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a b s t r a c t
The effect of ﬂaxseed gum (FG) on the rheological and nonlinear stress response behaviors of mixed soy
protein isolate (SPI)–ﬂaxseed gum (FG) dispersions were studied. Results showed that the viscosity of
the SPI–FG mixed dispersions increased signiﬁcantly with increase in the FG concentration. Both the
shear stress and the apparent viscosity values as a function of shear rate were ﬁtted well using Power
law model as expected. The frequency dependence of G , G  and tan ı of soy protein isolate decreased as
the FG concentration increased. The large amplitude oscillatory shear (LAOS) test and Fourier transform
(FT) rheology analysis showed that the addition of ﬂaxseed gum strongly affected the structure of the
SPI–FG mixed dispersion system as shown by deformation of the nonlinear stress response curve and
signiﬁcantly altered magnitude of higher harmonic curve. The addition of FG increased the instantaneous
strain softening effect of the SPI–FG mixed dispersion system.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Proteins and polysaccharides play an important role in manufactured foods due to their unique functional and textural properties.
When proteins and polysaccharides are mixed, it is expected that
the behavior of one is affected by the presence of the other
(Tolstoguzov, 1997). It has been found that the charged polysaccharides readily interact with other macromolecules such as lipids and
proteins (Samat, Singhal, Kulkarni, & Rege, 1993). The understanding of the protein–polysaccharide interaction is very important
in developing novel foods with tailored textural properties (Cain,
Jones, & Norton, 1987; Tolstoguzov, 2003).
The demand for soy protein is continuously growing because of
its nutritional as well as functional (emulsifying, gelling and foaming) properties (Maltais, Remondetto, Gonzalez, & Subirade, 2005;
Molina, Papadopoulou, & Ledward, 2001; Renkema, Knabben, & van
Vliet, 2001). Because of these reasons, the soy protein isolates are
commonly used in food formulation as functional ingredients. The
speciﬁc functional properties of soy protein isolate can be improved
through some conscious modiﬁcations. In this context, the effect
of various treatments and presence of additives on structural and
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functional properties of soy proteins has been studied to considerable details (Petruccelli & Aňón, 1994a, 1994b; Puppo & Aňón,
1999; Puppo, Lupano, & Aňón, 1995).
The ﬂaxseed gum is a natural carbohydrate polymer and
is extracted from ﬂaxseed (Linum usitatissimum). It comprises
approximately 8% of the ﬂaxseed by weight. As ﬂaxseed gum is
composed of xylose, arabinose, fucose, galactose, rhamnose and
galacturonic acid, it is regarded as a heterogeneous polysaccharide
(Chen, Xu, & Wang, 2004; Cui, Mazza, & Biliaderis, 1994; Erskine
& Jones, 1957; Hunt & Jones, 1962; Muralikrishna, Salimath, &
Tharanathan, 1987). Because of its unique thickening, emulsiﬁcation and water holding properties, the ﬂaxseed gum can be used
as an effective thickener, stabilizer and emulsiﬁer in food industry
(Chen, Xu, & Wang, 2006; Wang et al., 2008; Wang, Wang, Li, Xue, &
Mao, 2009). As the proteins and polysaccharides are used together
in manufactured foods, the composition of both the proteins and
polysaccharides can affect the structure, stability and textural properties of the foods in which both the proteins and polysaccharides
are incorporated (Galazka, Dickinson, & Ledward, 2000).
The nonlinear regimes in ﬂow, structure deformation and other
rheological properties are commonly observed in food processing
operations. The complex dispersion systems containing protein and
other hydrocolloids show nonlinear rheological properties (Larson,
1999; Macosko, 1994). The understanding of non-linear behavior in
shear-induced structure–function relationship is essential in developing foods with desired textural properties. In this context, the
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Nomenclature
A
Ea
f
G
G
In
I1
K
K
K
n
n
n
R
R2
˙
ın


