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In  this  research,  thermal  behavior  and  gelling  interactions  of  Mesona  Blumes  gum  (MBG)/rice  starch
mixture  were  extensively  investigated.  MBG/rice  starch  gel  displayed  significant  endothermal  and
exothermal  properties  at different  MBG  concentrations,  indicating  essential  interactions  between  MBG
and rice  starch.  In addition,  the  gelling  interaction  between  MBG  and  rice  starch  was  studied  by  using
hydrogen-bond  forming  agents  (1,4-butanediol,  ethane-1,2-diol,  glycerol)  and  hydrogen-bond  breaking
agents  (urea,  tetramethyl  urea,  ethanol,  methanol)  on  rheological  spectra.  The  results  indicated  that  the
hydrogen  bond  between  MBG,  rice  starch  and  water  might  be  the  major  force  of  maintaining  the  com-
elling interaction
esona Blumes gum

ice starch
heological behavior
ydrogen bond generation
ydrogen bond breaking

plete  structure  of the mixed  gel.  Their  hypothetic  interactions  have  been  schemed  in  computer  using
hyperchem  8.0.

© 2012 Elsevier Ltd. All rights reserved.
yperchem 8.0

. Introduction

Liangfen cao (Mesona Blumes), an annual herbal plant with a
nique aroma grown in China and other countries of Southeast Asia,
uch as Indonesia, Vietnam and Burma, has been widely utilized in
iomedical field due to its remedial effectiveness for heatstroke,
ypertension, diabetes and muscle or joint pain (Lai, Chou, & Chao,
001). Conventionally, this plant is treated as an herbal tea or as

 functional food ingredient used in the production of jam-type
essert (a mixed gel with non-waxy type starch) in China (Lai et al.,
001). Liangfen cao contains an ionic polysaccharide gum and a
eutral polysaccharide, named Mesona Blumes gum (MBG), which
xhibits the capability of forming a lower viscous solution with

 pronounced shear-thinning characteristic, compared with other
ommercial gums (Feng, Gu, & Jin, 2007). MBG  can be isolated

nto a neutral polysaccharide and an acidic polysaccharide (Feng,
u, & Jin, 2008a),  the latter possessing an �-(1→4)-galacturonan
ackbone with some �-1,2-rhamnose residues. The branches of

� Supported by the Open Project Program of State Key Laboratory of Dairy Biotech-
ology, Bright Dairy & Food Co. Ltd. (No. SKLDB2011-007).
∗ Corresponding author. Tel.: +86 21 60873669; fax: +86 21 60873669.

E-mail address: fengtao@sit.edu.cn (T. Feng).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.05.094
arabinogalactan, arabinan, galactan and xylan were attached to the
backbone via O-4 of rhamnose residues. In addition, some rham-
nose residues on the backbone terminated with �-l-arabinose and
some O-6 in galacturonic acid residues were acetylated or methyl
esterified (Feng, Gu, & Jin, 2008b).

Many studies have focused on the interaction of MBG  with
non-waxy starch (Lai & Liao, 2002a, 2002b; Lai & Lin, 2004; Lai,
Liu, & Lin, 2003). Previously, we  examined the effect of MBG  on
the formation of two types of cereal starch (wheat and rice) gels
(Feng, Gu, Jin, & Zhuang, 2010b). The results suggested that flow
curves of MBG-starches exhibited pseudoplastic behavior at shear
rates between 0.01 and 10 s−1, following the Power Law rheological
model. Also, small amplitude oscillation test revealed that typical
strong gels were generated in the frequency between 0.1 and 10 Hz.
MBG-wheat starch and/or MBG–rice starch gel possessed typical
viscoelastic properties (Feng, Gu, Jin, & Zhuang, 2010a).  To further
understand the properties of MBG-starch gels, the rheological prop-
erties of rice starch–MBG mixtures were extensively studied by our
group (Feng et al., 2010a). Rice starch–MBG mixtures with differ-
ent concentrations of MBG  at 25 ◦C exhibited a high shear-thinning

behavior with high Herschel–Bulkley yield stress values (�0). Con-
currently, the mixture of rice starch with 0.1–0.5% MBG  displayed
the rheological behavior similar to those of solid-like gels (Feng
et al., 2010b).

