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Abstract: This study focused on the effects of addition of xanthan gum (XG) on the rheological properties of soy protein 
isolate (SPI) solution.  Three types of tests (steady shear test, strain sweep test, and frequency sweep test) were performed to 
figure out the influences of shear rate on the viscosity of the SPI-XG hybrid system, the effects of strain variable on the storage 
modulus of the hybrid system, and the effects of frequency on both the storage modulus and the loss modulus of the hybrid 
system, respectively.  SPI-XG hybrid system showed more obvious shear-thinning properties compared to pure SPI and pure 
XG solution.  Meanwhile, it was found that the critical point of hybrid system was highly related to the XG concentration.  
XG can postpone the critical point strain amplitude to a higher value, and the addition of XG can enhance the strain resistance 
of hybrid system.  The concentration of XG influenced the viscoelastic frequency dependence of the hybrid system 
significantly and complicatedly.  After the addition of XG, the correlation between G′ and frequency changed from negative to 
positive. 
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1  Introduction  

Proteins are large bio-molecules, consisting of one or more 
long chains of amino acid-residues.  Proteins perform a vast array 
of functions within organisms, including catalysing metabolic 
reactions, DNA replication, responding to stimuli, and transporting 
molecules from one location to another[1].  Participating in all 
organisms’ essential reaction, protein is an important component of 
the human body’s cells.  In general, the proportion of protein in 
the total dry mass of the human body is approximately 18%, which 
is an element close to human life[2].  Soy protein isolate (SPI) is a 
kind of protein food additive that can be obtained from 
low-temperature desolventizing soybean meal as raw materials[3].  
SPI has many functional properties of emulsifying, foaming, 
gelation and film forming[4].  Moreover, SPI is also abundant in 
nutrients and has the features of reducing serum cholesterol and 
preventing cardiopathy and cerebrovascular disease.  The demand 
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of SPI is continuously growing because of its nutritional and 
functional properties[5,6].  Therefore, SPI, as a kind of functional 
ingredient, has been developing extensively in food industry.  In 
addition, some specific properties of SPI can be modified with the 
appropriate addition of other materials. 

Polysaccharide is composed of multiple monosaccharide 
molecules, which is a kind of carbohydrate.  They range in 
structure from linear to highly branched[7].  Examples include 
storage polysaccharides such as starch and glycogen, and structural 
polysaccharides such as cellulose and chitin.  Gum, such as pectin 
and gelatin, is a kind of polysaccharide, which is extensively 
applied in food industry[8].  Xanthan Gum (XG), the study subject 
in this article, is single spore microbe polysaccharide, which is able 
to dissolve not only in cold water but also in hot water[9-11].  The 
solution of XG is neutral.  XG is a complex polysaccharide 
fermented using Xanthomonas campestris, which is mainly 
produced by corn starch as substrate[12,13].  XG can act as 
emulsifier, stabilizer and gel thickener in the food industry due to 
the functional properties, such as emulsifying property, thermal 
stability, thickening property[14,15].  Compared with the common 
edible gums of pectin and gelatin, the XG has more stable property 
and is more predominant in food processing[16,17].   

Protein and polysaccharide play an important role in 
manufactured foods due to their unique functional and textural 
properties.  when protein and polysaccharide are hydride, it is 
expected that their behaviors are affected by each other[18].  It was 
found that the charged polysaccharides readily interact with other 
macromolecules such as lipid and protein[19].  The 
bio-macromolecules interact with each other through weak 
interactions such as electrostatic forces, Van der Waal forces, 
hydrogen bonds, and hydrophobic systems[20].  When protein 
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mixed with polysaccharide, a hybrid system can be gained only in 
some particular circumstances, such as given temperature, proper 
pH, and appropriate ionic strength.  Protein-polysaccharide hybrid 
system has more powerful functional properties compared to pure 
protein or pure polysaccharide because of the interaction between 
protein and polysaccharide. 

