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The  effect  of  addition  of  xanthan  gum  (XG)  and  guar gum  (GG)  on  the  rheological  properties  and
microstructure  of glucono-�-lactone  induced  soy  protein  isolate  (SPI)-XG  gels  and  SPI-GG gels  was
investigated  using  steady  and  dynamic  rheological  tests,  creep-recovery  and  confocal  laser  scanning
microscopy  (CLSM).  Results  showed  that  the  apparent  viscosity  of SPI-gum  (XG,  GG)  mixed  solutions
increased  with  the  increase  in  the gum  (XG,  GG)  concentration.  The  storage  (G′) and  loss  (G′′)  moduli  of
SPI-gum  (XG,  GG)  mixed  gels  increased  in  the  presence  and increase  in  the gum  (XG,  GG)  concentration.
The  Burger’s  model  fitted  the creep  recovery  data  well  (R2 > 0.919)  and  showed  that  both  the  instanta-
anthan gum
uar gum
heological properties
icrostructure

urger model
oy protein isolate

neous  and  equilibrium  (retarded)  elastic  components  of  this  model  increased  with  the  increase  in SPI
and  gum  concentrations.  The  proportion  occupied  by gum  in  mixed  gels  was  found  to  increase  with  the
increase  in  the  concentration  of  gums  which  increased  the  density  of  protein  aggregates  in the  mixed
gels.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Proteins and polysaccharides are important in imparting unique
exture and taste in food products. It has been commonly
ccepted that proteins and polysaccharides interact with each
ther when they are brought together (Corredig, Sharafbafi &
risto, 2011; de Kruif & Tuinier, 2001; Ye, Hemar & Singh, 2004).
rotein–polysaccharide complexes show quite different charac-
eristics compared to the protein and polysaccharide involved
Perez, Carrara, Sánchez, Santiago & Rodríguez Patino, 2009). The
rotein–polysaccharide interaction can be judiciously utilized to
esign and formulation of new food products (Alvarez, Fernández,
livares & Canet, 2012; Perez et al., 2009). Hence, better under-

tanding of protein–polysaccharide interaction is very important
or developing new products in food industry.

Soy protein isolate (SPI) contains higher than 90% soy pro-

ein and is mainly comprised of glycinin (11S) and �-conglycinin
7S) (Petruccelli & Anon, 1995). SPI has unique functional prop-
rties such as gelling, foaming, emulsifying, water-holding and

∗ Corresponding author. Tel.: +86 10 62737351; fax: +86 10 62737351.
E-mail address: wlj@cau.edu.cn (L.-j. Wang).

1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.carbpol.2014.02.089
144-8617/© 2014 Elsevier Ltd. All rights reserved.
fat-absorption and is nutritionally rich; hence, it is widely used in
food industry (Bi, Li, Wang, Wang & Adhikari, 2013; Wong & Kitts,
2003). In addition, the acid-induced gelation of SPI is important
in food processing, for example, in producing sausages. The SPI is
often used in a number of food formulations as an important food
ingredient (Morr, 1990).

The lowering of pH to the isoelectric point of protein such as
SPI greatly reduces the electrostatic repulsion between the protein
molecules which helps the formation of gels. Glucono-�-lactone
(GDL) is a widely used acid curing agent, which does not precipitate
protein. The precipitation of protein can only occur when the GDL
breaks down into glucose acid and subsequently reduces the pH to
the isoelectric point of a protein (Cavallieri & Da Cunha, 2008).

Xanthan gum (XG) is a high molecular weight polysaccha-
ride with low negative charge and comes from microbial source
(Whitcomb, EK & Macosko, 1977). Guar gum (GG) is a cold water
soluble and uncharged polysaccharide extracted from endosperm
of guar beans (Roberts, 2011). XG and GG are natural food gums
with unique functional characteristics; hence, they are often used in
food, pharmaceutical and other industries as emulsifiers, stabilizers

and foaming agents (Andrew, 1977; Ye et al., 2004).

