free calcium could move 
towards more free calcium. This fact was due to Le Chat-
elier’s principle, with a dissociation degree that increases 
as total concentration decreases. These results suggest 
that the calcium-induced changes in ζ-potential would 
contribute to balancing the attractions and repulsions in 
order to form a gel. When the ζ-potential was more nega-
tive (Ca:protein ratio = 0.075), there could be a higher 
degree of electrostatic repulsion which could prevent the 
formation of the three-dimensional network. When the 
ζ-potential was closer to zero (Ca:protein ratio = 0.250) 
the proteins would exhibit a tendency to aggregate and 
precipitate due to an excessive decrease in electrostatic 
repulsion.

Taking into account these data, and that our objective 
was to obtain self-supporting gels, we decided to continue 

the work characterizing the gels formed with a 0.100 
Ca:protein ratio, denaturation at 4 wt% and rehydration 
at 13 wt%, with 80:20 SPI:API mixtures. Moreover, SPI 
alone was tested to compare and understand the effect of 
the protein mix.

Protein Extraction from Gels with Different Solvents

In order to understand the types of interactions that stabilize 
the microstructure, we analyzed the amount and nature of 
proteins that were extracted from the gels while exposed to 
different solvents. When the solvent is water, the soluble 
(and/or dispersible) unbound protein is extracted; whereas 
the protein involved in the matrix and the insoluble protein 
remain in the pellet after centrifugation. When the solvent 
has high ionic strength (in our case due to NaCl) the protein 
bound through electrostatic interactions is extracted; high 
ionic strength can also insolubilize a fraction of protein 
through the salting out effect, which promotes hydrophobic 
interactions that leads to aggregation [42, 43]. In the case 
of the solvent containing SDS and urea, hydrophobic 
interactions and hydrogen bonds are disassembled and the 
protein associated or insolubilized through those interactions 
is extracted [43]. The solvent with β-mercaptoethanol 
disrupts disulfide bonds, thus, protein associated through 
this covalent bond is released. The analysis must take 
into account that the protein extracted, depending on the 
interactions disrupted with each solvent, can be in individual 
form or involved in aggregates, which can be present in 
untreated protein isolates or, in our case, formed during the 
denaturation step.

Fig. 2  Protein extraction from 
SPI- and SPI:API-gels with 
different solvents. Solvent A: 
water. Solvent B: 0.4 M NaCl 
at pH 7. Solvent B’: 0.05 
M  NaH2PO4 + 0.4 M NaCl 
at pH 7. Solvent C: 0.05 M 
 NaH2PO4 + 0.4 M NaCl + 6 M 
urea + 1% SDS at pH 7. Solvent 
D: 0.05 M  NaH2PO4 + 0.4 
M NaCl + 6 M urea + 1% 
SDS + 5% β-mercaptoethanol 
at pH 7. Gels were obtained 
by denaturing at 4 wt%, with 
Ca:protein ratio of 0.1 mmol 
Ca/g protein and rehydrating at 
13 wt%. Results are expressed 
as mean values ± standard error. 
Values with different letters 
indicate significant differences 
(p < 0.05)
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 Protein extracted with water was 58% for SPI:API-gels 
and 82% for SPI-gels (Fig. 2). This fact suggests that weak 
associations linked the most of the aggregates. The lower 
level of extraction in SPI:API gels could be caused by a 
higher fraction of insoluble protein in mixed gels. Possibly, 
in our samples, the dilution of  CaCl2 due to the addition of 
water (four parts of water for each part of gel for extrac-
tion assays) was enough to decrease the ionic strength and 
consequently increase the electrostatic repulsion and disas-
semble some bonds between aggregates. Kharlamova et al. 
[18] stated that the non-specific effect of charge screening 
was dependent on free  Ca2+ concentration (ionic strength), 
whereas the reduction of the effective charge density of 
aggregates (ζ-potential) was dependent on Ca:protein ratio. 
This result suggests that in our gels, a fraction of calcium 
was attached to specific sites of protein meanwhile another 
fraction (and chloride ions) remained in solution and 
screened the remaining charges, which in turn allowed the 
approach of the aggregates and the establishment of few and/
or weak associations between them. Regarding the aggrega-
tion degree of proteins in the gels, Ju and Kilara [44] studied 
the gelation of whey proteins and stated that the formation 
of heat-induced soluble aggregates was essential for cold-set 
gelation. In this sense, a high proportion of insoluble protein 
could negatively affect the ability to form gels, especially in 
the case of the SPI-API mixture, since API is very prone to 
become insolubilized upon heating [45]. The low solubility 
of API could partially explain the inability of API alone to 
form gel (Gel Formation Assays section).