dx.doi.org/10.1016/j.carbpol.2012.05.094
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:fengtao@sit.edu.cn
dx.doi.org/10.1016/j.carbpol.2012.05.094
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Furthermore, some researchers also investigated the mecha-
ism between starch and non-starch polysaccharide interactions.
hmad and Williams (2001) studied the effect of galactomannan
n thermal and rheological properties of sago starch, indicat-
ng that the freeze–thaw stability of starch gels was  improved
ignificantly in the presence of galactomannans. Since the galac-
omannans assumedly inhibited the aggregation process through
cting as a physical barrier to prevent amylose/amylopectin self-
ssociation or by associating with amylose aggregated chains, it
educed syneresis of starch gels after freezing and thawing by alle-
iating the expulsion of water. Lai and Chao (2000) supposed a
chematic figure to indicate the structure of the mixed gel between

 wheat starch and MBG. In their work, a large amount of the
mylose was leached out of the starch granules and rearranged
hemselves for formation of a coupled network with MBG. In
ddition, the results illustrated that the existence of cations in
he mixed system could increase the number of junction zones
nd decrease the rotational freedom of parallel links (Lai & Chao,
000).

Thus, the main purpose of this work was to elucidate the
hermal behavior of MBG  and rice starch and gelling interac-
ion mechanism between them by using hydrogen-bond forming
gents (1,4-butanediol, ethane-1,2-diol, glycerol) and hydrogen-
ond breaking agents (urea, tetramethyl urea, ethanol, methanol)
n rheological spectra.

. Materials and methods

.1. Proximate compositions of MBG  and rice starch

Mesona Blumes samples (Mesona Chinensis Benth variety) were
urchased from a market in Wuping County of Fujian Province,
hina. The Mesona Chinensis Benth leaves were stored at 25 ◦C. The
rocedure of gum extraction from Mesona Chinesis Benth leaves
ollowed the protocol from our previous work, with a MBG  yield
f 29.4% (w/w) (Feng et al., 2007). As for proximate composition
f MBG, 42.2% total sugar was determined by phenol-sulphuric
cid method (Dubois, Gilles, Hamilton, Rebers, & Smith, 1956),
hich took d-glucose as the standard; 13.8% uronic acid was
etermined by meta-hydroxyl biphenyl method using l-(+)-d-
alacturonic acid as the standard (Blumenkrantz & Asboe-Hansen,
973); 9.74% crude protein, 30.9% ash and 2.98% crude fiber
ere determined by the respective AOAC method (2006) 960.52,

20.39C, 978.10. Rice starch was generously donated by Jiangsu
aobao Group (Zhangjiagang, Jiangsu, China) with 26.49% amy-

ose. Its moisture content has been determined by AOAC (2006)
ethod 934.01, the moisture content of rice starch is about

2.69%.

.2. Thermal behavior studies of mixed gels of MBG  and rice
tarch

Approximately 15 mg  of the mixture of MBG, rice starch and
istilled water were weighted in an aluminum pan. MBG  concentra-
ion in the pan was 0, 0.1, 0.35, 0.5% (w/w, d.b.), respectively and rice
tarch concentration in the mixture was 6% (w/w, d.b.). After being
ealed up, the aluminum sample pan was equilibrated at 30 ± 1 ◦C
n a differential scanning calorimetry (DSC) furnace (TA Instru-
ents, Shanghai, China) for 10 min, and increased to 120 ± 1 ◦C by
◦C/min, and equilibrated at 120 ± 1 ◦C for 10 min, then decreased

o 30 ± 1 ◦C by 5 ± 1 ◦C/min. An empty pan was used as control.
he gel and sol temperature, gel and sol enthalpy were recorded
nd analyzed during the round of heating and cooling (Lai & Chao,
000).
mers 90 (2012) 667– 674

2.3. Studies of MBG/rice starch interaction

2.3.1. Sample preparation
0.5% (w/w) MBG  and 6% (w/w)  rice starch were weighted care-

fully and dispatched in dimethylsulfoxide (DMSO) completely. 30%
(w/w), 50% (w/w) water or other solvents (50% (w/w)  ethane-
1,2-diol, 50% (w/w) 1,4-butanol, 50% (w/w) glycerol, 30% (w/w)
methanol, 30% (w/w)  ethanol, 50% (w/w)  5.56 mol/L urea in DMSO
and 30% (w/w)  1,1,3,3-tetra methylurea (TMU) (Kim & Yoo, 2006;
Pongsawatmanit, Temsiripong, Ikeda, & Nishinari, 2006; Rosalina
& Bhattacharya, 2002)) were quantitatively introduced into the
media consistently. Then, the mixture was heated to 95 ◦C in a
magnetic heater with magnetic stirring at 200 rpm for 6 h. Sub-
sequently, the temperature of the mixture was cooled to room
temperature of 25 ◦C. During the cooling the mixture was  also
stirred.

