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A new synergistic interaction between tamarind seed xyloglucan and xanthan was found and investigated by
rheology, differential scanning calorimetry (DSC), and NMR. The effect of the acetyl and pyruvate groups in the
side chain in xanthan on the synergistic interaction was also examined. The shear moduliG′ and G′′ of the
mixture solution of xyloglucan and native (or acetate-free) xanthan increased steeply at around 22°C upon cooling.
An exothermic DSC peak appeared at the same temperature. A drastic decrease in theT2

/ of the acetyl and
pyruvate groups of the xanthan side chain was observed from1H NMR spectra only in the mixture at low
temperatures (<25 °C). It was found that the pyruvate group is more restricted in the mixture solution compared
with the acetyl group. The mixture of xyloglucan and pyruvate-free xanthan showed no synergistic interaction.
We concluded that this synergistic interaction is caused by the intermolecular binding between xyloglucan and
xanthan, and, in the heterotypic junction zones, the xanthan side chain becomes a new state that is different from
both the coil and helix states.

Introduction

Polysaccharides have been widely used as a food additive to
enhance the viscosity and stabilization of products and/or to
form a gel. Synergistic combinations of polysaccharides are
often employed to manipulate rheological characteristics and
to provide effective savings in production costs. The most
common systems that show synergistic interaction are the
mixtures of xanthan and galactomannan or glucomannan.1-3

Although the aqueous solution of each polysaccharide alone does
not form a gel, xanthan has been reported to form a gel or to
increase viscosity by mixing with galactomannans4,5 or with
glucomannans.6-10

Xyloglucan alone extracted from tamarind seed also does not
form a gel; however, it forms a gel in the presence of a large
amount of alcohol or sugar and by the addition of a polyphenol
such as epigallocatechin gallate (EGCG),11 and we recently
reported that it forms a synergistic gel by mixing with gellan
gum, even under the condition that the concentration of gellan
gum is low and not enough to form a gel.12,13 In this paper, we
show a new synergistic interaction between xanthan and
tamarind seed xyloglucan. It was also reported that xyloglucan
alone can form a gel if a part of the galactose is removed.14,15

Xyloglucan is a major structural polysaccharide in the primary
cell walls of higher plants.16 Seeds of the tamarind tree
(Tamarindus indica) contain xyloglucan as a storage polysac-
charide. Tamarind seed xyloglucan is the only xyloglucan that
is commercially available at present, and is widely used as a
food additive in Japan. The flow behavior of the solution is
nearly Newtonian, and very stable against heat, pH, and shear.17

Xyloglucan is expected to have new applications in food, serving
as a thickener and stabilizer, gelling agent, ice crystal stabilizer,
and starch modifier.16,18,19

The chemical structure of the tamarind seed xyloglucan

backbone isâ-(1-4)-linked D-glucan, which is the same as that
of cellulose. The glucose in the backbone is partially substituted
at the O-6 position of glucopyranosyl residues withR-D-
xylopyranose. Some of the xylose residues areâ-D-galactosy-
lated at O-2. There are three different structures for the repeating
units of tamarind seed xyloglucan: heptasaccharide (Glu4Xyl3),
octasaccharide (Glu4Xyl3Gal), and nonasaccharide (Glu4Xyl3-
Gal2).20

Xanthan gum is one of the bacterial polysaccharides. Xanthan
aqueous solution has a high viscosity, high pseudoplasticity,
significant yield stress, and stability, even at low concentrations
over wide pH, temperature, and salt content ranges.21 The main
chain consists ofâ-D-(1,4)-linked glucose, which is the same
as cellulose. A trisaccharide side chain, consisting ofR-D-
mannose,â-D-glucuronic acid, andâ-D-mannose is attached
to every second glucose residue of the main chain.22 The one
mannose residue is connected to the backbone, and is partially
acetylated. Parts of the terminal mannose residues are pyruvated
to some extent, depending on theXanthomonas campestris
substrain.23 Xanthan undergoes a temperature-induced confor-
mational transition.24,25 This coil-helix transition is affected
by the addition of salt and the charge density of xanthan related
to the side-chain chemical structure. Correlations between the
acetyl and the pyruvate contents and the midpoint temperature
of the transition have been reported.26-29

