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Heat-induced gels of different pH and protein concentration were obtained from pH 3.25 and 8.0
soybean isolates. Viscoelasticity and texture behavior of the gels were analyzed by dynamic
rheological assays and uniaxial compression tests. Results indicate that soybean protein dispersions
exhibit a viscoelastic behavior. At low protein concentration, the acidic dispersions behave as
pseudogels. Elasticity and resistance to deformation increase, and fracturability and hardness
decrease as pH decreases. Acidic gels of high protein concentration behave as strong or true gels.
The latter show elasticity, fracturability, hardness, and resistance to deformation prior to rupture
values higher than low protein concentration gels.
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INTRODUCTION

Proper understanding of food behavior requires thor-
ough knowledge of its structure, the arrangement and
interactions of its structural elements, and those inter-
action forces that determine the consistency and physi-
cal stability of the products (Heertje, 1993).

Protein gels are composed by a protein chain matrix
within which the aqueous phase is occluded (Stading
et al., 1993). Some gels present a nonhomogeneous
structure with high- and low-density zones, possibly
owing to differences in chain type and intercrossings
and/or to the formation of pores of different size. Such
inhomogeneities would originate during the gelation
process or after it, especially if the material formed is
not a stable gel (Stading et al., 1992, 1993). If gelation
takes place before precipitation, a homogeneous elastic
matrix will be formed, otherwise repulsion forces may
predominate leading to the microsyneresis phenomenon
giving rise to matrixes having polymer-rich zones and
regions with lower polymeric density (Stading et al.,
1992).

Rheological properties such as viscoelasticity and
texture are closely related with protein gel microstruc-
ture (Beveridge et al., 1984). Hardness of soybean
protein gels depends on the type of matrix formed
(Utsumi and Kinsella, 1985a,b). The gels of fine-
stranded matrix (Foegeding et al., 1995) are harder and
retain more water than those of more open matrixes
(particulate gels). The large pores of the particulate gels
inhibit its capacity to inmobilize water via capillary
forces (Bowland and Foegeding, 1995). Besides, gel
hardness increases with the sulfhydryl-disulfide inter-
change, which is favored at increasing protein concen-

tration. In this regard, Zheng et al. (1993) have
indicated that the contributions of covalent and nonco-
valent bonds to gel texture and viscoelasticity are
different. Disulfide bonds play an important role in
stabilizing the gel and in increasing gel matrix hardness
whereas hydrogen and hydrophobic interactions are
especially responsible for keeping the structure and for
viscosity increase. Different thermal treatments and
interaction of soybean proteins with other components
give rise to a vast variety of gels responsible of the
textural quality of foods (Kang et al., 1991). Several
studies of viscoelastic (Kohyama and Nishinari, 1992,
1993; Nagano et al., 1994a,b; Ker et al., 1992; Yoshida
et al., 1992; Kohyama et al., 1992; Nishinari et al., 1991)
and textural (Utsumi and Kinsella, 1985a,b; Wang and
Damodaran, 1990, 1991) properties of thermally treated
soybean proteins (isolates, 7S and 11S fractions) of
neutral pH (7.5-8.0) have been performed.

Little knowledge has been accumulated yet on the
gelation properties of soy proteins for pH below the pI
(4.5). By studying them, it would be possible to find
different gels from conditions, which are important for
formulating acidic semisolid foods. Gel hydratation
properties and matrix structure at different acidic pH
and protein concentration had been studied in a previ-
ous work (Puppo et al., 1995) whereas the aim of the
present work was to deepen the study of the influence
of pH and protein concentration on viscoelastic and
textural properties of acidic soy protein gels.

MATERIALS AND METHODS

Preparation of Soy Protein Isolates. Soy protein iso-
lates were prepared from defatted flour produced by Santista
Alimentos S. A. (Brazil). Proteins were obtained by alkaline
extraction (pH 8.0) of the flour and subsequent precipitation
at the isoelectric point (pI ) 4.5), as described by Puppo et al.
(1995). The isoelectric precipitate was dispersed in distilled
water and divided into two subsamples, one for the acidic
isolate where pH was brought to 3.25 with HCl 2 N and the
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other for the basic isolate, using NaOH 2 N up to pH 8.0. The
resulting dispersions were freeze-dried.