In food industry, the interaction of protein and polysaccharide 
always determined the texture and acceptability of product.  For 
example, polysaccharide is always applied into dairy products as 
stabilizer and gel thickener to improve the rheological property of 
emulsion.  It forms reticular structure in the space that can prevent 
delamination caused by phase separation and the gravity.  Protein 
molecule is beneficial to form the emulsion of good stability 
through the action of static electricity.  The interaction of protein 
and polysaccharide is widely used in increasing the shelf life of 
milk and improving the products’ quality[21].  Most proteins in 
food can occur adsorption with anionic polysaccharide by 
electrostatic and form a new complex with more excellent 
characteristics.  In this way, the rheological property and 
adsorption behavior of protein will be improved and the stability of 
the solution will also be developed.  The process that 
polysaccharide makes protein remain stable is a completed progress.  
In some circumstance, protein can interact with polysaccharide 
through static electricity force, hydrophobic force and hydrogen 
bond.  Only in some specific concentration and polymer ratio, a 
kind of highly homogeneous mixture can be obtained.  According 
to the report, the interaction of protein and polysaccharide has 
obvious effects on the stability of emulsion. 

The rheological property is a type of quantitative relationships 
between stress and strain on the object suffered from external 
forces, which is related to the nature and internal structures of 
object.  As a result, it becomes especially important to study the 
rheological properties of protein-polysaccharide hybrid system.  
The rheological property study can provide abundant useful 
information, such as the interaction between food components, the 
selection standard of different additives, and the processing 
problems in many aspects such as transportation[22].  Usually, the 
rheological properties of protein-polysaccharide hybrid system are 
not simply an addition of parameters of two components. 

This article mainly studies on the influence of the addition of 
XG on the rheological properties of soy protein solution.  The 
formation of hybrid solution of SPI and XG is greatly affected by 
the temperature and the chemical factors, such as ionic strength, pH 
of aqueous phase, and physical factors (high shear).  Through 
steady shear test, strain sweep test and frequency sweep test, the 
article is devoted to study on the effect of shear rate on the 
viscosity (ƞ) of the SPI-XG hybrid system, the effect of strain 
variable on the storage modulus (G′) of the SPI-XG hybrid system, 
and the effect of frequency on both the storage modulus (G′) and 
the loss modulus (G″) of the SPI-XG hybrid system, respectively.   

2  Materials and methods 

2.1  Materials 
Commercial SPI (S30914, BR grade, pH=7.0±0.5, protein 

content ≥90.0%, moisture content ≤7.0%) was obtained from 
Shanghai Yuanye Bio-Technology Co. Ltd. (Shanghai, China).  
XG (G810381, USP grade) was obtained from Shanghai Macklin 
Biochemical Co. Ltd. (Shanghai, China).  The above materials 
were used in experiment without any processing. 
2.2  Sample preparation 

Six grams SPI powder and 0.25 g XG powder were completely  

dissolved in 100 mL deionized water by magnetic stirring at    
600 r/min for 20 min, in which the concentration of SPI dispersion 
liquid and XG solution were 6% and 0.25%.  After that, 9 g SPI 
powder was dissolved in 100 mL deionized water using the 
magnetic stirrer (600 r/min) for 20 min.  The third stage was to 
dissolve 0.075 g, 0.225 g and 0.375 g XG powder in 50 mL 
deionized water respectively, and the solutions were stirred at  
600 r/min for 20 min.  Two kinds of solutions (which are formed 
in the second and third stage) were mixed and continue stirred for 
20 min to completely mix.  Then, three kinds of solution have 
been prepared: 6% SPI-0.05% XG hybrid system; 6% SPI-  
0.15% XG hybrid system; 6% SPI-0.25% XG hybrid system.  All 
the samples were performed at room temperature (25°C) and stored 
in the refrigerator at 4°C overnight for further rheological test. 

Before testing, the overnight samples needed to be stirred for  
5 min on magnetic stirrer to ensure the homogeneity of the 
samples. 
2.3  Methods 
2.3.1  Rheological test 

The tests of rheological properties were all conducted on 
AR2000ex rheometer (TA Instruments Company, USA) and the 
temperature control was in charged by Peltier system.  In the 
experiment, the aluminum parallel plate geometry (40 mm diameter) 
was selected, and the gap between the geometry and Peltier plate 
was 1000 μm.  Before all the tests, samples need to be 
equilibrated on the rheometer for 2 min to eliminate the impact of 
sample loading on the final result. 

The characterization of rheological properties consisted of 
three tests: steady shear test, strain sweep test, and frequency sweep 
test.  Each test was performed in a continuous temperature 
changing process. 
2.3.1.1  Steady shear test 

The temperature was set at 25°C, and the shear rate needed to 
be controlled in the range of 1-100 s-¹.  In food industry, some 
common operating frequencies are as follows: 1-100 s-¹ for 
extrusion; 1-1000 s-¹ for pipe flow; 10-1000 s-¹ for stirring[23].  
The controlled range of shear rate in this test was accordance with 
the above shear rate. 