ωn

pre-exponential constant
activation energy (kJ mol−1 )
angular frequency (rad/s)
storage modulus (Pa)
loss modulus (Pa)
magnitude of nth harmonic wave
magnitude of fundamental wave
consistency coefﬁcient (Pa sn )

power law constant (Pa sn )

n
power law constant (Pa s )
power law index (dimensionless)
frequency exponent (dimensionless)
frequency exponent (dimensionless)
universal gas constant (Pa s)
correlation coefﬁcient (dimensionless)
shear rate (s−1 )
phase of nth harmonics (◦ )
apparent viscosity (Pa s)
stress amplitude (Pa)
additional parameter (dimensionless)
angular frequency of nth harmonics (rad/s)

ethanol (in two volumes) was added into the extracted solution to
precipitate ﬂaxseed gum and it was collected by centrifugation for
10 min at 3000 rpm using a centrifuge (LG10-2.4A, Beijing Medical
Centrifuge Corporation, Beijing, China). The collected ﬂaxseed gum
was dried in a hot air oven at 80 ◦ C for 4 h, according to the method
proposed by Wang, Li, Wang, Wu, and Özkan (2011b).
2.3. Solution preparation
For rheological tests, the soy protein isolate (8.00%,
w/w)–ﬂaxseed gum (0.30–0.70%, w/w) mixtures were prepared as follows. Flaxseed gum (0.06 g, 0.1 g, 0.14 g) was added
into 20 mL water, and the soy protein isolate (1.6 g) was subsequently added while stirring. When the ﬂaxseed gum and the soy
protein isolate powders were completely dissolved in water, the
resultant dispersions were heated to boil for 1 min while stirring
and then cooled down to ambient temperature (25 ◦ C). These
dispersion samples were equilibrated at 25 ◦ C for 2 h before the
test (pH = 6.8 ± 0.2). The soy protein isolate dispersions without
gum and the ﬂaxseed gum dispersion without protein were also
prepared in the same way and were used as control samples. All
of the experiments were performed in triplicate and their average
values are reported in ensuing sections.
2.4. Rheological tests

Fourier transform rheology (FT rheology) can be applied in analyzing the higher harmonics in the oscillatory shear stress response
(Craciun, Carreau, Heuzy, Moan, & Ven, 2003; Kallus et al., 2001;
Wilhelm, 2002). The large amplitude oscillatory shear tests (LAOS)
can be used to understand the non-linear behavior in rheology in
complex macromolecular food systems (Hyun, Kim, Ahn, & Lee,
2002; Klein, Spiess, Calin, Balan, & Wilhelm, 2007; Sim, Ahn, & Lee,
2003).
In the past, a series of studies have been undertaken to investigate various aspects of protein–polysaccharide interactions (Hua,
Cui, & Wang, 2003; Ipsen, 1995; Wang, Li, Wang, & Adhikari, 2011a).
Most of these studies used carrageenan or xanthan gum as model
polysaccharides. To our knowledge there are no studies reporting
the effect of addition of ﬂaxseed gum on rheological properties of
soy protein isolate. There are many interesting aspects in the soy
protein isolate–ﬂaxseed gum (SPI–FG) interactions which have not
yet elucidated. Therefore, this study was undertaken in order to
measure and predict rheological properties of SPI–FG mixed dispersions and to elucidate the structural changes in soy protein
dispersion in the presence of ﬂaxseed gum.

2. Materials and methods
2.1. Soy protein isolate
Commercial soy protein isolate (7S 31 ± 1%, 11S 41 ± 1%) was
obtained from Messenger Biotechnology Co. Ltd. (Beijing, China).