Up to the present, synergistic interactions of mixtures for
various kinds of polysaccharides have been studied, not only
for application in industries, such as making a new texture in
food and industrial products, but also for more fundamental
purposes, such as investigating the intermolecular interaction
between different polysaccharides. Several combinations of two
polysaccharides showing synergistic interactions are known,
such as xanthan/galactomannan or konjac glucomannan (KM),
carrageenan/galactomannan or KM, and agarose/carrageenan.30-32

Morris pointed out that two common features of these systems
are that one of the two polysaccharides consists of aâ-(1-4)-
linked backbone, and the other undergoes a thermoreversible
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disorder-order (coil-helix) transition.33 Xanthan/xyloglucan,
which will be shown in this paper along with the above-
mentioned combinations, and gellan gum/xyloglucan also lie
on these common features. This similarity hints to the same
interaction mechanism. However, the origin of this interaction
and the reason these combinations are so special have been
controversial, and it is still difficult to understand the detailed
mechanism of the synergistic interaction of the polysaccharide
mixture. For instance, the xanthan/galactomannan mixture,
which is one of the most extensively studied mixtures, has been
investigated more than 30 years, but even the most important
and basic question of whether two polysaccharides form a
heterotypic junction zone has been still in dispute. It is necessary
to perform systematic measurements for these systems and for
new systems.

We found that the mixing of xyloglucan and xanthan results
in an increase in the elastic moduli, and this is a synergistic
interaction, which is also the combination of the helix-forming
polysaccharide andâ-D-(1-4)-linked cellulosic polysaccharide.
The effect of the acetyl and pyruvate groups in the side chain
of xanthan on the synergistic interaction of the mixture of
xyloglucan and xanthan has been investigated by dynamic
viscoelasticity, differential scanning calorimetry (DSC), and
nuclear magnetic resonance (NMR) to clarify the details of the
synergistic interaction. Since this kind of synergistic interaction
is not so common, and appears only for the specific combina-
tions of polysaccharides with specific chemical structure, the
investigation of this new interaction will also be helpful to
accumulate knowledge for establishing a generic model of the
synergistic interaction, and to control the physicochemical
properties of the aqueous solutions of polysaccharides.

Experimental Section

Materials. Xyloglucan extracted from tamarind seed was a gift
provided from Dainippon Pharmaceutical Co., Ltd. (Osaka, Japan).
Xyloglucan was precipitated with acetone to remove insoluble sub-
stances.

Three different xanthans were used to clarify the effect of the
chemical structure of xanthan on the synergistic interaction. Three types
of xanthan, a native xanthan, which has both acetyl and pyruvate groups,
an acetate-free xanthan, and a pyruvate-free xanthan, were kindly
supplied by CP Kelco (U.S.A.), and were used without further
purification.

To make mixed solutions, aqueous solutions of xyloglucan alone
and xanthan alone were prepared at 1.0 wt % by dispersing each powder
in distilled water for 12 h at room temperature. Then, these two solutions
of the same weight were mixed. The total polysaccharide concentration
of the mixed solution was fixed at 1.0 wt % for all the mixed solutions.

Methods. Rheological Measurements. Dynamic viscoelastic mea-
surements were carried out using a Rheostress 600 (Haake, Thermo
Electron, Germany) with a cone plate geometry (diameter, 59.997 mm;
gap, 0.103 mm; cone angle, 1.995°). The exposed surface of the sample
was covered with silicone oil to avoid evaporation of water in the
solution, immediately after the sample solution was set on the lower
plate. The temperature dependence of the storage (G′) and the loss (G′′)
shear moduli was examined at a rate of 0.5°C/min and at an angular
frequency of 1.0 rad/s. For the rheological and the DSC measurements,
at first, a heating measurement was performed, then a subsequent
cooling, and next a reheating measurement was done.

DSC Measurements. DSC measurements were carried out by using
a high-sensitivity calorimeter, Micro DSC III (Setaram, France). Exactly
the same amount (800( 5 mg) of the sample (polysaccharide aqueous
solutions) and reference (distilled water) solutions were put into the
DSC cell, and then placed in the calorimeter. The scan rate was fixed
at 0.5°C/min.