Temperature-changing test: in the test of influence of 
temperature on the rheological properties of the hybrid system, 
temperatures of the test were controlled in three gradients at 25°C, 
45°C and 65°C, and the shear rate is also set in the range of 1-  
100 s-¹. 
2.3.1.2  Strain sweep test 

In strain sweep test, the strain amplitude was set in the range of 
0.1%-10.0%, which was within the vibration strength during food 
processing and transportation.  Temperature was set at 25°C, 45°C 
and 65°C, respectively.  And the oscillatory frequency was 1 Hz.  
The value of storage modulus (G′) and the loss modulus (G″) were 
recorded during the strain sweep test every 10 point per decade.  
Linear Viscoelastic Region (LVR) of each sample in each 
temperature was determined for the following dynamic rheological 
test.  When the strain amplitude applied in the LVR, the change of 
strain amplitude do not impact the detected values of G′ and G″. 
2.3.1.3  Frequency sweep test 

Frequency sweep test conducted after strain sweep test, since 
the oscillatory strain amplitude of this test have to be within the 
LVR of each sample, which obtained from the strain sweep test.  
The temperature of experiment was controlled at 25°C, and the 
giving frequency was set during 0.1 Hz to 1 Hz taking 10 points 
per logarithmical decades.  The setting strain was controlled at 
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0.2%, and both the storage modulus (G′) and the loss modulus (G″) 
of SPI-XG hybrid system was detected and recorded as a function 
of frequency. 

The frequency dependence of both storage modulus (G′) and 
loss modulus (G″) of SPI-XG hybrid system could be fitted by the 
Power Law Model[24]: 

nG K f ′′ ′= ⋅                      (1) 

      
nG K f ′′′′ ′′= ⋅                     (2) 

where, K′ and K″ are the power law constant, Pa·sⁿ/ radⁿ; n′ and n″ 
are frequency indexes, which is to reflect the viscoelasticity 
frequency dependence of samples[25,26]. 

In order to investigate the effect of temperature on the 
frequency dependence of the hybrid system, the temperature was 
controlled in three gradients at 25°C, 45°C and 65°C. 
2.3.2  Statistical analysis 

The experimental data of rheological test can be obtained 
directly from software supporting with rheometer on computer.  
All the above experiments were repeated three times, and the 
average values were shown in tables and figures.  Regressions and 
corresponding equations were processed by SPSS statistical 
package (SPSS 16.0, IBM Corporation, USA). 

3  Results and discussion 

3.1  Steady shear test 
The effect of shear rate on the viscosity (ƞ) of the SPI-XG 

hybrid system at 25°C is shown in Figure 1.  It can be observed 
from the diagram that within the shear rate range of steady shear 
test (1-100 s-¹), the pure XG sample shows the lowest viscosity, 
following by the pure SPI samples.  With the increase of the 
concentration of XG, the viscosity of the hybrid system increased.  
Among all the samples, either the SPI-XG hybrid system or the 
pure SPI/XG samples, their apparent viscosities increased with the 
applying shear rate decreasing.  This phenomenon indicated that 
all samples showed obvious shear-thinning properties.  The 
shear-thinning property was related to the molecule re-arrangement 
of shear direction as a result of molecular structures[27, 28].  At the 
beginning, the shear rate was in low velocity zone and the change 
of molecular structure due to shearing was not obvious.  In this 
shear rate zone, in order to maintain the structure, inner-molecular 
forces provided a cohesive trend to resist the external force from 
changing the molecular structure.  As a result, the viscosity of 
SPI-XG hybrid system remained a higher extent in the case of 
lower shear rate.  With the shear rate increasing, the 
inner-molecular force was not enough to resist the structure change.  
The original intact molecule was forced to unfold, which greatly 
reduced the anti-shearing behaviors of molecule, so that apparent 
viscosity fell with it.  Moreover, it can be seen from the diagram, 
the viscosity of SPI-XG hybrid system (70 Pas, when γ=1 s-1) was 
much higher than that of pure XG (6 Pas, when γ=1 s-1) or pure SPI 
samples (8 Pas, when γ=1 s-1), which means SPI and XG have 
obvious synergistic effect.  That may be due to the increasing 
relative density of protein polymer as a result of adding XG in it.   