2.3.2. Rheological experiments
All the samples suspension for rheological assay firstly had been

degassed at 25 ◦C, and then these samples had been further poured
in the rheometer plate.

Rheological experiments were conducted at 25 ± 0.1 ◦C by a
stress-controlled rheometer (AR-1000, TA Instruments, DE, USA).
The sample was  introduced on the platform of the rheology, and
the silicon oil was added gently around the plate for preventing the
water loss of the sample. The parallel-plate system was used with
40 mm diameter and 1 mm  gap between plates. Prior to test, the
sample was equilibrated for 10 min.

The shear rate was  set in the range of 0.01–100 s−1 in static shear
rheology tests. Dynamic rheology tests were conducted in the linear
viscoelastic range (LVR). For strain (1–100%) sweeping tests, angu-
lar frequency was  set as 1.0 rad/s in order to determine the LVR of
samples. The angular frequency (0.1–100 rad/s) sweeping was  per-
formed at the strain 1% in LVR (Jiménez-Avalos, Ramos-Ramírez, &
Salazar-Montoya, 2005; Kim & Yoo, 2006).

2.3.3. Molecular dynamic (MD) simulation of MBG  & rice starch
interaction

Rice amylose fraction, MBG  fragments and waters’ interactions
were simulated in a required periodic box (56 × 38 × 38 Å) by using
MD module of HYPERCHEM8.0 software (Hypercube Inc., Water-
loo, Canada). In brief, the proposed model of amylose fraction was
formed by eighteen polymeric glucose units in a rather stiff left-
handed helix and dissolved in the water (60%, w/w), the model
of MBG  fragments was  composed of several neutral monosaccha-
ride and galacturonic acid in a random coil configuration in the
water (60%, w/w)  (Fig. 3). By imposing a limitation on a gradient
of 4.187 × 10−2 kJ/(mol Å), this model of the interaction was ener-
getically optimized by using the AMBER force field. The obtained
configuration was directly performed at a step size of 10−3 ps under
95 ◦C (368 K) for 2 ps. This optimized stable model was  illustrated
to analyze the possible interactions between rice amylose fraction
and MBG  fragments in the water (Tian et al., 2010).

2.4. Statistical methods

Two-way analysis of variance (ANOVA) was used to determine
statistical inference on the data obtained at the MBG  level of 0.5%
(w/w) and significance level was set at 0.05 (p < 0.05). The Levene
test was used to check the significance of variances. Multiple paired
comparisons were used to determine which mean values differed

from one another. The Bonferroni test was  used where variances
were presumed equal and the Tamhane T2 test was  used where
equality of variances could not be assumed (Herrero & Requena,
2006). All rheological experiments were conducted in triple trials,
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nd the data were analyzed using SPSS11.0 (SPSS Inc., Chicago, IL,
SA) and expressed as means ± standard error.

. Results and discussion

.1. Thermal properties of mixed gels of MBG  and rice starch

Dynamic rheology or DSC (differential scanning calorimetry)
s generally utilized to study interaction or gel–sol transitions
f polysaccharide gum/starch mixed system by identifying the
ifference of enthalpy of samples under identical reaction con-
itions (Lai & Chao, 2000; Nishinari, 1997). Due to the ratio
elationship between thermo energy and enthalpy, the phase tran-
ition energy of polymers could be calculated by the heat flow of
aintaining the temperature equally. Since most of the gel–sol

ransitions of polysaccharide gum are related to endothermal or
xothermal procedures, the gelling mechanism or phase transition
an be investigated by heating or cooling procedures (McGrane,
ainwaring, Cornell, & Rix, 2004).
As shown in Table 1, typical endothermal and exothermal