NMR Measurements. 1H NMR spectra were obtained with Unity-
Plus500 (B0 ) 11.7 T) (Varian, U.S.A.) to elucidate the mechanism of
the synergistic interaction for the xyloglucan/xanthan mixture in 99.9%
D2O at the molecular level. Sodium 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS) was also added as the inner standard of the chemical
shift. It was confirmed that the peak attributed to the acetyl group was
not observed for acetate-free xanthan at all, and the peak attributed to
the pyruvate group was not observed for pyruvate-free xanthan. The
apparent transverse relaxation time,T2

/, was estimated from the
observed line width,ν, of the peak by an equation,

The NMR spectra were measured at a constant temperature. To
obtain the temperature dependence of the spectra and theT2

/, the
temperature was raised stepwise in increments of 5°C. Each interval
for the temperature raise was 30 min. The temperature was stabilized
during this time, and the spectrum was recorded.

Results and Discussion

Rheological and thermal behaviors of xyloglucan and xanthan
alone were examined before the measurements of their mixture.
Figure 1 shows the temperature dependence of the dynamic
shear moduli (Figure 1a) and the DSC curves (Figure 1b) for a
1.0 wt % aqueous solution of xyloglucan alone. Both the storage
modulus,G′, and the loss modulus,G′′, increased monotonically
with decreasing temperature in the entire temperature range.
No DSC peak was found. Both the rheological and DSC results
shown here are in good agreement with previous findings that
there is no characteristic structural change for xyloglucan15 such
as the coil-helix conformational transition observed for xanthan.

Figure 2 shows DSC cooling curves for 0.5 and 2.0 wt %
aqueous solutions of three types of xanthan: a native xanthan,
an acetate-free xanthan, and a pyruvate-free xanthan. Since the
xanthan concentration in the mixtures of xyloglucan and xanthan
used is fixed at 0.5 wt %, the DSC measurement was carried
out at the same concentration. The aqueous solutions of 2.0 wt

Figure 1. (a) Temperature dependence of storage modulus, G′, and
loss modulus, G′′, and (b) DSC curves upon cooling and subsequent
heating for a 1.0 wt % xyloglucan solution. The scanning rate is 0.5
°C/min, and the angular frequency is 1.0 rad/s.

T2
/ ) 1

πν

1224 Biomacromolecules, Vol. 7, No. 4, 2006 Kim et al.

CDV



% xanthan with different chemical structuressa native xanthan,
an acetate-free xanthan, and a pyruvate-free xanthansshowed
an exothermic peak upon cooling at 53, 37, and 81°C,
respectively. The DSC peak of xanthan was attributed to the
conformational change from helix to coil (upon heating, not
shown) and from coil to helix (upon cooling), respectively.34 It
is known that acetate-free xanthan has a lower stability of the
helix structure, and the helix-coil transition temperature is lower
than that of a native xanthan aqueous solution. On the other
hand, the coil-helix transition temperature of pyruvate-free
xanthan is higher than that of native xanthan because of the
higher stability of the helix. For the result of 0.5 wt % xanthan,
the peak of 0.5 wt % pyruvate-free xanthan appeared at 69°C,
which is 12 °C lower than that of 2.0 wt %. It was well-
established that the total concentration of the cation is respon-
sible for the coil-helix transition temperature, and the polymer
concentration is not essential35 for the coil-helix transition of
negatively charged polysaccharides, such asκ-carrageenan,36

gellan gum,37 and xanthan.38 Hence, this peak shift is caused
by the decrease in the activity coefficient of the counterion
accompanied by the decrease in the polymer concentration. In
the cases of 0.5 wt % native xanthan and 0.5 wt % acetate-free
xanthan, no reliable DSC peak was detected. These seem to be
due to a sensitivity limit of the apparatus, because it was reported
that, even at lower concentrations, xanthan undergoes the coil-
helix transition,39 and the transition enthalpies for 2.0 wt %
native xanthan and acetate-free xanthan are much smaller than
that for 2.0 wt % pyruvate-free xanthan. By using the relation
between the total activity coefficient and the coil-helix transi-
tion temperature,39,40 the coil-helix transition temperature can
be estimated asTCH ) 33 and 20°C for native and acetate-free
xanthan, respectively. That is, 0.5% aqueous solutions of native
and acetate-free xanthan also undergo the coil-helix confor-
mational transition.