The effect of temperature on the shear rate curve of the SPI 
(6%)-XG (0.25%) hybrid system is depicted in Figure 2.  
According to the graph, within the shear rate range of steady 
shear test (1-100 s-¹), the higher the temperature was, the lower 
the viscosity of the sample was.  That is to say, the increasing 
temperature can declined the viscosity of the samples.  At the 
same temperature, the apparent viscosity of the sample decreased 
with the increasing shear rate.  Lower temperature led the 

SPI-XG hybrid system to more obvious shear-thinning 
characteristics. 

 
Figure 1  Effects of shear rate on the viscosity (ƞ) of the SPI-XG 

hybrid system (T=25°C) 
 

 
Figure 2  Effects of temperature and shear rate on apparent 

viscosity (ƞ) of the SPI-XG hybrid system 
 

3.2  Strain sweep test 
The effects of strain amplitude on the storage modulus (G′) of 

the SPI-XG hybrid system is presented in Figure 3.  It can be seen 
from the diagram, within the strain range of strain sweep test 
(0.1%-10.0%), the pure XG (0.25%) sample performed the lowest 
storage modulus (approx. 40 Pa), following by the pure SPI (6%) 
sample (approx. 100 Pa).  With the increase of the concentration 
of XG, the G′ value of the hybrid system increased significantly 
(6% SPI+0.25% XG, approx. 700 Pa).  At the beginning, the 
storage modulus curve of the hybrid system showed a platform and 
began to decline with the strain amplitude increased gradually.  
We simply defined the data point that G′ declined to 95% of G′ave 
(platform average G′ value) as the critical point of “LVR”[29, 30].  It 
can be observed from the diagram that with the concentration of 
XG increasing, the imposed strain amplitude of the LVR critical 
point rose gradually, which means XG shows the trend to resist the 
influence of external strain on the elasticity of SPI-XG hybrid 
system. 

Figure 4 shows the effects of temperature on the storage 
modulus (G′) as a function of strain of the SPI-XG hybrid system.  
According to the graph, within the strain range of strain sweeping 
test (0.1%-10.0%), the storage modulus of the SPI-XG hybrid 
system decreased significantly with the increase of temperature.  
The diagram also revealed that the imposed strain on the LVR 
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critical point did not change obviously.  Hence, the influence of 
temperature on the elasticity of SPI-XG hybrid system for 
resistance to the external strain is inconspicuous. 

 
Figure 3  Effects of strain on the storage modulus (G′) of the 

SPI-XG hybrid system (t=25°C) 

 
Figure 4  Effects of temperature on storage modulus (G′) of the 

SPI-XG hybrid system as a function of strain 
 

3.3  Frequency sweep test 
The effects of frequency on both storage modulus (G′) and loss 

modulus (G″) of the SPI-XG hybrid system in the case of 0.2% 
strain at 25°C is shown in Figure 5.  Within the applied frequency 
range (0.1-1.0 Hz), the value of G′ and G″ of all samples increased 
with the increase of frequency, except for the pure SPI sample.  
This phenomenon indicated that the addition of XG dominated the 
frequency dependence performance of SPI-XG hybrid system.  At 
the same frequency, the G′ and G″ of pure XG were the lowest, 
following by that of pure SPI.  With the increase of the 
concentration of XG, the value of G′ and G″ of the hybrid system 
also increased, which means the addition of XG enhances both 
elasticity characteristic and viscosity characteristic of SPI-XG 
hybrid system. 

The data obtained by frequency sweep test can be regressed by 
the Power Law Model very well (R2>0.96).  The parameters of the 
regression are listed in Table 1.  The values of K′ and K″ rose 
sharply because of the increasing concentration of XG, which 
proved that both the viscosity and elasticity of the SPI-XG hybrid 
system were strengthen by the addition of XG.  The values of K′ 
of SPI-XG hybrid system were much higher than the value of K″ 
that indicated hybrid system was more elastic.  The value of n′ 
expressed the frequency dependence extent of the elasticity of 
samples.  The hybrid system showed obvious larger values of n′ 
than that of pure XG or pure SPI.  This trend indicated that the 
elastic properties of SPI-XG hybrid system were more frequency 

dependent than that of pure XG or pure SPI.  However, the values 
of n′ in this three hybrid systems did not change significantly with 
the change of concentration of XG.  That means concentration of 
XG in the hybrid system scarcely has any effect on the frequency 
dependence of elastic properties.  The value of n″ expressed the 
frequency dependence extent of the viscosity of samples.  The 
value of n″ of SPI-XG hybrid system decreased slightly with the 
addition of XG.  That means the addition of XG reduces the 
frequency dependence of viscous properties, making the SPI-XG 
hybrid system less sensitive to frequency. 