Various acidic dispersions were prepared from the pH 3.25
isolate by adjusting pH with either HCL 1 N or NaOH 1 N as
needed.

Dynamic Tests. Viscoelasticity Determinations. Tests
were carried out in a Haake CV20 rheometer using a 1 mm
gap parallel-plate sensor. The dispersion was placed on the
lower plate, which was thermostated for gelation. Low-
viscosity silicone was added around the plate edges to prevent
dehydration and to permit a total contact between sample and
silicone. The equipment was driven through the Haake
software osc. 2.0. The experimental procedures allowed
recording of the development and demise of complex modulus
(G*), storage modulus (G′), loss modulus (G′′), tan δ (G′′/G′),
and complex viscosity (η*) as functions of time and frecuency
of oscillation.

The dispersions prepared from pH 3.25 and 8.0 soy protein
isolates were tested in the rheometer by deformation scans
conducted at 60, 70, 80, and 90 °C. In all tests, a deformation
of 10% was determined within the linear viscoelasticity range.
Sample frequency scans (10% deformation), after heating the
samples for 30 min, were done. The variation of G′ and G′′
(f ) 1 Hz) as a function of the thermal treatment temperature
was also determined.

Dispersions in distilled water (10% w/w) at pH 2.75, 3.50,
and 8.0 were prepared and thermally treated at 90 °C for 30
min. The linear viscoelasticity range was determined in all
of them, measuring G* as a function of deformation. From
these results, frequency and time scans of all samples were
conducted at the same deformation (d ) 10%), within the
linear range.

The other set of 10% w/w dispersions were prepared in
distilled water at pH 2.50, 2.75, 3.00, 3.25, 3.50, and 8.0 and
14% (w/w) dispersions at pH 2.75, 3.50, and 8.0. After being
thermally treated at 90 °C for 30 min, frequency scans were
carried out at the same temperature. The rheological behavior
was studied by comparing the G′ and G′′ frecuency dependence
with empirical models.

The heating rate was determined by measuring the varia-
tion of G′ (1 Hz, 10% deformation) as a function of treatment
time (90 °C) in pH 2.75, 3.50, and 8.0 dispersions prepared at
10% w/w in distilled water. Experimental data were fitted by
the following empirical formula (Nishinari et al., 1991; Yoshida
et al., 1992):

where G′sat is the saturation storage modulus, k the thermal
treatment rate constant, and t the time. Constant k was
obtained by the nonlinear model method using the SYSTAT
(1990) software (SYSTAT, Inc., Evanston, IL).

Compression Tests. Preparation of Gels. Dispersions in
distilled water of 10 and 14% w/w protein concentration from
the pH 3.25 and 8.0 isolates were prepared. The pH of acidic
dispersions was then adjusted to 2.50, 2.75, 3.00, 3.25, and
3.50 with HCl 1 N or NaOH 1 N as needed.

All samples were partially deaerated by centrifugation at
1000g for 1 min at 15 °C and carefully resuspended using a
glass rod. The dispersions were placed in glass tubes (length,
6 cm i.d., 2.2 cm) closed in both ends with hermetic-seal rubber
plugs. Gelation was carried out by heating the tubes at 90 °C
for 30 min and then immediately cooled in a water bath at 15
°C. The gels were then kept at 4 °C for 24-48 h to ensure
complete gelation (Puppo et al., 1995).

Determination of Texture. Gels were compressed to 80% of
their original height (3 cm) until rupture (Lee and Batt, 1993),
by means of an Instron model 1101 press. To this end, a 50 N
cell was used at ambient temperature, the head deformation
rate being 100 mm/min (Stamponi and Noble, 1991, 1992;
Hsieh et al., 1993; Bertola et al., 1996). In each determination,
a minimum of four gels was used, and average values were
calculated.