Figure 3 shows (a) cooling and (b) heating DSC curves for
1.0 wt % mixtures of xyloglucan/native xanthan, xyloglucan/
acetate-free xanthan, and xyloglucan/pyruvate-free xanthan. For
all the solutions, an exothermic peak and an endothermic peak
were observed upon cooling and heating, respectively. Almost

no thermal hysteresis was observed for the three mixture
solutions. For the mixtures of xyloglucan/native xanthan and
xyloglucan/acetate-free xanthan, DSC exothermic peaks were
observed at 18 and 20°C upon cooling, respectively. It is
noteworthy that the DSC peak temperature of the mixture with
acetate-free xanthan is higher than that with native xanthan, but,
for the aqueous solutions of xanthan alone, the peak temperature
for acetate-free xanthan is lower than that for native xanthan,
as shown in Figure 2. This suggests that the DSC peaks of the
mixture solutions originate not from the coil-helix transition,
but from the synergistic interaction. However, the peak tem-
perature for the mixture of xyloglucan/pyruvate-free xanthan,
at about 70°C, was much higher than those for the other two
mixtures. The peaks observed for the mixtures of xyloglucan/
native xanthan and xyloglucan/acetate-free xanthan are caused
by the synergistic interaction between xyloglucan and xanthan,
because no peak could be observed from the solutions of each
component (1 wt % xyloglucan as shown in Figure 1, and 0.5
wt % native xanthan and 0.5 wt % acetate-free xanthan as shown
in Figure 2).

At this point, the detailed origin of this DSC peak is not clear,
but we can expect only a few origins for the characteristic
behavior of the heat flow: (1) the conformational change of
xanthan, such as the coil-helix transition, (2) the self-aggrega-
tion of each component, and/or (3) the direct interaction between
xanthan and xyloglucan. Even in the case of scenario 1, we
can safely say that the addition of xyloglucan causes a huge
increase in the transition enthalpy, and this is also classified
into a kind of synergistic interaction.

DSC transition enthalpies,∆H, estimated from the DSC peak
area for the conformational transition from coil to helix (or helix
to coil) of three xanthan solutionssnative, acetate-free, and
pyruvate-free xanthansare∼2.6, 2.6, and 11.4 J/g, respectively.
The values of∆H for the three mixture solutions, which were
estimated on the basis of the mass of one solute (xanthan or
xyloglucan), were∼5.5, 16.2, and 9.4 J/g, respectively. The
reported values for other synergistic interactions are 2-24 J/g,
depending on the salt condition for xanthan/galactomannan,41

20 J/g for native xanthan/glucomannan, 30 J/g for acetate-free
xanthan/glucomannan,9 and 4-18 J/g for xyloglucan/EGCG.11

Figure 4a shows the temperature dependence ofG′ andG′′
for 0.5 wt % native xanthan and 0.5 wt % xyloglucan alone,
and a 1.0 wt % mixture observed upon cooling. For the mixture
solution, bothG′ andG′′ increased steeply at around 22°C with
decreasing temperature. Upon subsequent heating, both values
showed a steep decrease at the same temperature (see inset).
There is almost no thermal hysteresis.

Additionally, the temperature at whichG′ and G′′ steeply
increased corresponds to the DSC peak temperature. This
strongly suggests that the large increase in the shear moduli
has the same origin as the DSC peak, and it clearly means that
this steep change ofG′ and G′′ is caused by the mixing of
xyloglucan and native xanthan, and is the result of a synergistic
interaction. The transition temperature and storage and loss
moduli for the mixture of xyloglucan and acetate-free xanthan
are similar to those of the mixture of xyloglucan with native
xanthan, particularly for the temperature at whichG′ increased
steeply upon cooling (Figure 4b) and the DSC peak temperature
(Figure 3). However, the mixture with pyruvate-free xanthan
showed an essentially different behavior. TheG′ andG′′ of the
1 wt % mixture solution of xyloglucan and pyruvate-free
xanthan are almost the same as those of 0.5 wt % pyruvate-
free xanthan alone, as shown in Figure 4c. Moreover, the
temperature at whichG′ and G′′ remarkably increased upon