When gels were exposed to a saline buffer or to a NaCl 
solution, a low amount of protein was extracted (even lower 
for SPI-gels than for SPI:API-gels). This fact could be due 
to a salting-out effect induced by NaCl, as was reported by 
Furukawa and Ohta [42] who observed that the solubility of 
heat-denatured (90 °C) SPI exhibited a low solubility in 0.5 
M NaCl; the authors stated that the presence of salt favored 
the hydrophobic interactions leading to salting out. In the 
same way, low levels of protein extraction (6 and 13%) from 
tofu were also reported when solvents were 0.6 M NaCl 
solution or 20 mM Tris–HCl buffer at pH 8.0, respectively 
[46]. The high NaCl concentration interferes with electro-
static attractions such as calcium bridges, and also with 
electrostatic repulsion. Thus, NaCl has two opposite effects 
whose balance depends on the amounts of each type of 
interaction and influences the protein solubility. The low 
extraction levels observed in the presence of NaCl suggest 
that calcium bridges did not represent a great contribution 
to the stabilization of the gels. This fact would be in agree-
ment with the results of Maltais et al. [14] who reported that 
calcium bridges require a high concentration of calcium; the 
authors stated that, in their experimental conditions, calcium 
bridges were formed at Ca:protein ratio of 0.250, but not 
when it was 0.125.

The extraction levels when the solvent included urea and 
SDS were 86% for SPI:API-gels and 91% for SPI-gels. These 
values indicate that a part of the associations inter- (and/or 
intra-) aggregates were hydrogen bonds and/or hydrophobic 
interactions, with a higher contribution in SPI-gels than in 
SPI:API-gels (the differences C-B and C-B’ were higher for 
SPI- than for SPI:API-gels, Fig. 2). In this sense, Zhang 
et al. [47] reported that calcium, as a divalent cation, acts to 
shield negative charges on polypeptides and serves as a salt-
bridge to enable polypeptide chains to approach one another; 
in this process, calcium favors the development of β-sheet 
structures to form SPI aggregates stabilized by hydrogen 
bonds: lastly, those aggregates could then be associated to 
form networks via hydrophobic interactions.

When extraction was carried out with the buffer that addi-
tionally contained β-mercaptoethanol, all of the protein was 
extracted from both types of gels, which indicates the pres-
ence of intra- and/or inter-aggregates disulfide bonds. The 
most of the disulfide bonds were probably intra-aggregate 
since aggregates stabilized by these covalent bonds are 
favored at high temperatures [48], in our case during heat 
treatment. The presence of inter-aggregate disulfide bonds 
established in the last step of gelation can not be ruled out (it 
was reported for cold-set gelation of whey proteins at acidic 
conditions [49]), but it would probably have resulted in a 
lower level of water extraction than that observed.