AR2000ex rheometer (TA Instruments Ltd., Crawley, UK) with
aluminum parallel plate geometry (40 mm diameter, 1 mm gap)
was used to carry out rheological measurements. The AR2000ex
is a stress controlled rheometer equipped with a force rebalance
transducer. The transducer is capable of measuring torque values
ranging from 0.03 N m to 200 mN m. The high resolution motor of
this rheometer can generate and control angular frequencies from
7.5 × 10−7 rad/s to 628 rad/s. The temperature of the sample was
maintained as desired using a water bath connected to a Peltier
system in the bottom plate. To prevent evaporation, a thin layer of
silicone oil was used on the surface of the samples.
2.4.1. Frequency sweep tests
The frequency sweep tests were performed at 25 ◦ C, 50 ◦ C, and
75 ◦ C over the angular frequency range of 10–100 rad/s. In order
to keep the strain amplitude in the linear viscoelastic region for
all samples, the strain amplitude of the frequency sweep tests was
selected to be 2% based on the strain sweep test results (data not
shown).
2.4.2. Steady state ﬂow tests
The steady shear tests were performed at 20 ◦ C, 30 ◦ C, 40 ◦ C,
50 ◦ C and 60 ◦ C over the shear rate range of 1–100 s−1 . The
shear rates used this study were within the shear rates prevailing in extrusion (1–100 s−1 ), pipe ﬂow (1–1000 s−1 ) and agitation
(10–1000 s−1 ) in food process operations (Steffe, 1996). The variation in apparent viscosity and shear stress as a function of shear
rate were measured using this test.

2.2. Flaxseed gum extraction
Flaxseed, with 6.50% (w/w) moisture content was purchased
from Hebei province of China. One hundred grams of ﬂaxseed was
mixed with 900 mL deionized water (pH 6.4–7.0) and was washed
to remove the dust. The ﬂaxseed gum was extracted according to
the method proposed by Cui (2001) and Cui et al. (1994). Brieﬂy,
the slurry of ﬂaxseed and water was stirred at 300 rpm for 5 h and
the temperature of the mixture was maintained at 60 ◦ C using a
water bath. The extracted solution was ﬁltered through a 40-mesh
screen to remove any remaining solid impurities. The 95.00% (v/v)

2.4.3. Large amplitude oscillatory shear tests (LAOS)
Samples of 8.00% SPI dispersion and 8.00%SPI + 0.70% FG mixed
dispersion were used in these tests. The large amplitude oscillatory shear test was performed using strain sweep mode at 1 Hz
over a strain duration of 10–1000%. The strain, stress and angular
frequency outputs were connected to a computer, where the data
for FT rheology analysis was required. The transformation of the
stress respond data from time domain to frequency domain was
processed with Origin Pro v8.0725 software (OriginLab Corporation).
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2.5. Theory
2.5.1. Frequency sweep test
The loss modulus (G ) values calculated using the
Kronig–Kramers relationship were compared to the measured
values to insure all the data recorded during the frequency sweep
test were within the linearity regime of the gel system during
the entire frequency range (data not shown). The approximation
equation was (Tschoegl, 1989)
G (f ) =

 d(G (f ))
2 d ln(f )

G = K  · f

G = K  · f

n

(2)
(3)

where K and K are power law constants and the n and n values
are considered as frequency exponents, f is the angular frequency.
2.5.2. Steady state ﬂow test
The experimental apparent viscosity versus shear rate data were
ﬁtted using Power law model (Eq. (4)) which is commonly used in
modeling steady shear properties of non-Newtonian liquids (Steffe,
1996). Once the power law parameters, i.e. consistency coefﬁcient (K) and ﬂow behavior index (n) are obtained, the relationship
between the measured apparent viscosity and shear rates can be
expressed using Eq. (4), given below.
 = K · ˙ n−1

(4)

where  is the apparent viscosity (Pa s), ˙ is the shear rate (1/s), and
K is consistency coefﬁcient (Pa sn ), and n is known as ﬂow behavior
index (dimensionless).
2.5.3. Analysis using FT rheology
Besides the common rheological properties measured from
the small amplitude oscillation test within the linear viscoelastic
region, the stress response outside the linear viscoelastic regime
provides useful information when LAOS is applied on the sample
(Grand & Petekidis, 2008). Therefore, a newly developed approach
(FT rheology), which considers the superposition of different overtone spectra of typical nonlinear effects in the entire frequency
spectrum, is applied. The LAOS test was used to generate the G and
G data and to describe the non linear behavior (Wilhelm, Maring,
& Spiess, 1998).
The time domain stress response signal was transformed into
the frequency domain signal, and the stress was represented by
the sum of higher harmonics:
 = A sin(ω1 t + ı1 ) + B sin(ω2 t + ı2 ) + C sin(ω3 t + ı3 ) + · · ·