The rheological properties and microstructure of
protein–polysaccharide complexes can influence the choice
of manufacturing method used and the sensorial characteristics

dx.doi.org/10.1016/j.carbpol.2014.02.089
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.02.089&domain=pdf
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Nomenclature

� apparent viscosity (Pa s)
� shear rate (1/s)
K consistency index (Pa sn)
n flow behavior index (dimensionless)
K′ power law constant (Pa sn)
K′′ power law constant (Pa sn)
n′ frequency exponent (dimensionless)
n′′ frequency exponent (dimensionless)
ω angular frequency
E1 instantaneous elastic parameter (Pa)
E2 retarded elastic parameter (Pa)
�1 coefficient of viscosity associated with viscosity

flow (Pa s)
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t2 retardation time (s)
� constantly applied compressive stress (Pa)

f final products. In this context, a number of studies have been
ndertaken to quantify and elucidate the effect of addition of
olysaccharides on microstructure, foaming, emulsifying, rheo-

ogical properties and water holding properties of protein (Joshi,
ldred, Panozzo, Kasapis & Adhikari, 2014; Kasran, Cui & Goff,
013; Wang, Li, Wang & Adhikari, 2011; Zhu, Yang, Ahmad, Li,
ang & Liu, 2008). Most of these studies used carrageenan or

ectin as model polysaccharides. Joshi et al. (2014) studied the
omplexation between lentil protein and lentil starch. To our
nowledge there are no studies on the effect of gums (xanthan
um, guar gum) on the rheological behavior and microstructure of
DL induced SPI-gum mixed gels.

The objective of this study was to quantify and elucidate the
ffect of addition of XG and GG′s in varying concentration on the
heological properties and microstructure of GDL induced SPI-gum
els. The concentrations of XG, GG and SPI were varied from 0.02
o 0.2% (w/w), 0.05–0.3% (w/w) and 4–8% (w/w), respectively. The
esults from this study provide better understanding of SPI-gum
omplexes and allow better control of these complexes in manu-
actured foods.

. Materials and methods

.1. Materials

Soy protein isolate (containing 92.8% protein) was  purchased
rom Beijing Messenger Biotechnology Co. Ltd (Beijing, China). The
lucono-�-lactone (GDL) was purchased from Tianjin Fuchen Tech-
ology Ltd (Tianjin, China). Xanthan gum was purchased from Zibo
hongxuan Biotechnology Co. Ltd (Beijing, China). Guar gum was
urchased from Henan Jialian Biotechnology Co. Ltd (Henan, China).
hodamine B (BS) was purchased from Beijing Yinghai fine chem-

cal industry (Beijing, China). These materials were used without
urther purification.

.2. Sample preparation

.2.1. Preparation of SPI-gum (XG, GG) solutions
The SPI was dissolved in deionized water at 25 ◦C for 2 h using a

agnetic stirrer. The stock solutions containing 9% (w/w) and 12%
w/w) SPI concentrations were prepared. The SPI stock solutions
ere heated to 95 ◦C in a water bath for 30 min  to fully denature the

rotein. These solutions were stored in 4 ◦C refrigerator overnight
fter cooling to 25 ◦C. The XG and GG were dissolved in deionized
ater separately at 25 ◦C for 2 h using a magnetic stirrer in order

o prepare 1% (w/w) stock solutions of XG and GG. The XG stock
lymers 108 (2014) 183–191

solution was thoroughly blended with SPI stock solution to prepare
SPI (4%, 6% and 8%, w/w)-XG (0%, 0.02%, 0.05%, 0.1% and 0.2%, w/w)
blends. SPI (4%, 6% and 8%, w/w)-GG (0%, 0.05%, 0.1%, 0.2% and 0.3%,
w/w) blends were also prepared following the same procedure.
These blends were stored overnight in a refrigerator maintained
at 4 ◦C.

2.2.2. Preparation of acid induced SPI-gum (XG, GG) gels
The GDL was added to the blends as soon as they were taken

out from the refrigerator with a continuous and gentle shaking.
The final concentration of GDL in every sample was maintained at
1.5% (w/w).

2.3. Rheological tests

Rheological tests were performed using AR2000ex rheometer
(TA Instruments Ltd., Crawley, UK) with aluminum parallel plate
geometry (40 mm diameter, 1 mm gap). A thin layer of silicone oil
was added on the edge of the sample to avoid evaporation. The
linear viscoelastic region of each sample was determined by strain
sweep tests at 1 Hz (data not shown). All the tests were carried out
allowing the sample to equilibrate for 2 min  to eliminate the effect
of loading of the sample on the plate. The temperature of the sample
was controlled using a Peltier system connected with a water bath.