nthalpies corresponding to strong gel network occurred in all
BG/rice starch mixed systems. It was also noted that differ-

nt concentrations of MBG  on the gel–sol transition of the mixed
ystem resulted in different thermal characteristics. Compared
ith other mixed systems in this study, rice starch with 0.5%

w/w) MBG  displayed the highest endothermal enthalpy (4.458 J/g)
nd (0.832 J/g), respectively, during heating and cooling proce-
ure. Table 1 shows gelling peak temperatures and enthalpies
ith the presence of different concentrations of MBG. It is well

nown that endothermal peak occurs when the system experiences
rder–disorder state transitions, for instance, the loss of crystalline
one and the transition from gel to sol or starch gelatinization etc.
Lai & Chao, 2000). Therefore, it is concluded that the strong or
eak gel network could be associated with polymers’ exothermal

r endothermal enthalpy.
The phenomenon of thermal reversible gel–sol transition is usu-

lly demonstrated by zipper model (Lai & Chao, 2000). In this model,
he gel of polysaccharide gum could be hypothesized as the two
arallel molecules combining a zip closing, while the sol could be
reated as a zip opening (Tarrega & Costell, 2007). The combination
f single strand in zipper model was linked by hydrogen bonds
Tarrega & Costell, 2007). Noticeably, the transition of gel–sol of

BG/rice starch mixed system also fitted this zipper model per-
ectly. As the temperature decreased to gelling temperature, the

olecular active energy of mixed system and free degree of rotat-
ng also decreased. Hence, MBG  and rice starch interacted with each
ther, causing the large number of the elastic active chains to entan-
le into a gelling network. For example, the increase of the number
f zips led to the closing of zips, further resulting in the formation
f the gelling network structure. When the temperature increased
o sol temperature, the molecular active energy rose up and free
egree was enhanced significantly, which triggered the opening of
he molecular zips between MBG  and rice starch, further leading to
he occurrence of the sol phenomenon.

.2. Gelling interaction of mixed gels of MBG  and rice starch

.2.1. Effect of hydrogen bond generating agents on the gel of
BG/rice starch

Fig. 1 shows the viscosity curves of 0.5% (w/w) MBG  and 6%
w/w) rice starch with different polyols. As depicted in Fig. 1,

he typical curves of these mixture systems all exhibited pseudo-
lastic rheological behavior with different pseudo-plastic indices.
he curve of the sample with water or 1,4-butanediol revealed typ-
cal pseudo-plastic behavior with shear rate increment, which has Ta
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Fig. 1. Apparent viscosity vs. shear rate curves of 6% (w/w) rice starch/0.5% (w/w)
MBG  mixed system with different hydrogen-bond forming agents pasted in DMSO.
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structure of MBG/rice starch
It is well known that urea and TMU  are hydrogen bond break-
thane-1,2-diol (50%, w/w), and (�) DMSO (100%, w/w).

.12 ± 0.02 and 0.27 ± 0.04 flow behavior index (n) respectively,
nd the apparent viscosity was 336.3, 181.1 Pa s, respectively at a
hear rate of 0.05 s−1. For the samples with glycerol, ethane-1,2-diol
nd pure DMSO, the curves also displayed pseudo-plastic behavior
ith shear rate increment, which has 0.82 ± 0.02, 0.86 ± 0.05 and

.91 ± 0.03 flow behavior index (n) respectively, and the apparent
iscosity was 12.01, 8.18, 6.817 Pa s at a shear rate of 0.05 s−1. As
s well-known, when flow behavior index n < 1, it can be used to
ndicate the pseudo-plastic extent of fluid behaviors. The less flow
ehavior index n, the stronger flow pseudo-plasticity. Thus, it was
oncluded that the pseudo-plasticity order from strong to weak
f 0.5% (w/w) MBG  and 6% (w/w) rice starch with different polyols
hould be water, 1,4-butanediol, glycerol, ethane-1,2-diol and pure
MSO.

Furthermore, MBG/rice starch mixtures treated with ethane-
,2-diol, glycerol and pure DMSO, respectively, possessed a
elatively lower viscosity at the shear rate below 0.1 s−1. How-
ver, samples revealed a rheological behavior behaving like a weak
seudo-plastic flow with the increase of shear rate (>0.1 s−1). Com-
ared with the system treated by ethane-1,2-diol or pure DMSO,
he viscosity of the system with glycerol was much higher, since
lycerol itself is a viscous low shear thinning fluid (its viscosity is
bout 1 Pa s).