functions (Klein, Venema, Sagis, & Van Der Linden, 2008). These four
functions represent four types of rheological contributions from
higher harmonics: linear, strain hardening, strain softening, and
wall slip or shear bands (Klein et al., 2007). These non-liner effects
become very important under LAOS conditions. In FT rheology, the
analysis of LAOS data is based on the magnitude In /I1 (Klein et al.,
2007). The quantiﬁcation of the non-linear response regarding the
rheological phenomenon is based on the measurement and analysis
of the magnitude of the higher harmonics (In /I1 ).

(1)

The variation of storage modulus (G ) and loss modulus (G )
with the angular frequency for soy protein isolate–ﬂaxseed gum
mixtures can be ﬁtted using Eqs. (2) and (3) given below (Ikeda &
Nishinari, 2001).
n
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(5)

where  is the stress amplitude (Pa), ωn is the angular frequency
(rad/s) of each harmonics, and ın is the phase (degree) of each harmonics. The experimental  versus t data show more than 2 higher
harmonics and the FT rheology takes these higher harmonics into
consideration.
At low strains, the stress signal is sinusoidal, whereas, when
the strain amplitude is increased outside the linear viscoelastic
region, the stress response gets distorted as the dispersion start to
deform or ﬂow. Outside the linear regime, the stress response curve
becomes strongly non-linear and out of phase. For simplicity, only
four characteristic stress response curves were considered, and the
non-linear effect was described by a superposition of these stress
response curves by using sine, triangular, rectangular and saw tooth

3. Results and discussion
3.1. Rheological properties
3.1.1. Frequency sweep test
The variation of storage modulus (G ), loss modulus (G ) and the
loss tangent (tan ı) as a function of angular frequency measured at
25 ◦ C is shown in Fig. 1. It can be seen from this ﬁgure that both the
storage and loss moduli increase as the angular frequency increases.
The variation of G and G with angular frequency in the case of soy
protein isolate is signiﬁcant as both the moduli are found to increase
by approximately two orders of magnitude. The increase of G value
with the increase in the angular frequency slows down distinctly
when the ﬂaxseed gum is added. This observation suggests that
the addition of ﬂaxseed gum decreases the frequency dependence
of the rheological parameters of the soy protein isolate.
It can also be seen from Fig. 1 that the tan ı values of soy protein isolate decrease sharply with the increase in angular frequency
and the addition of ﬂaxseed gum. The addition of ﬂaxseed gum
especially within 0.50% (w/w) and 0.70% (w/w) concentration has
made the trend steadier. This suggests that the tan ı of soy protein
isolate–ﬂaxseed gum mixtures have less frequency dependence
than that of the dispersions having only soy protein isolate.
The viscoelastic nature of foods can be represented by Power law
type model (Özkan, Xin, & Chen, 2002). The frequency exponents
(n and n ) of SPI–FG mixed dispersions (Table 1) were distinctly
different compared to those of soy protein isolate dispersions. Both
the n and n values of SPI–FG mixed dispersions at 25 ◦ C, 50 ◦ C,
and 75 ◦ C were lower than those of soy protein isolate dispersions
at the same temperature. The values of the power law constants (K
and K ) of SPI–FG mixed dispersions were much higher than those
of soy protein isolate dispersions This might be due to the fact that
the addition of small amount of ﬂaxseed gum helps to form more
rigid SPI–FG mixed dispersions.
Fig. 2 shows the variation of G , G and tan ı with angular frequency at three different temperatures (25 ◦ C, 50 ◦ C, and 75 ◦ C) in
the case of 8.00% (w/w) soy protein isolate dispersion. This ﬁgure
also presents the variation of these rheological parameters in 8.00%
(w/w) (SPI)–0.70% (w/w) FG mixed dispersions. It can be seen from
this ﬁgure that the temperature dependence of soy protein isolate
dispersion is much stronger than that of the SPI–FG mixed dispersions. Both the G and G values of the 8.00% (w/w) SPI–0.70% (w/w)
FG mixed dispersions are much higher compared to those of the soy
protein isolate dispersions. These data suggest that the addition
of ﬂaxseed gum contributes to the increase in both the moduli of
the mixed dispersions. When the temperature of these dispersions
increased, the G and G values of both the soy protein isolate dispersions decreased, as well as the SPI–FG mixed dispersions. A similar
trend of temperature dependence of these rheological parameters
was reported previously in the case of carrageenan–soy protein
mixed dispersions (Baeza, Carp, Pérez, & Pilosof, 2002). The magnitude of tan ı values and its variation with angular frequency in the
case of 8.00% (w/w) soy protein isolate dispersion were quite different compared to that of 8.00% (w/w) SPI–0.70% (w/w) FG mixed
dispersions. The tan ı values of 8.00% (w/w) soy protein isolate
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Fig. 1. Angular frequency dependence of G , G and tan ı for 8.00% (w/w) of soy protein isolate dispersions, 0.70% (w/w) ﬂaxseed gum dispersion and SPI–FG mixed dispersions
(at 25 ◦ C).