Figure 2. DSC cooling curves for 0.5 and 2.0 wt % native xanthan,
acetate-free xanthan, and pyruvate-free xanthan. The cooling rate is
0.5 °C/min.
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cooling for the mixture is the same as that for pyruvate-free
xanthan alone. These results indicate that native xanthan and
acetate-free xanthan form a thermoreversible gellike structure
by mixing with xyloglucan at low temperatures, but pyruvate-
free xanthan does not.

From the spectroscopic aspects of the rheology on this mixture
system, as shown in Figure 5, it is also found that the network
structure that induces a gellike behavior is formed at low
temperatures for the mixtures of xyloglucan with native xanthan
or acetate-free xanthan, and, as for the mixture with pyruvate-
free xanthan, no essential difference was observed compared
with the aqueous solution of pyruvate-free xanthan alone.

The two mixture solutions at 5°C of Figure 5asthe mixtures
of xyloglucan/native xanthan and xyloglucan/acetate-free
xanthansshowed the typical gellike frequency dependence, and
G′ > G′′ in the entire frequency region from 0.1 to 100 rad/s,
and tanδ e 0.1. In contrast, the mixture solution with pyruvate-
free xanthan showed essentially different behavior from that of
the other two mixture solutions. That is,G′ > G′′ in the entire
frequency region, butG′ showed a larger frequency dependence
compared with those for the above-mentioned two mixture
solutions, and tanδ g 0.5. It means that the mixture with
pyruvate-free xanthan is more liquid-like compared with the
mixtures with native xanthan or acetate-free xanthan. It shows
the same frequency dependence as that for pyruvate-free xanthan
alone, and it is a typical frequency dependence of the so-called
weak gelsystem. Additionally, the mixtures with native xanthan
and acetate-free xanthan at both 40°C and 5°C showed different
behaviors, while the mixture with pyruvate-free xanthan and
the aqueous solution of pyruvate-free xanthan alone showed
basically the same behavior at both temperatures. This is
consistent with the result of the temperature dependence ofG′
and G′′ described before, and supports the fact that, at low
temperatures, native xanthan and acetate-free xanthan show the
synergistic interaction by mixing with xyloglucan, but the
pyruvate-free xanthan does not interact with xyloglucan. The
values ofG′ at 40°C for the mixture with pyruvate-free xanthan
and pyruvate-free xanthan alone are higher than those of the
other solutions. It is envisaged that the conformational difference
in xanthan affects the values of moduli, because at 40°C,
pyruvate-free xanthan is in the helix state, which can be
confirmed from the DSC results of Figure 2.

At high temperatures such as 80°C (Figure 5c), all the
solutions, both the mixture solutions and the aqueous solutions
of xanthan alone, showed essentially the same behavior. A
crossover ofG′ and G′′ was observed, andG′′ > G′ at low
frequencies. The slopes ofG′ andG′′ were slightly smaller than
2 and 1, respectively. This means that the relaxation time is
distributed even at high temperatures, but is normally an
observed behavior for polymer solutions at semidilute regions,

Figure 3. DSC curves of xyloglucan/native xanthan, xyloglucan/acetate-free xanthan, and xyloglucan/pyruvate-free xanthan upon (a) cooling
and (b) subsequent heating. The scanning rate is 0.5 °C/min.

Figure 4. (a) Temperature dependence of the G′ and G′′ of 0.5 wt
% xyloglucan alone, 0.5 wt % native xanthan alone, and a 1.0 wt %
mixture of xyloglucan/native xanthan (weight ratio ) 1:1); (b) that of
0.5 wt % acetate-free xanthan alone and a 1.0 wt % mixture of
xyloglucan/acetate-free xanthan (weight ratio ) 1:1); and (c) that of
0.5 wt % pyruvate-free xanthan alone and a 1.0 wt % mixture of
xyloglucan/pyruvate-free xanthan (weight ratio ) 1:1) upon cooling.
The cooling rate is 0.5 °C/min, and the angular frequency is 1.0 rad/
s. The inset in panel a represents the cooling and subsequent heating
curves of the mixture with native xanthan. Although the G′ of
xyloglucan alone could not be observed because of the limitation of
the sensitivity, G′ < G′′.
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probably caused by the polydispersity of the molar mass and
the above-mentioned tenuous association.