A one-cycle uniaxial compression test was carried out using
parallel plates without lubrication. The rupture strength or
fracturability (F) and hardness (H) were determined from the
force-time curves. Fracturability was defined as the force of
the significant break in the force-time curve, while hardness
is the hight of the force peak (Andersson et al., 1973; Bourne,
1982). The engeneering strain or strain at fracture (εf) was
determined from the curves as εf ) ∆Lf/L0 where L0 is the
initial height of the sample, ∆Lf ) L0 - Lf, and Lf is the height
of the sample at fracture.

Assuming incompressible samples, the force deformation
curves were transformed into true stress-true strain curves.
The true strain (εt) was expressed as the logarithmic deforma-
tion (Peleg, 1977; Nussinovitch et al., 1989, 1990):

The true stress (σt) was calculated:

where F is the force at time t and a0 is the initial cross-section
area.

The initial slope of the true stress-true strain curves,
defined as the deformability modulus (ED) (Nussinovitch et al.,
1990), was determined.

The data were statistically analyzed by Analysis of Variance
(ANOVA) using the SYSTAT software (1990) (SYSTAT, Inc.,
Evanston, IL). The significance of differences among results
of the several treatments were studied by the Tukey test at
p < 0.05.

RESULTS AND DISCUSSION

Viscoelasticity of Dispersions. Effect of Gelling
Temperature. Figure 1 shows the variation of G′ and
G′′ with temperature (f ) 1 Hz). Both in the acidic
dispersion and in that at pH 8.0, the elastic (G′) and
viscous (G′′) moduli are, at 60 °C, very low, close to zero.
As the temperature increases, G′ becomes higher than
G′′, the difference being more important in the acidic
sample. The results indicate that pH 3.25 dispersions
become more elastic than viscous for temperatures
above 60 °C, whereas at alkaline pH, the elastic
modulus increases from 70 °C. At higher temperatures,
G′ values in acidic dispersions are five times as high as
those of corresponding alkaline dispersions. Values of
G′′ are similar for both samples in the entire tempera-
ture range, thus evidencing no substantial changes in
the viscous component with temperature. The pro-
nounced change in G′ between 60 and 70 °C underwent

G′(t) ) G′sat [1 - exp(-kt)] (1)

Figure 1. Variation of G′ (b, O) and G′′ (2, 4) with temper-
ature for (10% w/w) dispersions at pH 3.25 (O, 4) and pH 8.0
(b, 2).

εt ) ln
L0

L0 - ∆L
(2)

σt ) F
a0

(1 - ∆L/L0) (3)
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by the pH 3.25 dispersion is in agreement with dena-
turation temperatures of the soy protein 7S (71.29 (
1.37 °C) and 11S (66.54 ( 0.47 °C and 80.93 ( 0.06 °C)
fractions at that pH value (Puppo and Añón, 1998). At
acidic pH and above 70 °C, both globulins are completely
denatured so that no variation of elastic modulus with
temperature is observed.

The pronounced change in G′ between 60 and 70 °C
underwent by the pH 3.25 dispersion is in agreement
with denaturation temperatures of the soy 7S and 11S
globulins fractions at that pH value. In a previous work
(Puppo and Añón, 1998), we studied by DSC the thermal
stability and the denaturation degree of soybean protein
isolates and soybean fractions (7S and 11S) of different
pHs. The 7S fraction of pH 3.25 presented a singular
endotherm at a denaturation temperature of 71.29 (
1.37 °C. The 11S globulin (pH 3.25) presented two
peaks, at 66.54 ( 0.47 °C and 80.93 ( 0.06 °C,
corresponding to the hexameric and dodecameric form
of the glycinin, respectively (Puppo and Añón, 1998).
At acidic pH and above 70 °C, both globulins are
completetly denatured so that no variation of elastic
modulus with temperature is observed.