of steady shear behavior is widely observed in biopolymers (Lu,
Liu, & Tong, 2006). It can also be seen from Fig. 3 that the addition
of ﬂaxseed gum sharply increases the viscosity of SPI–FG mixed
dispersions suggesting that the ﬂaxseed gum promotes the interaction and network formation between soy protein and ﬂaxseed
gum which results into mixed dispersions with stronger molecular
level networks.
The experimental apparent viscosity versus shear rate data in
all the SPI–FG mixed dispersions at different ﬂaxseed gum concentrations and different temperature shows a good accord with the
Power law model Eq. (4) with R2 ≥ 0.950. Fig. 4 shows the effect

dispersion increased with the increase in the temperature. However, the effect of temperature on the tan ı values of 8.00% (w/w)
SPI–0.70% (w/w) FG mixed dispersion was almost negligible.
3.1.2. Steady state shear ﬂow test
Fig. 3 presents the variation of apparent viscosity of 8.00% (w/w)
soy protein isolate, 0.70% (w/w) ﬂaxseed gum and their mixed dispersions. It can be seen from this ﬁgure that the apparent viscosity
of all these dispersions decreases with increase in the shear rate.
The shear thinning behavior can be observed in all samples and
the steady shear curves are almost parallel to each other. This type

Table 1
Effect of temperature and ﬂaxseed gum (FG) concentration on the Power law parameters (K and n ) and (K and n ) of SPI–FG mixed dispersions.
FG conc. (%)

Temperature (◦ C)





G = K fn

G = K fn

K
0
0.3
0.5
0.7
0
0.3
0.5
0.7
0
0.3
0.5
0.7

25
25
25
25
50
50
50
50
75
75
75
75

8E−5
7.6E−3
3.03
3.33
2E−5
1.2E−3
1.75
1.63
3E−5
3E−4
0.46
0.21

n
±
±
±
±
±
±
±
±
±
±
±
±

2E−6
3E−4
0.02
0.06
1E−7
5E−5
0.02
0.03
4E−7
1E−6
0.004
0.006

2.41
1.47
0.45
0.50
2.64
1.77
0.45
0.53
2.56
2.10
0.71
0.87

±
±
±
±
±
±
±
±
±
±
±
±

0.03
0.05
0.03
0.06
0.02
0.01
0.007
0.002
0.009
0.02
0.05
0.05

R2

K

0.9961
0.9879
0.9653
0.9758
0.9917
0.9811
0.9804
0.9630
0.9961
0.9939
0.9205
0.9510