Molecular Characterization by SDS‑PAGE

The bands generated by the polypeptides of untreated API 
and SPI can be observed in the corresponding lanes (Fig. 3). 
The untreated SPI exhibited bands corresponding to aggre-
gates of a size that allowed them to enter the stacking gel but 
not the separating gel, and also others of size greater than 
94 kDa. The bands corresponding to β-conglycinin polypep-
tides, i.e. α, α’, and β (72, 76, and 53 kDa, respectively) were 
detected. A very intense band corresponded to the AB subu-
nit of glycinin (60 kDa). The glycinin  A3 polypeptide (42 
kDa, a variant of A polypeptide that behaves differently than 
the other variants under some conditions [50]) appeared as a 
band of low intensity, whereas a band of 32 kDa and another 
corresponding to B polypeptide (and 20 kDa) had a higher 
intensity. This pattern of bands for SPI was similar to those 
reported by other authors such as Piccini et al. [16] and Song 
et al. [51]. The untreated API exhibited bands corresponded 
to aggregates higher than 94 kDa, but not so large that they 
could not enter the separating gel. The bands corresponding 
to AB subunits (56 and 54 kDa), A polypeptide (38 and 32 
kDa), and B polypeptide (18 kDa) were detected. In addi-
tion, the 52 kDa polypeptide from the 7 S globulin, and its 
fragments of lower molecular weights were observed. This 
pattern of API was similar to those reported by Quiroga et al. 
[25, 26]. The bands corresponding to the amaranth proteins 
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extracted from the SPI:API-gels were not distinguished from 
those of soybean because they had similar displacements, 
and consequently overlapped, and because of their lower 
content.

The proteins extracted with water (lanes A) exhibited 
more intense bands in the SPI-gels than in the SPI:API-gels, 
which was in accord with the highest level of water-extracted 
protein from SPI-gels (Fig. 2). Regarding the profiles of 
bands, the water-extracted proteins showed the same bands 
and with the same relative intensities as in the untreated SPI, 
with the exception of the appearance of aggregates so large 
that they did not enter the stacking gel, other aggregates 
that did not enter the separating gel, the glycinin  A3 poly-
peptide (42 kDa), and a relative decrease in the intensity of 
the AB subunit of glycinin. This fact suggests that heating 
in the presence of calcium induced the formation of high-
molecular-weight aggregates that were not disassembled by 
the SDS present in the electrophoretic sample buffer and 
acrylamide gel; in addition, it suggests that glycinin was 
involved to a greater degree than β-conglycinin in their for-
mation. Regarding the solubilized large aggregates, a similar 
behavior was reported by Piccini et al. [16], who made the 
same sequence of addition of calcium and heat treatment (1 
wt% protein, Ca:protein ratio of 0.5) and stated that a frac-
tion of the aggregates formed had very big sizes and were 
soluble. Otherwise, the glycinin  A3 polypeptide seems to 
behave differently from the other variants of A polypeptide 
when it participates in gels in the presence of calcium; in 
that sense, Zhao et al. [46] made tofu through a sequence 
that included two heatings and  CaSO4 incorporation between 

the first and second heating and also showed that the gly-
cinin  A3 polypeptide remained soluble.

When the proteins were extracted with NaCl solution or 
saline buffer (lanes B and B’), a similar profile as in the 
aqueous extraction was found for the most of bands, but with 
lower intensities. This phenomenon was due to the lower 
amount of protein, (the same volume was loaded, but the 
samples had lower solubility, Fig. 2). However, the intensi-
ties of the bands corresponding to aggregates that did not 
enter the stacking gel were lower in SPI- than in SPI:API-
gels, which suggests that the higher level of protein extracted 
with NaCl from SPI:API-gels (Fig. 2) could have been at the 
cost of the solubilization of these aggregates. Moreover, the 
intensity of bands corresponding to the glycinin  A3 polypep-
tide was low, as in the untreated SPI.

In the cases of extraction with the buffer containing urea 
and SDS, solubilization was due to the disruption of intra-
aggregate bonds, in addition to the inter-aggregates bonds. 
However, the relative intensities of bands in lanes C were 
indistinguishable from those obtained with water (lanes A). 
This similitude was due to the presence of SDS among elec-
trophoresis reagents, which disassembled the hydrophobic 
interactions and hydrogen bonds that stabilized the water-
extracted aggregates. It should be noted that although the 
profiles (intensity ratios in a lane) were similar for lanes A 
and C of both gels, the absolute intensities in SPI:API-gels, 
were lower in lane A than in lane C due to the lower level of 
protein extraction (Fig. 2).