Rheological tests included steady shear, time sweep, frequency
sweep and creep-recovery and were carried out according to Wang
et al. (Wang, Wang, Li, Xue & Mao, 2009) with a slight modification.

2.3.1. Rheological tests for the complexed samples
2.3.1.1. Steady shear test. The steady shear test was performed at
20 ◦C over the shear rate range of 1–100 s−1 (Steffe, 1996). The vari-
ations of apparent viscosity with shear rate were measured in these
tests.

2.3.2. Dynamic rheological tests of complexed gels
2.3.2.1. Time sweep test. The time sweep tests were executed at
60 ◦C and at a constant frequency of 1 Hz and the storage modulus
(G′) and loss modulus (G′′) were recorded. Based on the strain sweep
tests the strain amplitude of time sweep test was selected to be 1%
to keep the strain amplitude of all samples in the linear viscoelastic
region.

2.3.2.2. Frequency sweep test. The frequency sweep test was carried
out at 20 ◦C over the angular frequency range of 0.1–10 rad/s. In
order to keep the strain amplitude in the linear viscoelastic region
for all samples, the strain amplitude for frequency sweep test was
chosen to be 1%.

2.3.2.3. Creep-recovery test. Creep-recovery tests were carried out
under the shear stress of 7.985 Pa at 20 ◦C. In creep-recovery test,
the stress response of samples under constant stress in a time frame
of 3 min  was  measured. This stress was subsequently removed and
the response of samples was recorded for another 3 min.

The effect of gum concentration on the creep-recovery char-
acteristics data of protein–polysaccharide complex gel were
represented by using the Berger’s model equation (Wang et al.,
2009).

2.4. Confocal laser scanning microscopy (CLSM)

The SPI-gum (XG, GG) mixed gels were prepared as described in
Section 2.2 above. The gels were stained with an aqueous solution

of Rhodamine B (BS) prior to gelation (1 mL  of a sample +10 �L of
a 0.1% (w/w) Rhodamine B) and then allowed to gel (60 ◦C water
bath for 30 min) in a concave slip covered with a slide and her-
metically sealed to prevent evaporation (Bi, Li, Wang & Adhikari,
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Fig. 1. (a) Variation of apparent viscosity of SPI-XG solutions as a function of shear
r
s

2
f
i
G
T
s
w

2

2

w
g

�

w
K
(

Fig. 2. (a) Variation of storage modulus, G′ with time of 6% (w/w) SPI gel and SPI-XG
gels  at 60 ◦C. (b) Variation of storage modulus, G′ with time of 6% (w/w) SPI gel and
SPI-GG gels at 60 ◦C.

and Kelvin components. The total strain ε is given by Eq. (4).
ate at 20 ◦C. (b) Variation of apparent viscosity of SPI-GG solutions as a function of
hear rate at 20 ◦C.

013). All the samples were investigated using Leica TCS SP5 con-
ocal laser scanning microscope (CLSM) equipped with a DMI6000
nverted 146 microscope (Leica Microsystems GmbH, Mannheim,
ermany). The objective lens used was a 40×/NA 0.85 HC PL APO.
he excitation wavelength was 543 nm (He/Ne laser) and the emis-
ion was recorded between 600 nm and 680 nm. Digital images
ere acquired in 1024 × 1024 pixel resolution.

.5. Theory

.5.1. Steady shear test
The variation of apparent viscosity of SPI and SPI-XG solutions

ith shear rate can be described using Power Law model (Eq. (1)),
iven below.

 = K · �n−1 (1)
here � is the apparent viscosity (Pa s), � is the shear rate (1/s),
 is consistency index (Pa sn), and n is the flow behavior index
dimensionless).
2.5.2. Frequency sweep test
The variation of G′ and G′′ with angular frequency of

protein–polysaccharide gels can be expressed using Power Law
type equations (Eqs. (2) and (3)), given below.