In pH 8.0 gels, G′ increases between 70 and 80 °C
and keeps rather constant for higher temperatures. The
increase takes place in the same range as that involving
denaturation of the 7S fraction (78.63 ( 0.30 °C). The
11S fraction denatures at 66.54 ( 0.47 and 80.93 ( 0.06
°C and at 90.06 ( 0.38 °C for pH 3.25 and 8.0,
respectively, indicating that gels elasticity would be
influenced mainly by â-conglycinin denaturation (Puppo
and Añón, 1998). For 15% w/w dispersions of native
soy protein isolates, Owen et al. (1992) and Van Kleef
(1986) have also observed an increase of G′ at 70 °C
followed by a transition at 97 °C due to gelling of 7S
and 11 S globulins, respectively.

Therefore, according to the experimental results, the
temperature chosen here for preparing the gels (90 °C)
ensures the complete protein denaturation required for
gelation, allowing more elastic gels to be formed.

Effect of pH. The complete gelation process consists
of two stages, with a first heating stage to promote
denaturation and protein interaction and a second of
cooling. In this work, experiments were carried out at
the gelation temperature (90 °C) so that we are measur-
ing variations in the dynamic parameters of the process
first stage. In this stage, a fraction of proteins experi-
ences denaturation since, at acidic pH, the remaining
fraction was already denatured by pH effect before the
thermal treatment (Puppo and Añón, 1998).

Figure 2 shows graphs for dispersions prepared at pH
2.75, 3.50, and 8.0. In each, G′, G′′, and η* were
represented as a function of the oscillation frequency
(dynamic spectrum), and it is observed that their
behavior obeys the Maxwell model (Haake, 1991).
According to Giboreau et al. (1994), the three samples
would behave as semidiluted macromolecular disper-
sions where elasticity increases with the oscillation
frequency. Clark and Ross-Murphy (1987) and Ross-
Murphy (1987, 1995b) classified these types of samples
as structured network systems (pseudogels) represented
by dynamic spectra where G′ and G′′ increase with
frequency. In the first zone, G′′ is greater than G′ but
then, after a crossover, G′ becomes higher than G′′ in
the plateau region. The value of η* decreases linearly
for frequencies higher than 0.22 Pa s (Ross-Murphy,
1995b) [in agreement with Ross-Murphy (1995b)]. These

systems can be described as “highly elastic solutions”,
where the phenomenon of association of segments of
ordered protein chains is dominant (Cuvelier and Lu-
nay, 1986). This association of protein molecules would
be due to noncovalent interactions, mainly of the
hydrophobic type (Baird, 1981). If, in these viscoelastic
liquids, the parameters were measured after cooling
where hydrogen bond interactions are favored, they
would possibly show a gellike behavior from a dynamic
viewpoint.

The variation of the G* modulus is similar to that of
G′ so that the viscoelastic kinetics can be represented
in terms of the elastic modulus. For the three 10% w/w
dispersions, Figure 3, show that G′ increases gradually
and continually with time, following a first-order kinet-
ics. A similar behavior was observed for 7S and 11S

Figure 2. Variation of G′ (b), G′′ (2) and η* (9) with frequency
for (10% w/w) dispersions at pH 2.75 (a), 3.50 (b), and pH 8.0
(c).

Figure 3. Variation of G′ with heating time (90 °C, 30 min)
for (10% w/w) dispersions at pH 2.75 (O), 3.50 (4), and 8.0 (0).

Rheological Properties of Soybean Protein Gels J. Agric. Food Chem., Vol. 46, No. 8, 1998 3041



soymilk globulins after thermal treatments at 80 °C
(Nishinari et al., 1991; Yoshida et al., 1992; Nagano et
al., 1994b). This G′-temperature profiles, distinctive
of native globular proteins cooperative gelation, have
also been described by Van Kleef et al. (1978). The G′
values of dispersions prepared at extreme pH are lower
than those whose pH is close to the pI. Most of the
modulus increase is observed within the first 30 min of
thermal treatment, a behavior that justifies gel prepa-
ration by heating at 90 °C for 30 min.