The extracts obtained with the buffer that additionally 
contained β-mercaptoethanol (lanes D) were loaded with 

Fig. 3  SDS-PAGE of proteins extracted from SPI- (panel a) and 
SPI:API-gels (panel b) with different solvents. Lanes A: water. Lanes 
B: 0.4 M NaCl at pH 7. Lanes B’: 0.05 M  NaH2PO4 + 0.4 M NaCl at 
pH 7. Lanes C: 0.05 M  NaH2PO4 + 0.4 M NaCl + 6 M urea + 1% SDS 
at pH 7. Lanes D: 0.05 M  NaH2PO4 + 0.4 M NaCl + 6 M urea + 1% 

SDS + 5% β-mercaptoethanol at pH 7. SPI: untreated soybean protein 
isolate. API: untreated amaranth protein isolate. LMW: low molecu-
lar weight standards. Gels were obtained from SPI (panel a) or SPI-
API (panel b) by denaturing at 4 wt%, with Ca:protein ratio of 0.1 
mmol Ca/g protein and rehydrating at 13 wt%
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half the volume of the other extracts. In these cases, the dis-
appearance of large aggregates that were located at the top 
of stacking and separating gels was evidenced. This result 
indicates that disulfide bonds stabilized large aggregates that 
exhibited different molecular sizes. Moreover, the band cor-
responding to AB subunit disappeared with the consequent 
increase of intensity in the bands corresponding to polypep-
tides  A3 (42 KDa), A (37 KDa), and B (22 and 20 KDa).

Heat-induced aggregation of the glycinin AB subunit 
is due to sulfhydryl/disulfide interchange reactions [52]. 
Scilingo and Añón [53] stated that without heat treatment, 
specific calcium-soybean protein interactions existed, espe-
cially with glycinin. Taking into account these data, it is 
possible that a fraction of calcium has bound to proteins, 
especially to the AB subunit, then the heat treatment has 
denatured these calcium-protein complexes, and different 
aggregates mainly stabilized by disulfide bridges (and also 
by hydrogen bonds and hydrophobic interactions) were 
formed. The polypeptides from β-conglycinin would be 
aggregated through non-covalent interactions. Those aggre-
gates would then associate through relatively weak or few 
interactions, favored by the screening provided by calcium, 
during rehydration to form the gels.

Rheological Characterization

Viscosity

 Both samples exhibited pseudoplastic behavior during the 
shear rate rise and an overshoot at the start of this curve. 
The overshoot indicates a viscoelastic behavior given by a 
structure that was broken by the application of the shear 
stress. The pseudoplastic behavior is common in dispersions 
of macromolecules that can orient or deform in the direc-
tion of flow when subjected to tangential deformation; in 
our samples, it was more clearly observed during the shear 
rate descent (Fig. 4). Moreover, the presence of a hysteresis 
area was observed (Fig. 4). Fermented milk gels and yogurt 
presented similar performances [54]. The evaluation of the 
shear stress versus shear rate gradient in the performed mode 
can provide information that is well related to the apprecia-
tion that consumers may have during the initial handling of 
yogurt gels and during their consumption [55]. The SPI-
gels were more viscous and had a greater area of hysteresis 
than SPI:API-gels (Table 2). The fit to the Ostwald-de Waele 
model carried out in the down-curves showed a higher con-
sistency index, and a lower flow index for SPI samples than 
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Fig. 4  Flow curves (panel a) and mechanical spectra (panel b) of SPI-API- and SPI-gels

Table 2  Rheological parameters

Results are expressed as mean values ± standard deviation. Values in the same column with different letters indicate significant differences (p < 
0.05). n was 5 for flow curves, n was 3 for mechanical spectra

Apparent 
viscosity at 51/s 
(Pa.s)

Area of hysteresis 
(Pa/s)

Consistency 
index
(Pa.sn)

Flow index G´ at 1 Hz (Pa) tan δ Factor A
(Pa.s/rad)

z

SPI:API 2.9 ± 0.2 b 14660.0 ± 1611.7 b 16.2 ± 0.8 b 0.386 ± 0.002 a 89.2 ± 19.0 b 0.40 ± 0.03 a 61.7 ± 16.9 b 3.8 ± 0.3 a

SPI 5.8 ± 0.4 a 29483.3 ± 2088.4 a 47.9 ± 4.0 a 0.292 ± 0.005 b 157.9 ± 24.9 a 0.38 ± 0.02 a 106.6 ± 19.0 a 4.2 ± 0.2 a
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for SPI-API ones (Table 2). These data indicate a higher 
degree of structuring in SPI-gels than in the SPI:API-gels.