G′ = K ′ · ωn′
(2)

G′′ = K ′′ · ωn′′
(3)

where K′ and K′′ are power law constants, n′ and n′′ are frequency
exponents, ω is the angular frequency. The values of n′ and n′′ rep-
resent the extent of frequency dependence of the elastic modulus
and provide useful information regarding the viscoelastic nature of
food materials (Özkan, Xin & Chen, 2002).

2.5.3. Creep-recovery test
Creep-recovery behavior can be adequately represented by

using a four element Burger’s model (Ai-min, Wang, Li & Adhikari,
2012) consisting of springs and dashpots in the form of Maxwell
ε = �

E1
+ �

E2

[
1 − exp

(
− t

t2

)]
+ �

n1
t (4)
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Fig. 3. The effect of gum (XG, GG) and SPI concentrations on the storage (G′) and loss (G′′) moduli of SPI-gum (XG, GG) gels at 20 ◦C.
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here E1 (Pa) is the instantaneous elastic parameter, E2 (Pa) is
he retarded elastic parameter, �1 (Pa s) is the viscous parameter
ssociated with viscous flow, t2 is the retardation time, and � (Pa)
s the applied compressive stress. The parameters E1, E2, �1 and t2
an be obtained from fitting Eq. (4) to experimental creep recovery
ata.

The recovery rate (%) was  used to calculate the percentage recov-
ry of SPI-gum (XG, GG) subjected to a certain strain as given by Eq.
5).

ecovery (%) = maxium strain − final strain
maxium strain

× 100% (5)

.6. Statistical analysis

All rheological measurements were carried out in triplicate. The
heological experimental data were directly obtained from TA Rhe-
logy Advantage Data Analysis software V 5.4.7 (TA Instruments
td., New Castle, USA). The average value of the three runs was
eported as the measured value ± standard deviation.

The steady state shear data and frequency sweep data were ana-
yzed in SPSS 21.0 (SPSS Inc., Chicago, USA). The creep data were
odeled according to Berger’s model, using the non-linear regres-
ion feature in SPSS 21.0 (SPSS Inc., Chicago, USA). The significant
ifference between sample means was evaluated by analysis of
ariance (ANOVA), the confidence level was set at 95% (p < 0.05).
3. Results and discussion

3.1. Rheological characteristics of mixed solutions rheological
tests

3.1.1. Steady state shear characteristics
Fig. 1(a) presents the steady shear flow curves of SPI-XG mixed

solutions at different shear rates. The apparent viscosity of sam-
ples has increased with the increase in concentration of XG. The
apparent viscosity of all samples decreased with the increase in
the shear rate indicating to a shear thinning behavior. XG is a
large molecule having large molecular weight and it is expected
for this gum to increase the apparent viscosity with increase in
concentration (Xu, Xu, Liu, Chen & Gong, 2013). The shear thin-
ning behavior is related to the arrangement of molecular structure
along the stream line of shear flow (Chagas, Machado, Haag, De
Souza & Lucas, 2004). Molecular network cannot be significantly
altered at low shear rates and unaltered molecular network offers
increased resistance to shear deformation; hence, the protein–gum
mixed system shows higher apparent viscosity values at low shear
rates. At the high shear rates, the molecular network is destroyed
and the dispersed molecules arrange themselves along the shear
flow direction, which greatly decreases the resistance to shear-
ing motion and hence decreases the apparent viscosity (Oh, So &

Yang, 1999; Xu et al., 2013). The shear thinning behavior of SPI-XG
solutions observed in this figure is in accordance with the earlier
publications which reported that that protein–gum mixed solution,
such as SPI-flaxseed gum exhibited shear-thinning behavior (Bi, Li,
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Fig. 4. The storage (G′) and loss (G′′) moduli of SPI-gum (XG, G

ang, Wang, et al., 2013). It can also be seen from Fig. 1(b) that
he trend of apparent viscosity in SPI-GG system is similar to that
n SPI-XG system.