The mechanical spectra observed for the mixture solutions
at temperatures higher than 40°C were almost the same as those
for the solutions of xanthan alone, one component of the solute
in the mixture. Hence, the suggestions from the frequency
dependence ofG′ and G′′ observed at different temperatures
that (1) the rheological behavior is dominated mainly by xanthan
at 40 and 80°C, and (2) there is no synergistic interaction
between xanthan and xyloglucan, are also supported by the
mechanical spectra.

From the viewpoint of the appearance of the DSC peak, the
mixture solutions with xanthan containing a pyruvate group
showed basically similar results. In contrast, the mixture with
pyruvate-free xanthan is much different from other mixtures,
which suggests that pyruvate-free xanthan did not interact with
xyloglucan in the same way. Both the mixture of xyloglucan
with pyruvate-free xanthan and pyruvate-free xanthan alone
showed the endothermic peak at the same temperature upon
heating, as shown in Figure 6. The transition enthalpy estimated

from the DSC peak area of the mixture was almost the same as
that of pyruvate-free xanthan alone. Therefore, it directly means
that no synergistic interaction occurs for the mixture of
xyloglucan and pyruvate-free xanthan in terms of DSC, and also
indicates that the pyruvate group is essential for the synergistic
interaction between xanthan and xyloglucan.

To confirm the role of the pyruvate group in more detail, we
performed NMR experiments. Figure 7 shows the1H spectra
of the mixture of native xanthan and degraded xyloglucan
recorded at various temperatures. The peak observed at 2.17
ppm is attributed to the acetyl group, and that observed at 1.45
ppm is attributed to the pyruvate group.42-44 Peaks of the acetyl
and pyruvate groups became broader with decreasing temper-
ature. The peaks became much broader around 25°C, but the
peak position (chemical shift) was not changed (<0.01 ppm).
This indicates that the motion of the acetyl and pyruvate groups
becomes restricted around 25°C, and the correlation time
increased with decreasing temperature. The fact that these peaks
became broader does not directly mean an intermolecular
binding between xyloglucan and the acetyl and/or pyruvate
groups in the side chain of xanthan, although the increase in
the macroscopic viscosity is probably related to the increase in
the microscopic viscosity for the polymer with large molar
masses and correlation time, as expected from the rheological
measurements.

To evaluate the motion of the proton attributed to each peak
separated from the viscosity effects, the apparent transverse
relaxation time,T2

/, was estimated from each peak. As shown
in Figure 8, theT2

/ of the acetyl and pyruvate peaks in xanthan
and the anomeric proton, H-1, of the galactose in xyloglucan
at various temperatures was estimated to compare the mobility
of these groups in the xanthan side chain with those of the other
peaks. TheT2

/ of the peaks for the acetyl and pyruvate groups
in the mixture of degraded xyloglucan and native xanthan
decreased steeply at around 25°C upon cooling. This charac-
teristic temperature is almost the same as that observed in
rheological and DSC measurements. At temperatures below 20
°C, the NMR peak attributed to the acetyl group became broader,
but can still be detected, while the pyruvate peak was not
detectable at low temperatures. This decrease inT2

/ indicates
that the mobility of the pyruvate group located at the terminal
mannose of the xanthan side chain is more affected by the
addition of xyloglucan, compared to that of the acetyl group.
The peaks of the pyruvate and acetyl groups in xanthan alone
also gradually became broader with decreasing temperature.
However, theT2

/ of the acetyl group in pyruvate-free xanthan
did not exhibit such a steep decrease in the entire temperature
range investigated. These results clearly showed that a syner-

Figure 5. Frequency dependence of G′ and G′′ for 1.0 wt % mixtures
of xyloglucan and native xanthan, acetate-free xanthan, and pyruvate-
free xanthan (weight ratio ) 1:1) at (a) 5 °C, (b) 40 °C, and (c) 80
°C. The open and filled symbols represent G′ and G′′, respectively.
The abbreviation in the figures, TSX, NX, AFX, and PFX represent
tamarind seed xyloglucan, native xanthan, acetate-free xanthan, and
pyruvate-free xanthan, respectively. The concentration of the aqueous
solution of xanthan alone is 0.5 wt %, and the concentrations of each
polysaccharide in the mixture are the same (total polysaccharide
concentration, 1.0%).