Viscoelasticity

In both types of gels and over the entire frequency range, 
the elastic behavior predominated over the viscous one. At 
1 Hz, tanδ was 0.40 and 0.38 for SPI:API- and SPI-gels, 
without a significant difference; however, the SPI-gels pre-
sented higher G’ values than the SPI:API-gels (Table 2). The 
curves of G´ as a function of frequency were almost paral-
lel for SPI:API- and SPI-gels (Fig. 4). Taking into account 
the absolute values of G´ and the value of tanδ (Table 2), 
our data indicate that both samples were weak gels. The 
difference in G´ values suggests that SPI-gels presented a 
greater number of attractive interactions than SPI:API-gels. 
The fact that the G’ values have decreased with the addition 
of amaranth proteins, but that the tanδ and the behavior of 
G’ versus frequency have not changed suggests that the gel 
structure was the same and was made up or dominated by 
the soybean proteins that were in a lower content due to 
the incorporation of API. Possibly a high fraction of API 
was involved in insoluble aggregates (as it was proposed 
from the lower solubility in water of SPI:API-gels, Figs. 2 
and 3) and acted as a filler with a low degree of association 
with the matrix. The proteins that are not engaged in the gel 
network do not contribute to the storage modulus of the gel 
[56]. To quantify this effect, G* was modeled as a function 
of angular frequency, and the greatest strength was found 
in the SPI-gels (factor A, Table 2). Regarding z, the values 
fell into the range reported for yogurt and jams [57]; a trend 
was observed (the difference was not significant) towards 
a greater number of interactions in the SPI-gels (Table 2). 
Although the model is very simple and has questionable 
assumptions [57], it gives a link between continuum and 
macroscopic features of weak gels and showed a trend that 
was consistent with the idea that API did not interact much 
with SPI, but rather acted as a filler. This result contradicted 
our hypothesis that certain structural characteristics shared 
by amaranth and soybean proteins could facilitate the forma-
tion of a mixed network.

Texture Profile Analysis

 Table 3 shows the parameters of texture profile analysis 
of the gels obtained from SPI or SPI:API. The hardness 
values of SPI:API- and SPI-gels were similar. These val-
ues were similar to those found by Yang et al. [58], who 
reported a hardness of approximately 0.2 N for cold-set gels 
obtained from 10% SPI by lactic acid acidification. How-
ever, other authors reported higher hardness values (3 N) for 
gels formed from amaranth protein isolate, 15 wt% protein, 
by heat treatment at 95 °C [8]. Tofu, a soybean-based food 

matrix with a protein content of 7.3%, obtained by two heat-
ing steps at 90 °C and the use of  CaSO4 showed a hardness 
of 3.1 N [46]. These data indicate that the textural character-
istics of gels depend largely on the processing conditions and 
that heat-induced gels are often harder than cold-set ones. 
Regarding the intermolecular forces, the hardness depends 
on the number and type of bonds between the polypeptides. 
In our samples, the strongest interactions, such as disulfide 
bridges, were established during heating at low protein con-
tent (4 wt%) [59], which generated individual aggregates. 
The associations between aggregates were established upon 
rehydration at 13 wt% and were weak since many of them 
could be broken down with water (Fig. 2) and led to low 
values of hardness. Thus, most of the large aggregates that 
appeared among the water-extracted protein and were sta-
bilized by disulfide bonds (lanes A and D of Fig. 3) were 
probably formed during heating. Thus, our gels had a hetero-
geneous distribution of interactions since the strongest ones 
would be intra-aggregates, while weak interactions would 
be inter-aggregates, which would explain why, despite the 
high protein content, the gels were softer than other SPI- or 
API-based gels. It is possible that the difference in the num-
ber of interactions postulated from the small deformation 
rheology tests (Table 2) has not manifested itself as a dif-
ference in the hardness values due to a lower sensitivity of 
the texturometer for gels of this type, and also because the 

texture test causes greater deformation and can even break 
down part of the structure.