.2. Dynamic rheological behavior of mixed gels
.2.1. Time sweep
Time sweep curves of SPI (6%, w/w)–XG (0–0.2%, w/w) gels are

hown in Fig. 2(a). As can be seen from this figure, these formula-
ions are capable of producing gel network even in the absence of

able 1
he effect of XG concentration and SPI concentration on parameters (K′ , K′′ , n′ and n′′) of t

SPI concentration (%) XG concentration (%) G′ = K ′ · ωn′

K’(Pa sn) n′

4

0 688.8 ± 23.8d 0.1127
0.02  1591 ± 128.7c 0.1231
0.05  2044.4 ± 126.7b 0.1141
0.10 2090.5  ± 46.0b 0.1081
0.20  2555.2 ± 60.6a 0.0979

6

0  3153.2 ± 63.2d 0.1158
0.02  5280.6 ± 283.3c 0.1142
0.05  7952.1 ± 119.4b 0.1195
0.10  8860.7 ± 55.8a 0.1174
0.20  9216.1 ± 302.4a 0.1074

8

0  4652 ± 124.9d 0.1129
0.02  6424.6 ± 216.8c 0.1162
0.05 9534 ± 25.7b 0.1176
0.10  11,297 ± 234.6a 0.1210
0.20  12,346.3 ± 648.1a 0.1224
ls and 6% SPI gels at 20 ◦C as a function of angular frequency.

XG. The time sweep data also show that the strength of these gels
increases until the respective maximum gel strength is reached.
This is because the slow breakdown of GDL gradually decreases the
pH of the system (Cavallieri & Da Cunha, 2008). The gel strength
of system reaches its peak value when the pH value of the system
reaches the isoelectric point of SPI (pH = 4.8). It can also be seen

from Fig. 2(b) that the trend of the time sweep curves of SPI-GG
system is similar to that of SPI-XG system. The storage modulus
(G′) of SPI-XG gels was found to be much higher than that of SPI-
GG gels. This may  be due to much higher viscosity of XG than that

he SPI-XG gels.

G′′ = K ′′ · ωn′′

R2 K′′ (Pa sn) n′′ R2

 ± 0.00184b 0.998 133.2 ± 5.05c 0.1518 ± 0.00792a 0.981
 ± 0.00078a 0.991 321 ± 15.23b 0.1645 ± 0.00417a 0.967
 ± 0.0058b 0.998 388.7 ± 13.16a 0.1534 ± 0.00318a 0.978

 ± 0.00071b 0.997 398.9 ± 22.69a 0.1224 ± 0.00339b 0.950
 ± 0.00467c 0.995 405.4 ± 8.47a 0.1275 ± 0.00410b 0.986

 ± 0.000354b 0.995 536.2 ± 77.4d 0.1417 ± 0.0021ab 0.976
 ± 0.00236b 0.999 993.8 ± 50.1c 0.1437 ± 0.0103ab 0.960
 ± 0.00230a 0.999 1525.3 ± 96.7b 0.1572 ± 0.0073a 0.986
 ± 0.00190ab 0.999 1763.7 ± 158.5a 0.1215 ± 0.0181d 0.932

 ± 0.00184c 0.983 1744.3 ± 71.2a 0.1355 ± 0.0059bc 0.972

 ± 0.00283b 0.998 931.3 ± 108.23d 0.1423 ± 0.00049a 0.960
 ± 0.00205b 0.990 1539.2 ± 153.02c 0.1548 ± 0.00679a 0.966
 ± 0.0012b 0.998 2481.4 ± 59.39b 0.1600 ± 0.00120a 0.992

 ± 0.00462a 0.987 2821.2 ± 57.98ab 0.1581 ± 0.00205a 0.997
 ± 0.00106a 0.981 3087.9 ± 271.37a 0.1429 ± 0.02588a 0.953
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f GG at the same concentration and the negative charge of XG. It
s reported that negatively charged polysaccharides more strongly
nteract with protein aggregates at the gels’ pH (pH = 4.8), while a
eutral polysaccharide (such as GG) does not interact with the pro-
ein aggregates (Berg, Rosenberg, van Boekel, Rosenberg & van de
elde, 2009; Whitcomb et al., 1977).