Figure 6. Heating DSC curves for 1.0 wt % mixture of xyloglucan
and pyruvate-free xanthan (weight ratio ) 1:1) and 0.5 wt % pyruvate-
free xanthan alone. The scanning rate is 0.5 °C/min.
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gistic interaction occurred by the addition of xyloglucan, and a
motional restriction of the side chain in xanthan occurred, which
was not observed for xanthan alone.

TheT2
/ of methyl protons in the acetate and pyruvate groups

of the aqueous solution of native xanthan alone gradually
decreased, even at temperatures lower than the coil-helix
transition temperature, and their values ofT2

/ are almost the
same. TheT2

/ of the pyruvate group is slightly smaller than that
of the acetate group, which is probably caused by the different
flexibilities in the linkage. The pyruvate substituents of xanthan
are attached more rigidly to the terminal mannose residue of
the trisaccharide side chain (as a 4,6-ketal ring), compared with
the acetate substituents attached to the inner mannose. As
mentioned before, a 0.5 wt % xanthan solution also undergoes
the conformational transition. At temperatures lower than
the estimated coil-helix transition temperature,T2

/ was not
changed as much as that in the coil state at higher temperatures.
On the other hand, theirT2

/ values in the presence of xyloglu-
can drastically decreased at temperatures lower than the tem-
perature at which the synergistic interaction appeared.

The experimental finding that the effect of the synergistic
interaction on the mobility of the xanthan side chain is larger
than that of the coil-helix transition means that the side chain
of xanthan is restricted at low temperatures in the mixture
solution, and that the state of the side chain in the mixture at
low temperatures is different from both that in the coil state of
xanthan and that in the helix state.

Although, even for the most extensively studied system
showing synergistic interaction, the xanthan/galactomannan

Figure 8. Temperature dependence of the T2
/ of the acetyl and

pyruvate groups located at the end of the side group of xanthan in
aqueous solutions of xanthan alone, xyloglucan alone, and in
xyloglucan/xanthan mixture solutions. The T2

/ of the pyruvate group
in the mixture solution with native xanthan could not be estimated at
low temperatures because the peak disappeared. The T2

/ of the
anomeric proton H-1 of the galactose in xyloglucan is also shown for
comparison.

Figure 7. Temperature dependence of the 1-H spectrum for the mixture of native xanthan and degraded xyloglucan. The peak observed at
2.17 ppm is attributed to the acetyl group, and that at 1.45 ppm is attributed to the pyruvate group, as shown by the arrows at the bottom of the
figure. The large and temperature-dependent peak observed at 4.5-5.0 is attributed to HDO.
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mixture, the binding site has still not been clear and in dispute,
here we consider the model for the synergistic interaction of
the xyloglucan/xanthan mixture in comparison to the xanthan/
galactomannan mixture system. A straightforward model of the
origin of this synergistic interaction is a formation of heterotypic
junction zones of xanthan and xyloglucan, and the binding site
in xanthan is a pyruvate group. It has also been reported that
the lack of pyruvate group45 and the lack of terminal mannose46

in the side chain of xanthan inhibits the synergistic interaction
for xanthan/galactomannan systems. However, these results do
not directly indicate that the pyruvate group is the binding site.
Both depyruvated xanthan and xanthan without terminal man-
nose show essentially the same coil-helix transition, but the
transition temperature is higher than that for native xanthan.
This means that the structure of the helix for these samples is
more stable. It is suggested that the synergistic interaction
between xanthan and galactomannan occurs with the helix part
of xanthan, and the heterotypic structure then reverts to a new
heterotypic junction zone,47 and it becomes difficult for the
heterotypic junction zones to be formed if the helix conformation
is stable compared to the heterotypic junction zones. This model
can explain why the deacetylation of xanthan promotes the
synergistic interaction, because the deacetylation makes the
helical conformation more unstable, as can also be seen in Figure
2, even if the pyruvate group is not a binding site for xanthan.