 
a 

 
b 

Figure 5  Effects of frequency on the storage modulus (G′) and 
loss modulus (G″) of the SPI-XG hybrid system (t=25°C, γ=0.2%) 

 
 

Table 1  Effects of XG on the parameters of the Power Law 
Model of SPI-XG hybrid system 

Samples 
G′=K'·f n′ G″=K″·f n″ 

K' n' R2 K″ n″ R2 

6% SPI 97.239 -0.3100 0.96 22.149 0.2603 0.98 

6% SPI+0.05% XG 266.98 0.1626 0.98 140.08 0.2586 0.99 

6% SPI+0.15% XG 413.67 0.1851 0.99 174.16 0.2050 0.99 

6% SPI+0.25% XG 734.65 0.1874 0.99 217.26 0.1892 0.99 

0.25% XG 40.017 0.0149 0.97 12.803 0.1927 0.99 
 

The effects of temperature on the frequency sweeping 
spectrums of SPI-XG hybrid system is shown in Figure 6.  It can 
be seen from the diagram, within the frequency range applied 
(0.1-1.0 Hz), the value of G′ and G″ of SPI-XG hybrid system 
decreased significantly with the temperature increasing, while the 
trend of the curves did not change a lot. 

The parameters of the regression are shown in Table 2.  The 
values of K′ decreased from 734.65 (25°C) to 273.50 (65°C) and 
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K″ decreased from 217.26 (25°C) to 107.73 (65°C), which means 
the increase of temperature could weaken both the viscosity and 
elasticity of the SPI-XG hybrid system.  The values of n′ and n″ 
increased due to the rising temperature.  This trend indicated that 
increasing temperature strengthened the frequency dependence of 
both elasticity and viscosity characteristics of SPI-XG hybrid 
system.  In a word, the rheological properties of hybrid system 
become more sensitive to frequency when the system expose to 
high temperature. 

 
a 

 
b 

Figure 6  Effects of temperature on the storage modulus (G′) and 
loss modulus (G″) of the SPI-XG hybrid system (γ=0.2%) 

 
 

Table 2  Effects of temperature on the parameters of the 
Power Law Model of SPI-XG hybrid system 

Temperature 
G'=K'·fn' G''=K''·fn'' 

K' n' R2 K'' n'' R2 

25°C 734.65 0.1874 0.99 217.26 0.1892 0.99 

45°C 303.12 0.2206 0.99 124.37 0.1909 0.97 

65°C 273.50 0.2932 0.98 107.73 0.3997 0.95 

4  Conclusions 

This article studied on the effects of XG addition on the 
rheological properties of SPI solution.  The rheological properties 
of SPI-XG hybrid system were investigated through the steady 
shear test, strain sweep test and frequency sweep test. 

In steady shear test, SPI-XG hybrid system showed more 
obvious shear-thinning properties than pure SPI and pure XG 
solution; the viscosity of the hybrid system presented a sharp 
increase with the increment of XG concentration.  It was proved 
that there were significant synergistic effects between SPI and XG 
molecule.  That may be due to the increasing relative density of 
protein polymer as a result of XG addition in the hybrid system.  

However, the molecular level interaction between SPI and XG 
needs to be investigated in further study. 

In strain sweep test, the LVR critical point of SPI-XG hybrid 
system was determined.  It was found that the critical point of 
hybrid system was highly related to the XG concentration.  XG 
can postpone the critical point strain amplitude to a higher value.  
This phenomenon indicated that the addition of XG enhanced the 
strain resistance of hybrid system.  Temperature was not 
demonstrated to have effects on the strain resistance of the hybrid 
system. 

In frequency sweep test, the addition of XG significantly 
changed the frequency dependence, especially the trend of G′.  
The G′ value of pure SPI solution showed a negative correlation 
with frequency.  However, after the addition of XG, the 
correlation between G′ and frequency became positive.  As to the 
viscosity characteristic, the trend of G″ as a function of frequency 
flattened out with the addition of XG.  It was demonstrated that 
the concentration of XG influenced the viscoelastic frequency 
dependence of the hybrid system significantly and complicatedly.  
Temperature acted a much ordinary role on affecting the frequency 
dependence properties of hybrid system.  The value of G′ and G″ 
both showed that less frequency dependency was changed with 
temperature rising.  That meant the sensitivity on frequency of 
both elastic and viscous characteristic of hybrid system had a 
negative correlation with temperature. 
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