Fig. 3 shows that both the storage (G′) and loss (G′′) moduli
ncrease with the increase of gum (XG, GG) concentration at any

iven SPI concentration. Both G′ and G′′ increase with the increase
n SPI concentration at a given gum (XG, GG) concentration. Similar
rend of increase in G′ and G′′ in protein–gum gels has been previ-
usly reported in the case of �-carrageenan and soybean glycinin

able 2
arameters of Burger’s model of SPI-gum (XG, GG) gels and recovery rate in creep-recove

SPI concentration (%) XG concentration
(%)

GG concentration
(%)

E1 (Pa) 

4

0 0 574 ± 84d

0.02  0 1747 ± 185bc

0.05 0  2047 ± 164b

0.1  0 3868 ± 573a

0.2  0 4357 ± 663a

6

0  0 2065 ± 335d

0.02  0 4576 ± 271c

0.05  0 5148 ± 661c

0.1  0 8978 ± 274ab

0.2  0 11,267 ± 921a

8

0  0 3486 ± 264e

0.02  0 4649 ± 513cd

0.05  0 5861 ± 416c

0.1  0 8690 ± 502b

0.2  0 15,197 ± 1230a

4

0  0 574 ± 84d

0  0.05 771 ± 93bc

0  0.1 865 ± 51b

0  0.2 1190 ± 194b

0  0.3 1643 ± 95a

6

0  0 2065 ± 335e

0  0.05 3033 ± 223d

0  0.1 4649 ± 713c

0  0.2 6068 ± 544b

0  0.3 7492 ± 477a

8

0  0 3486 ± 264d

0  0.05 4524 ± 803c

0  0.1 5161 ± 632c

0  0.2 7762 ± 680b

0  0.3 11,486 ± 226a
G gels. (b) The effect of GG concentration on the creep-recovery of 4% SPI gel and

mixed gels (Zhu et al., 2008). These results indicate that there is
strong protein–gum interaction in these GDL induced SPI-XG and
SPI-GG gels and that these gel systems and such interaction pro-
duces strong gel network structure.

3.2.2. Frequency sweep
Fig. 4 presents the variation of G′ and G′′ as a function of angular

frequency measured at 20 ◦C for SPI (6%, w/w)-XG (0–0.2%, w/w)

and SPI (6%, w/w)-GG (0–0.3%, w/w) gels. It can be seen from this
figure that both G′ and G′′ increase with the increase in the angular
frequency. The G′ and G′′ values of the SPI-gum (XG, GG) gels are
much higher compared to those of SPI only gel. These data indicate

ry test.

E2 (Pa) t2 (s) �1 (KPa s) R2 Recovery
rate (%)

969 ± 103d 3.006 ± 0.465c 132 ± 32.0d 0.951 78.60
1866 ± 194c 3.057 ± 0.226bc 266 ± 36.6c 0.962 82.70
2775 ± 239b 3.199 ± 0.264bc 374 ± 72.4b 0.964 87.90
3542 ± 438b 3.485 ± 0.062b 442 ± 54.3b 0.946 88.20
9006 ± 750a 3.908 ± 0.152a 860 ± 75.1a 0.933 88.50

3787 ± 17d 3.749 ± 0.021a 581 ± 23c 0.971 81.70
6162 ± 219c 3.739 ± 0.185a 947 ± 130.4b 0.958 85.20

7652 ± 173bc 3.833 ± 0.347a 1232 ± 224b 0.926 87.80
10,486 ± 228b 3.873 ± 0.208a 1299 ± 152b 0.952 88.40
14,068 ± 454a 3.821 ± 0.127a 2196 ± 315a 0.919 88.90

11,574 ± 684d 4.316 ± 0.223a 892 ± 84d 0.927 83.50
13,041 ± 993d 4.387 ± 0.025a 1469 ± 237c 0.944 86.60
16,942 ± 749c 4.528 ± 0.417a 1682 ± 118bc 0.936 88.30

20,476 ± 1643b 4.241 ± 0.127a 2273 ± 349b 0.968 89.70
27,475 ± 1236a 4.382 ± 0.232a 3075 ± 231a 0.931 89.60

969 ± 103d 3.006 ± 0.465b 132 ± 32.0c 0.951 78.60
1041 ± 83d 3.199 ± 0.264b 138 ± 17.4c 0.964 85.80
1166 ± 14c 3.395 ± 0.352b 152 ± 52.0bc 0.968 87.50

1602 ± 121b 3.570 ± 0.231ab 216 ± 38.7b 0.963 88.20
2775 ± 185a 3.939 ± 0.369a 374 ± 23.9a 0.964 89.80

3787 ± 17e 3.749 ± 0.021a 581 ± 23c 0.971 81.70
4674 ± 344d 3.866 ± 0.173a 623 ± 85b 0.942 86.90