The value of cohesiveness was nearly 1, which suggests 
that the gels were deformed during the first compression 
but bonds quickly re-established and recovered the matrix. 
This result seems unexpected if one takes into account the 
hypothesis that the associations between aggregates were 
weak. The value of this parameter was slightly but statisti-
cally lower for SPI:API-gels than for SPI ones, which sug-
gests that the attractive interactions between aggregates were 
more numerous in SPI-gels. This finding could be explained 
as the effect of insoluble aggregates of API that were present 
as a filler that decreased the content of the cross-linked soy-
bean proteins, as was postulated in “Viscoelasticity” section 
(difference in G’ values, Fig. 4; Table 2).

Table 3  Textural parameters

Results are expressed as mean values ± standard deviation. Values in 
the same column with different letters indicate significant differences 
(p < 0.05). n was 9

Hardness
(N)

Cohesiveness Adhesiveness
(N.mm)

Springiness

SPI:API 0.25 ± 0.02 a 0.93 ± 0.08 b 0.43 ± 0.12 a 1.25 ± 0.08 a

SPI 0.26 ± 0.05 a 1.01 ± 0.04 a 0.24 ± 0.12 b 1.19 ± 0.15 a
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Adhesiveness corresponds to the work required to over-
come the attractive forces between the surface of the mate-
rial and other materials [60]. Both gels were adhesive, the 
highest value of adhesivity was found for SPI:API-gels. 
Adhesion can be described as the sum of two contributions: 
surface energy (type and strength of bonding) and cohesive 
energy (viscoelastic and plastic deformation within the adhe-
sive) [61]. In that sense, an inverse correlation between G’ 
and adhesiveness was reported [61]. It is possible that our 
gels have a similar behavior, in which the lower G’ values 
of SPI-API gels led to enhanced adhesiveness.

The springiness was greater than 1 for both gels. Consid-
ering that the gels were adhesive and soft, it is likely that the 
springiness values higher than 1 correspond to a stretching 
of the gel due to its adhesion to the probe. The shape of both 
types of gels was well maintained after analysis, with the top 
edge becoming blunter (Fig. 5), which can be related to the 
high values of springiness and cohesiveness.

Water Holding Capacity

 WHC was assessed by difference of weight after centri-
fuging, we tried to use low accelerations to disturb the gel 
structure as little as possible, but no water was released 
in the range 5,000–15,000xg. Therefore, the values of 
Table 4 correspond to centrifugation at 20,000xg. Thus, 

the gels formed from SPI and SPI:API upon this three-step 
strategy exhibit excellent WHC. The WHC values were 
almost 100% when samples were centrifuged at very high 
acceleration and were higher than those reported by other 
authors who worked with cold-set gelation of calcium-
added SPI at Ca:protein ratios of 0.11 [11] or 0.10 [62]. 
Peyrano et al. [63] made heat-induced gels from calcium-
added cowpea proteins and found WHC values from 20% 
(ratio 0.53) to 82% (ratio 0.13); the low WHC values with 
increasing Ca:protein ratio were explained as the effect 
of calcium favoring protein-protein interactions at the 
expense of protein-water ones.

The WHC capacity depends on protein-water interac-
tions and on capillarity. Brito-Oliveira et al. [62] stated that 
gels made-up from disordered aggregates are porous and 
that matrices with dilated pores tend to inhibit the extent of 
immobilization of water through capillary forces. Taking 
into account that a large amount of protein was extracted 
with water (Fig. 2) and that the gels with Ca:protein ratio 
of 0.100 were cloudy but not opaque (as were the disper-
sions with ratio of 0.250, Table 1), we concluded that our 
gels were formed in part by soluble aggregates and in part 
by insoluble aggregates that together had a high affinity for 
water and/or that generated small interstices that contributed 
to the WHC through capillarity.