By using the model represented by eq 1 for the curves
of the pH 2.75, 3.50, and 8.0 dispersions, the values
obtained for the gelation rate constant (k × 104) were
4.08, 7.55, and 7.17 s-1, respectively (r < 0.989). Thus,
in the sample of pH closer to the pI, the first gelation
stage is faster than it is for samples of extreme pH
values. It could then be proposed that during the
thermal treatment around the pI value, protein-protein
interaction would favor a faster gelation process. Be-
sides, in the pH 8.0 gel, the value of the saturation or
equilibrium elastic modulus (G′sat) is reached within
the 60 min of heating, whereas, for the pH 2.75 gel,
longer treatment time would be allowed for.

The fact that the G′sat value is not reached does not
impede gel formation after cooling. Bohlin et al. (1984)
have studied the dependency of viscoelastic properties
of coagulated milk with time and observed that after
cooling the elasticity increased for the gels formed. The
transition from sol state, where the molecular mass is
finite to the gel state of “infinite” molecular mass occurs
at a particular cross-linking degree termed “gel point”.
Gel equilibrium modulus (G′sat in our case), sometimes
associated to gel strength, is proportional to the number
of elastically active chains of the matrix (Ne) which, in
turn, depends on matrix functionality (f) and cross-
linking degree (R). The dependency of G with time
presents, in some cases, a lag period, and the gel or
gelation time can be estimated from the G vs time curve
when G becomes measurable (Ross-Murphy, 1995a).

Thermal treatment at high temperature would favor
two opposite phenomena: (a) rupture of hydrogen bonds
and decrease of electrostatic interactions, thus weaken-
ing intermolecular interactions, and (b) stabilization of
hydrophobic interactions which favor molecular associa-
tion in a three-dimensional structure. The value of G′
results from this balance; if the first phenomenon
predominates, the elastic modulus will be small, whereas
if the second is dominant, G′ reaches higher values
(Chronakis, 1996). On the basis of the above-mentioned
fact, it may be deduced that thermal treatment of soy
protein dispersions, either acidic or alkaline (Figure 3),
would enhace hydrophobic bonds between protein mol-
ecules.

To analyze how dynamic parameters vary with the
gel variables, we have chosen a frecuency value (1 Hz)
for which measurements are fast enough, while giving
a slight fluctuating shear stress response to the defor-
mation applied.

In the acidic pH range, storage (G′) and loss (G′′)
moduli increase, the raise being more pronounced for
G′ (Figure 4a). In the more acidic gels (pH 2.50), G′
and G′′ values are similar, and there is an increasing
difference of both moduli as pH increases. The pH 8.0
gel exhibits an elastic moduli value intermediate com-
pared to those presented by pH 3.00 and 3.25 gels
(Figure 4a).

Viscoelasticity is represented, according to Cooney et

al. (1993), by the tangent of the deformation angle (tan
δ ) G′′/G′) (Figure 4b). All tan δ values are below 0.5,
revealing that gel behavior is primarily elastic, espe-
cially in gels at pH below 3.25. Changes in tan δ are
small at increasing gel pH.

Effect of Protein Concentration. While a 10% w/w gel
comports, under the conditions tested, as a Maxwellian
viscoelastic liquid, the increase of protein concentration
up to 14% w/w leads to a viscoelastic solid behavior that
follows the Kelvin Voight model (Haake, 1991). The
elastic modulus of the latter gel is higher than that of
the former, and its value keeps constant over the
frequency range tested (Figure 5). The most protein
concentration gels exhibit a “gel-like” behavior that
reflects the existence of a three-dimensional matrix
which is stable at high oscillation frequencies (Clark and
Ross-Murphy, 1987; Giboreau et al., 1993). For alkaline
gels, this stability would be related to the formation of
disulfide bonds by approximation of protein molecules
(Giboreau et al., 1993; Chronakis et al., 1995). A linear
decrease of η* is observed as the frequency increases
(Figure 5), a typical feature of strong gels (Ross-Murphy,
1995b). Similar results were obtained in soy protein
dispersions at different concentrations by Baird (1981)
(20 and 25% w/w), and Chronakis (1996) (14 and 20%
w/w). For the matrix formed, this “gel-like” behavior
reveals permanent intra- and intermolecular rearrange-
ment of effectively elastic bonds among protein mol-
ecules (Chronakis, 1996).