5439 ± 627bc 3.792 ± 0.235a 864 ± 151b 0.935 88.40
6782 ± 621b 3.871 ± 0.352a 1175 ± 162a 0.938 88.70
9894 ± 863a 3.910 ± 0.214a 1429 ± 231a 0.954 90.00

11,574 ± 684d 4.316 ± 0.223a 892 ± 84d 0.927 83.50
12,230 ± 326d 4.342 ± 0.148a 1203 ± 105c 0.936 87.60

14,398 ± 1220bc 4.295 ± 0.307a 1352 ± 96c 0.944 89.00
19,175 ± 628b 4.590 ± 0.231a 1907 ± 190b 0.969 88.80

23,507 ± 1264a 4.739 ± 0.369a 2564 ± 144a 0.951 91.30
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hat the network of mixed SPI-gum (XG, GG) gels is much stronger
han the SPI only gel which corroborates with the observed micro-
copic structure in CLSM images (Section 3.3). These G′ and G′′ data
lso indicate that the addition of gum (XG, GG) increases the vis-
oelastic moduli of the SPI-gum (XG, GG) mixed gels by modifying
heir network structure. Besides, the G′ and G′′ values positively
orrelate with gum (XG, GG) concentration. It can also be observed
rom these data that G′ > G′′ in all samples implying that the solid
ike property in these gels is much stronger than liquid like property
Oh et al., 1999).

The effect of XG and SPI concentrations on the Power Law
arameters (K′, K′′, n′ and n′′) for the SPI-XG gels is shown in Table 1.
oth the G′ and G′′ data as a function of frequency obeyed the Power
aw model (R2 > 0.932). The data presented in this table suggest that
he addition of XG in SPI significantly alters the dynamic rheologi-
al properties of the SPI-XG gels compared to those of SPI only gels.
he magnitudes of K′ and K′′ of SPI-XG mixed gels are much higher
han those of SPI only gels. The trend of K′ and K′′ in SPI-GG system
s similar to that in SPI-XG system (data not shown). This observa-
ion suggests that the addition of gum (XG, GG) in SPI helps to form

 stronger gel network structure.

.2.3. Creep-recovery
The effect of XG concentration on the creep-recovery behavior

f 4% SPI gel and SPI-XG mixed gels can be observed from Fig. 5(a).
he deformation of the SPI-XG gels appears to decrease with the
ncrease in XG concentration at a given SPI concentration. These
reep recovery curves also show that the strain changed instanta-
eously in both loading and unloading processes in all the samples.
he instantaneous strain of 4% (w/w) SPI only gel is the highest
mong all the samples. There is an instantaneous increase in strain
hen the stress is applied and there is an instantaneous decrease

n the strain when the stress is removed. The highly stress depen-
ent nature of strain observed in these gels can be attributed to
he highly elastic nature of crosslinked gel network. These creep
ecovery data also suggest that XG forms stronger gel network.
imilar creep recovery data of SPI–GG gels presented in Fig. 5(b)
uggest that these gels also behave similar to the SPI-XG gels in
erms of creep recovery. The only difference is that the SPI-GG
els are much more sensitive than the SPI-XG gels in terms of
eformation.

The values of the parameters of Burger’s model in the case of
PI-gum (XG, GG) mixed gels are summarized in Table 2. The Burger
odel fits the experimental data reasonably well (R2 > 0.931). The

nstantaneous elastic parameter (E1) in Berger model is smaller
han the retarded elastic parameter (E2). This observation indicates
hat the instantaneous elastic strain is larger than the retarded elas-
ic and viscous flow deformation (Wu,  Li, Wang, Özkan & Mao,
010). The E2 value reflects the magnitude of the retarded elas-
ic deformation and the resistance to deformation caused by the
hree dimensional network structure of SPI-gum (XG, GG) mixed
els (Wang et al., 2009). Thus, low E2 value in SPI only gels indicate
o a simple network structure in SPI only gels. The �1 value reflects
he viscos behavior of the gels and high �1 values indicates that
he viscous component of these gels would be higher. The value of
1 has increased with the increase in both SPI and gum (XG, GG)
oncentrations (Table 2). The trend of variation of viscous compo-
ent in this deformation test is similar to trend of � in steady state
hear flow test (Section 3.1.1). t2 is the retardation time required for
he strain of structural elements to decrease to (1 − 1/e) (approxi-