Color

The color of gels originates in part from the intrinsic color 
of the protein isolates (due to their chemical composition); 
another contribution to their appearance comes from the 
presence of insoluble protein, which in turn modulates the 
microstructure of the gel [35]. The color parameters are 
shown in Table 4. The SPI-gels presented an amber and 
cloudy appearance while the SPI:API-gels presented an 
amber color that was cloudier, this cloudiness was due to 
the presence of insoluble aggregates [15] that probably were 
more abundant in SPI:API-gels. The gels obtained by Piccini 
et al. [16] through the same sequence as in this work, but 

Fig. 5  SPI- and SPI:API-gels. Recently demolded (panel a). After 
texture profile analysis (panel b)

Table 4  Water holding capacity and color parameters of gels in the 
CIELab system

L*: Lightness. a*: redness/greenness. b*: yellowness/blueness
Results are expressed as mean values ± standard deviation. Values 
in the same column with different letters indicate significant differ-
ences (p < 0.05). n was 3 for water holding capacity. n was 5 for color 
measurements

Water holding 
capacity (%)

L* a* b*

SPI:API 99.1 ± 0.7 a 47.9 ± 1.0 a 0.7 ± 0.4 a 10.1 ± 1.1 a

SPI 98.5 ± 0.6 a 48.1 ± 2.0 a 2.7 ± 0.3 b 16.4 ± 2.0 b
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denaturing with high hydrostatic pressure were translucent 
at a Ca:protein ratio of 0.18, which was explained by the 
high solubility of aggregates. Positive values of a* and b* 
indicate that the samples have a tendency towards red and 
yellow coloration, respectively. The lower values of a* and 
b* in the SPI:API gels agree with the more neutral color 
(brown) of these gels perceived by the eye (Fig. 5). This 
difference may be due to a higher content of polyphenols 
associated with amaranth proteins [64].

Conclusions

Relatively soft, self-supporting gels with excellent 
WHC could be formed from SPI:API (80:20) and SPI 
through a sequence consisting of the addition of calcium 
to a dispersion at low protein content, heat-induced 
denaturation, freeze-drying, and rehydration at higher 
protein and calcium contents. Although the heat-induced 
aggregates were stabilized by strong bonds such as 
disulfide bridges, the inter-aggregate bonds established 
during rehydration were relatively weak or few in number. 
Most of the inter-aggregate interactions appeared to be 
mediated or allowed by the non-specific charge screening 
effect of divalent ions since the mere dilution with water 
caused more than half of the protein to be released from 
the gel matrix. These phenomena explained why the gels 
were soft despite their high protein content. Among the 
interactions, electrostatic attractions (such as calcium 
bridges) did not seem to have been relevant in setting the 
gels. The Ca:protein ratio and the protein contents during 
denaturation and rehydration were very important factors 
in the formation of the gels. The presence of 20% amaranth 
proteins generated gels with a more brownish color and 
a lower degree of structuration, which was reflected as 
differences in the values of rheological and textural 
parameters. Possibly the SPI dominated the network and 
the incorporation of API decreased the content of the 
network-forming proteins while acting as a filler composed 
of insoluble amaranth proteins.

Since there was no phase separation during or after 
heating in the presence of calcium (at 4 wt% protein), and 
the samples were cloudy, we consider that for cold-set 
gelation of these plant storage proteins, the aggregates 
formed during heating can be a mixture of soluble and 
insoluble (but colloidal stable) species. Moreover, the pos-
sibility of forming a cold-set gel depends largely on the 
balance between electrostatic repulsions and attractions. 
This balance depended on ζ-potential and ionic strength 
and should be very close to the precipitation condition, 
but not reach it.

This work raises questions about the different gelling 
abilities of soybean and amaranth proteins, about the 

existence of optimal ratios between these proteins, and 
between calcium and protein contents, and about the pos-
sibility of the formation of mixed aggregates (under other 
experimental conditions) and their effect in gelation, future 
research may clarify these concerns.

This system could be the basis for easily prepared and 
consumable foods, for example for dysphagia patients or 
elderly people, who need highly nutritive and easy-to-eat 
foodstuff that could be either soft solids or thickened liquids.
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