0.01
7.8E−2
1.45
2.41
6.5E−3
2.7E−2
0.91
1.35
3.8E−3
1.1E−2
0.56
0.61

n
±
±
±
±
±
±
±
±
±
±
±
±

3E−4
5E−4
0.02
0.008
9E−5
4E−4
0.006
0.05
8E−5
4E−4
0.005
0.003

1.26
0.95
0.56
0.51
1.29
1.11
0.57
0.52
1.36
1.26
0.57
0.55

R2
±
±
±
±
±
±
±
±
±
±
±
±

0.07
0.02
0.009
0.008
0.01
0.04
0.01
0.009
0.03
0.07
0.01
0.007

0.9986
0.9902
0.9976
0.9995
0.9988
0.9868
0.9927
0.9979
0.9989
0.9916
0.9894
0.9990
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Fig. 2. Angular frequency dependence of G , G and tan ı at 25, 50, and 75 ◦ C for 8.00% (w/w) soy protein isolate dispersions and 8.00% (w/w) SPI–0.70% (w/w) FG mixed
dispersions.

of ﬂaxseed gum concentration and temperature on the consistency
index (K) for the SPI–FG mixed dispersions. As shown in Fig. 4, the K
values decrease with the increase in temperature for given ﬂaxseed
gum concentration and increase with the increase in the ﬂaxseed
gum concentration at a given or set temperature.
The effect of temperature on apparent viscosity can be presented
in a uniﬁed form by means of master curve (shear stress  vs. /˛T ).
In our study, the shift factor (˛T ) was obtained as the ratio of the

Fig. 3. Variation of apparent viscosity of 8.00% (w/w) soy protein isolate dispersion,
0.70% (w/w) ﬂaxseed gum dispersion and SPI–FG mixed dispersions at 20 ◦ C.

Fig. 4. The effect of ﬂaxseed gum concentration and temperature on the consistency
coefﬁcient (K) of the SPI–FG mixed dispersions.
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The w is taken to be the viscosity of water (1.52 × 10−3 Pa s) at
5 ◦ C. In both cases, the parameter
was correlated with ﬂaxseed
gum concentration using a power function given by Eq. (7), below.
= c · wgd

(7)

where wg (w/w) is ﬂaxseed gum concentration, c and d are dimensionless ﬁtting parameters. The values for parameter c were found
to be 206.8, 96.6 and 42.71 at the shear rates of 1, 10 and 100 s−1 ,
respectively. Similarly the values for the parameter d were found
to be 4.04, 3.44 and 3.20 for the shear rates of 1, 10 and 100 s−1 ,
respectively. These values were obtained through the least square
ﬁtting of the data (R2 > 0.980). The effect of ﬂaxseed gum concentration in increasing the apparent viscosity of these ternary systems,
compared to the viscosity of the soy protein dispersions, can be
evaluated through p and as given by Eqs. (6) and (7).
Fig. 5. Superimposed shear rate versus temperature master curve of 8.00% (w/w)
soy protein isolate dispersions using 20 ◦ C as a reference temperature.

shear rate at a given temperature ( T ) to the shear rate at a reference temperature ( Tr ) at the same shear stress. Fig. 5 shows the
master curve, using 20 ◦ C as reference temperature. The ﬂow curves
at each temperature were satisfactorily superimposed to the reference ﬂow curve. The ﬂow curves of SPI (8.00% w/w)–FG (0.70% w/w)
mixed dispersion were also satisfactorily superimposed into a master curve (results not shown). It has been generally accepted that
the master curve is a valid tool to investigate the ﬂow behavior of
ﬂuids which have experimental limitation in terms of shear rates
and temperatures (Steffe, 1996). In this study, the superposition of
all the ﬂow curves into a maser curve suggested that no chemical
change or structural alteration had occurred in the samples during
the measurements.
An additional parameter ( , as shown in Eq. (6)) is proposed
in this work in order to model the apparent viscosity data of
SPI (8.00%, w/w)–FG (0.70%, w/w) mixed dispersions from the
viscosity data of corresponding binary systems (soybean–water,
gum–water) within the shear rate and ﬂaxseed gum concentration
ranges investigated in this study.
i = p (1 +

) + g − w

(6)

where i is the apparent viscosity of SPI (8.00%, w/w)–FG(0.70%,
w/w) mixed dispersion at each shear rate. p is the apparent viscosity of soy protein dispersion (8.00%, w/w) at each shear rate and
g is the viscosity of ﬂaxseed gum solution. w is the viscosity of
water and (dimensionless) is the additional ﬁtting parameter.