ately 63%) of their maximum strain (Wu  et al., 2010). The t2 in 4%

w/w) SPI-gum (XG, GG) has increased significantly (p < 0.05) with
he increase in gum (XG, GG) concentration. In the case of other
amples, the variation in gum (XG, GG) did not alter the t2 values
ignificantly (p > 0.05) at any fixed SPI concentration.
Fig. 6. CLSM images of SPI only gel, SPI-XG and SPI-GG mixed gels (the bar represents
50  �m).

The recovery data (Table 2) of all the samples show that the rate
of recovery increases with the increase in SPI concentration at any
given gum (XG, GG) concentration. These data also show that the
rate of recovery in all samples is positively correlated with gum (XG,

GG) concentration at a fixed SPI concentration. The increased recov-
ery with increase in protein or gum concentration can be attributed
to the stronger network structure at higher solid concentration.
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.3. Confocal laser scanning microscopy (CLSM)

The CLSM images of the gels are shown in Fig. 6. The protein
nd gum parts are depicted by bright and dark areas, respec-
ively. As can be seen from these images, the microstructure of
hese gels had different degree of coarseness. The presence of
um (XG, GG) affected the microstructure of SPI quite remark-
bly. The microstructure of SPI only gel appears to be much more
omogeneous, while the microstructure of mixed gels appear to
e coarse. The microstructure of SPI-gum mixed gels results from
he competition between gelation of the protein aggregates and the
hase separation between protein aggregates and polysaccharide
olecules (Jong, Klok & van de Velde, 2009). At first, the solu-

ion starts to phase separate into protein and serum phase due
o the size incompatibility between the protein and the polysac-
haride. Subsequently as the pH decreased toward the isoelectric
oint of SPI, the solution starts to gel (van den Berg et al., 2009).
ig. 6. showed that the area covered by the gum in these gels
where protein is main fraction) increased with the increase in gum
XG, GG) concentration. This aspect is much more evident in the
ase of SPI-GG mixed gels. The difference in the microstructure in
PI-XG and SPI-GG mixed gels can be attributed to the charge den-
ity of XG (0.25 mol  negative charge/mol of monosaccharide) and
G (uncharged polysaccharide) (de Jong & van de Velde, 2007).
he charge density of polysaccharides is the most dominating
actor in the formation of microstructure. The charged polysac-
haride (XG) gets distributed in more dispersed manner compared
o the uncharged polysaccharide (GG) due to the electrostatic
epulsion.

The increase in the proportion occupied by GG in SPI-GG
ixed gels also indicates that an increase of GG concentration

rom 0.05% to 0.3% (w/w) increased the density of protein aggre-
ates in the protein continuous part which enhanced their elastic
esponse (Rocha, Teixeira, Hilliou, Sampaio & Gonç alves, 2009).
hese changes in microstructure of SPI-GG mixed gels are in accor-
ance with rheological properties of mixed gels (Section 3.2.1)
bove. The proportion occupied by XG also becomes more and more
rominent in the case of SPI-XG mixed gels when the concentration
f XG increased.

. Conclusions

The effect of addition of xanthan gum (XG) and guar gum (GG) on
he rheological properties and microstructure of glucono-�-lactone
nduced SPI-gum (XG, GG) gels were investigated. The apparent
hear viscosity of all mixed solutions increased with the increase
n both SPI and gum (XG, GG) concentration. All these mixed solu-
ions showed a shear-thinning behavior. The addition of even very
mall amount of gum (XG, GG) significantly increased both the
torage (G′) and loss (G′′) moduli for SPI-gum (XG, GG) mixed
els compared to those of SPI only gels. G′ and G′′ of the mixed
els increased with increase in the angular frequency. The Burger
odel fitted the creep recovery data reasonably well (R2 > 0.919)

nd this model showed that instantaneous elastic strain in these
ixed gels was larger than the retarded elastic and viscous flow

eformation. The proportion occupied by gum in mixed gels was
ound to increase with the increase in the concentration of gums
hich increased the density of protein aggregates in the mixed

els.
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