Changes in G′ and G′′ modulus and tan δ values with
pH and protein concentration are shown in Figure 6.
In all gels, both moduli increased with protein concen-
tration, the raise of the storage modulus (G′) being
particularly pronounced. This indicates an increase of
elasticity, a fact also corroborated by the decrease of tan
δ. The decrease in tan δ is related to the development
of a large number of contact points among protein
molecules or to the formation of a more compact
structure at high protein concentrations (Cooney et al.,
1993).

Gel Texture. Effect of pH. Figure 7 exhibits typical
curves recorded during uniaxial compression tests of

Figure 4. Variation of G′ (b) and G′′ (2) (a), and tan δ (9) (b)
as a function of gel pH (10%w/w).
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10% w/w protein gels at different pH. Gels at pH below
2.75 and at 8.0 present only one peak, pH 3.00 and 3.25
gels show two totally overlapping peaks while two well-
separated peaks are observed at pH 3.50. At extreme
pH values, aggregation of proteins is lower due to
repulsion of equally charged molecules, leading to
ordered and translucent matrix, the texture profile of
which presents only one peak. As the pH approaches
pI, water-protein interaction decreases and fragile

structure gels are formed. These gels show an initial
fracture (first peak) and, after compression progressed,
a second rupture (second peak).

In acidic pH gels, the rupture force (F) and hardness
(H) are significantly less than those of pH 8.0 gel (Figure
8a). In acidic gels, significant differences (p < 0.05)
were observed only between samples of extreme pH.

Hardness increases with increasing the number of
disulfide bonds in the gel matrix (Furukawa and Ohta,
1982). The behavior of â-lactoglobulin gels at different
pH is alike that of soy protein gels. â-Lactoglobulin gels
of transparent, fine structure are fragile at low pH and
elastic at high pH, while gels presenting an aggregate
structure are more likely to fracture above the pI
(Stading and Hermansson, 1991).

The deformability modulus (ED) decreases sharply
between pH 2.50 and 2.75, reaching the lower value at
pH 3.50 (Figure 8b). The pH 2.50 gel is more resistant

Figure 5. Variation of G′ (b), G′′ (2), and η* (9) as a function
of frecuency, of (14% w/w) dispersions of pH 2.75 (a), 3.50 (b),
and 8.0 (c).

Figure 6. Variation of G′ (a), G′′ (b), and tan δ (c) as a function
of gel protein concentration.

Figure 7. Force-time curves of soy protein gels (10% w/w)
prepared in distilled water at different pHs. Compression:
80%. Compression rate: 100 mm/min.

Figure 8. (a) Rupture force (single diagonal lines) and
hardness (double cross-diagonal lines) of (10% w/w) gels
prepared in distilled water at the pH values: 2.50 (1, 7); 2.75
(2, 8); 3.00 (3, 9); 3.25 (4, 10); 3.50 (5, 11); and 8.0 (6, 12). (b)
Modulus of deformability, ED of 10% w/w gels of several pH,
prepared in distilled water.
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to deformation than the other acidic gels, that property
being similar in pH 8.0 and 2.75 gels. These results
suggest a low contribution of disulfide bonds, present
only in the pH 8.0 gels, to the modulus of elasticity. In
this regard, Okamoto et al. (1973) have studied gelatine
gels, which present a high content of disulfide bonds,
and observed that disulfide bonds contribute slightly to
the increase of the elastic modulus. Likewise, in studies
on commercial soy proteinate gels, Furukawa and Ohta
(1982) have also observed a decrease in the elasticity
modulus with the increase of numbers of cleaved di-
sulfide bonds.