3.1.3. The analysis using FT rheology
The non-linear stress response of the dispersions beyond the
linear viscoelastic region provides useful information. Fig. 6 shows
the stress response as a function of strain amplitude in time domain
for SPI–FG mixed dispersions at 1 Hz. It can be seen from this ﬁgure
that at low strain, the stress signal is sinusoidal. When the amplitude of the strain increases, the samples begin to yield and deform
which gives rise to non-linear stress response as a function of strain
amplitude. It is interesting to note that the stress response becomes
out of phase due to the deformation and ﬂow of the dispersions.
For all samples, a distortion of stress response can be observed
with the increase in strain amplitude beyond the linear regime.
For the soy protein isolate dispersions the stress signal deformed
not as strongly as in the case of SPI–FG mixed dispersions. This
observation suggests that the addition of ﬂaxseed gum increases
the instantaneous shear dependence of in SPI–FG dispersions.
Subsequently, we applied the FT rheology to analyze the stress
signal. The amplitudes of the third and ﬁfth harmonics are plotted in Fig. 7a and b for soy protein isolate dispersion and SPI–FG
mixed dispersion, respectively. The magnitude of second harmonic
which represents the wall slip was found to be negligible in these
dispersions.
For soy protein isolate dispersions, the variation in the amplitude of third harmonic with strain was quite monotonous (Fig. 7a),
which increased from almost negligible value (near linear regime)
to much higher values in the ﬂow regime. This observation suggests
that the soy protein dispersion behaves like soft sphere (Grand &
Petekidis, 2008). The magnitude of ﬁfth harmonic of soy protein
isolate dispersion also exhibited increasing trend after a slow start

Fig. 6. Stress response data in time domain and the corresponding magnitude of FT rheology spectra for SPI–FG mixed dispersions at 1 Hz and strain amplitude of 250%
(schematic).
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this effect starts to decrease. At the strain value of 250%, the amplitude of the third harmonic reaches 1.40% for soy protein isolate
dispersions and 2.40% for SPI–FG mixed dispersions. This implies
that the addition of ﬂaxseed gum increases the instantaneous strain
softening effect on the SPI–FG mixed dispersions. The above observations suggest that the LAOS tests provide valuable information
regarding the strain dependent non-linear deformation behavior
in the microstructure of SPI–FG mixed dispersions.
4. Conclusions
The frequency sweep, steady shear measurements and LAOS
tests were carried out to study the rheological behavior of SPI–FG
mixed dispersions. The addition of even very small amount (0.3–0.7
(w/w), initial bulk concentration) of ﬂaxseed gum signiﬁcantly
(p < 0.05) increase the apparent viscosity of the SPI–FG mixed dispersions compared to the viscosity of soy protein isolate dispersion.
This ﬁnding suggests that the ﬂaxseed gum can be used in soy protein isolate industry as a thicker. The shear rate and shear stress
data of SPI–FG mixed dispersions can be predicted reasonably well
(R2 > 0.95) using the Power law model. It was also found that both
the storage (G ) and loss (G ) moduli of the SPI–FG mixed dispersions increased considerably with the increase in the ﬂaxseed
gum concentration. The FT rheology described the nonlinear stress
versus strain data of SPI–FG gum mixed dispersions outside the linear viscoelastic region. The addition of ﬂaxseed gum was found to
increase the instantaneous stain softening response in the SPI–FG
mixed dispersions systems.
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