By using X-ray diffraction, Morris and co-workers succeeded
in obtaining a new pattern that appeared only in the mixture,
clearly indicating that heterotypic junction zones can be formed
at least in the highly concentrated, almost solid state.48 Although,
the obtained diffraction patterns were not clear enough to
establish a complete molecular model. In the case of a xanthan/
guar gum mixture, even with the nonassociating phases of
xanthan and guar gum, it can also explain the obtained
diffraction pattern.49

A better and clearer pattern was obtained for acetan and
glucomannan.50 These results suggested that the glucomannan
molecule adopted the helical conformation in a “hybrid helix”
structure, a xanthan and glucomannan double helix. Chan-
drasekaran et al. reported that there are no restrictions within
the acetan/glucomannan double helix for replacing the gluco-
mannan with a galactomannan. Even though this model is
correct for xanthan/galacto- and glucomannan mixtures, the
backbone structure of xyloglucan is essentially different from
the glucomannan molecule, and the side chain structure is also
different. Therefore, whether xyloglucan can adopt a 6-fold, left-
handed, parallel double helix of 55.4 Å pitch with xanthan is
not clear and depends on both the cellulose backbone and the
galactose substitution patterns.

Tako et al. proposed that the side chain of xanthan has an
essential role on the synergistic interaction of xanthan/galac-
tomannan, the so-called “lock and key” model.45,51 However,
as Morris pointed out,33 this model appears to have little basis
in experimental evidence and incorporates some implausible
features. Furthermore, the specific groups on the galactomannan
molecules have an essential role in this model, and strongly
depend on the chemical structure of galactomannan, and it is
difficult to apply this model to the synergistic interaction of
the xanthan/xyloglucan mixture, whose structure is essentially
different.

The transition temperature and the other characteristic proper-
ties of the mixture with deacetylated xanthan were almost the
same as that with native xanthan, which suggests that the
mechanism of the formation of heterotypic junction zones is
different from that for the xanthan/galactomannan mixture.

Furthermore, according to Richter et al., for xanthan/galacto-
mannan mixtures, no significant change in the line width of
the pyruvate group in xanthan was observed.52 In contrast, it
was found that there was drastic line broadening, and that the
pyruvate group was more restricted at low temperatures in the
presence of the synergistic interaction. Hence, the detailed
mechanism of the synergistic interaction between xanthan/
xyloglucan may be different from that between xanthan/galacto-
and/or glucomannan, but it is safe to say that, even in this
mixture system (the xanthan and xyloglucan mixture), the
conformation of xanthan is changed into a new one at low
temperatures by mixing with xyloglucan, because such a drastic
line broadening was not observed for the aqueous solutions of
xanthan alone. This strongly suggests that the heterotypic
junction zone is formed.

Conclusion

A new synergistic interaction was found for the aqueous
solution of the mixture of tamarind seed xyloglucan and native
xanthan. By mixing xanthan and xyloglucan, the system exhibits
thermoreversible physical gellike properties at low temperatures.
A steep increase in both the storage and loss shear moduli was
observed around 22°C upon cooling, and a conspicuous
exothermic DSC peak appeared at the same temperature,
although these characteristic behaviors did not appear for the
aqueous solution of each component alone. The effect of acetyl
and pyruvate groups in the xanthan side chain on this synergistic
interaction was also investigated. The mixture of xyloglucan
and acetate-free xanthan showed essentially the same synergistic
interaction as that with native xanthan, but the lack of a pyruvate
group inhibits the synergistic interaction. This indicates that the
pyruvate group substituted at the terminal mannose of the
xanthan side chain plays a key role in this synergistic interaction.
The line width of the 1H NMR results showed a drastic
restriction in the xanthan side chain, which was not observed
even in the helix state of xanthan alone. This suggests that the
xanthan side chain becomes a new state that is different from
the coil and helix states.
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