Effect of Protein Concentration. The increase in
protein concentration from 10 to 14% w/w modifies the
texture profile of acidic gels (Figure 9). For pH 2.75,
the peak observed in the 10% gel splits in two peaks,
revealing a structure with independent fracturability
and hardness. In the pH 3.50 gel, there is a clearer
separation between the first and second peaks, while
at pH 8.0, the gel keeps the texture profile already
observed in the 10% gel (profile not shown).

The data plotted in Figure 10 (panels a and b) show
an increase of fracturability and hardness for increasing
protein concentration. For alkaline pH values, where
the sulfhydryl-disulfide interchange is favored, the

increase in F and H is more noticeable. This is possibly
due to the increase in disulfide bonds as a consequence
of stronger protein-protein interaction. Similar results
were obtained by Kang et al. (1991) for soy protein
isolates and by Nio et al. (1985) and Utsumi et al. (1982)
in 7S and 11S globulin gels. The lowest concentration
of glycinin required for gel formation is 2.5%, and
hardness increases as the globulin concentration and
the proportion of acidic high molecular weight subunits
present in 11S fraction becomes larger (Nakamura et
al., 1984). Hardness of gels prepared from other pro-
teins such as â-lactoglobulin, milk whey protein isolates,
and bovine serum albumin presents the same hardness
behavior with regard to protein concentration (Lee and
Batt, 1993; Lupano et al., 1992).

The deformability modulus (ED) increases as the
protein concentration increases, this raise being more
pronounced for the pH 3.50, characterized by a high
resistance to deformation before rupture (Figure 10c).
In the pH 2.75 and 8.0 gels of higher protein concentra-
tion, the engeneering strain (εf) value is lower (Figure
10d), i.e., they deform less at rupture than at 10% w/w
concentration. Gels whose pH is far from the pI behave
similarly when protein concentration increases. This
fact indicates that noncovalent interactions of equally
charged molecules, dominant both at pH 2.75 and at
pH 8.0, have a significant effect in gel texture param-
eters. Close to the pI, where the protein net charge
tends to zero, the increase of concentration strengthens
protein-protein interactions, so leading to the gel whose
structure is more resistant to deformation (very high
ED) and whose εf is higher than in gels where pH is far
from pI.

CONCLUSIONS

From the results described above, it may be concluded
that acidic pH dispersions present a viscoelastic behav-
ior. Dispersions of 10% w/w protein concentration
behaved as semidiluted macromolecular solutions or
pseudogels. At constant frequency (1 Hz), tan δ values
increase slightly as pH gets closer to pI, indicating that
the more acidic gels are more elastic. The alkaline gel
presented the lowest elasticity, possibly because of the
rigidity imparted by disulfide ions. The variation in tan
δ would be related to the fact that the sulfhydryl-
disulfide interchange is not favored at acidic pH and
that the protein denaturation percentage due to previ-
ous pH treatment is higher at the more acidic pH. The
increase of protein concentration from 10 to 14% w/w
does not lead to pseudogels but to materials that behave
as strong or true gels over the entire frequency range.
Nearness of molecules enhance protein-protein interac-
tion so gel elasticity increases. The more acidic gels are
more transparent and less firm, showing a closer
homogeneous structure with higher water holding ca-
pacity than gels whose pH is near pI. Gel microstruc-
ture is intimately related with texture; for instance, the
more acidic gels present less fracturability and hard-
ness, and higher resistance to deformation. This phe-
nomenon would be caused by the fact that, for pH far
from the pI, the water-protein interaction is favored.
Besides, it was also observed that all acidic gels are less
sensitive to fracture and less hard (softer) than alkaline
gels. Fracturability, hardness, and resistance to defor-
mation of gels increase for increasing protein concentra-
tion.

Figure 9. Force-time curves of soy protein gels (14% w/w) of
pH 2.75 and 3.50 prepared in distilled water.

Figure 10. (a) Fracturability, (b) hardness, (c) modulus of
deformability, and (d) engeneering strain of different pH and
protein concentration gels prepared in distilled water: 10%
w/w (single diagonal lines) and 14% w/w (double cross-diagonal
lines).
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