Although the dependence of shear rate on the viscosity of the
BG/rice starch mixed system in each solvent at a lower shear rate

0.05 s−1) was distinctly different, the apparent viscosity of all sam-
les were fallen into in the range of 1–10 Pa s at the higher shear rate
∼100 s−1), indicating that the spatial network structure of gels in
ifferent polyols, water and DMSO were not strong. It would lead to
he fragmentation of gel under the certain mechanical shear force.
n terms of these results, MBG/rice starch gels were considered to
e physical gels and the hydrogen bond between chains in these
els might be the main force for the gel formation (Shi & BeMiller,
002).

The strain sweeps and mechanical spectrums of MBG/rice starch
ith diol or triol in DMSO solvent are described in Fig. 2. In pure
MSO solvent, MBG/rice starch generated a weak gel by the inter-
ction between the hydrogen bonds of hydroxyl group in starch
r/and MBG  molecules. In 50% (w/w) water solution, the elastic
odulus of gel has been increased by one order of magnitude,

esulting in 10-fold differences between elastic modulus G′ (G′

as no relationship with the enhancement of frequency, which
howed a typical strong gel (Mortimer, Ryan, & Stanford, 2001)).
t indicates that the gel structure between starch, MBG and water
olecules could be maintained by hydrogen bonds. Furthermore,
ater molecules might serve as a bridge between the gelatinized
mers 90 (2012) 667– 674

rice starch and MBG  molecules. A proposed schematic demonstra-
tion of the structure is shown in Fig. 3.

Strong gels exhibit the characteristics of true gels where they
manifest behaviors typical of viscoelastic solids and, above a criti-
cal deformation value; they rupture rather than flow under small
deformation conditions. On the other hand, impositions of large
or continuously increasing deformation of weak gels lead to rapid
breakdown of their networks into smaller clusters. These systems
can flow homogenously with flow properties typical of dispersed
systems. At low strains (in the linear viscoelastic region (LVR)),
these systems exhibited gel-like mechanical spectrum (G′ is almost
independent of frequency and G′′ increases with frequency) where
tan ı increased with the increase of frequency (Domenico & Bruno
de Cindio, 2001). MBG/rice starch gels generated in 50% of diol
(w/w) DMSO solution, and its gel strength enhanced with the
increase of the number of carbons in polyols. Actually, the effect
is probably related with distance between the hydroxyl groups
and not exactly with the number of carbons in polyols. For the
mechanical spectrum of MBG/rice starch gel formed in 50% (w/w)
ethane-1,2-diol of DMSO solution, elastic modulus G′ was always
equal to viscous modulus G′′ in the range of most frequencies. Of
note, the modulus was highly correlated with frequency, represent-
ing that the interaction inside the gel was rather weak (Vriesmann,
Silveira, & Petkowicz, 2010). However, a stronger MBG/rice starch
gel was achieved in 1,4-butanediol DMSO solution (1:1, w/w) since
G′ was higher than G′′ but not much higher. The gel strength of
MBG/rice starch gel in 1,4-butanediol of DMSO solution with 4 car-
bons was equivalent to that of MBG/rice starch gel which formed
in water, illustrating that linkage types of these gels were identi-
cal although the configurations of hydrogen bond linkage between
chains are different.

Strain sweeps in Fig. 2 reflect more details on microstructures
of these gels. The shift of the crossover point of G′ and G′′ of the
sample toward the lower strain was attributed to the increasing
number of carbons, i.e. the gel brittleness would also increase with
the enhancement of the gel strength. In the glycerol in DMSO  solu-
tion (1:1, w/w),  G′ and G′′ of strain sweeps of the MBG/rice starch
gel were integrated in the entire range of the frequency, showing
the occurrence of a rather low extent of spacial network (Fig. 2).
The similarity of the changing trend of G′ and G′′ with frequency
between glycerol in DMSO solution (1:1, w/w) and ethane-1,2-
diol in DMSO solution (1:1, w/w)  represented that the linkage of
the glycerol mainly by 1,2-OH during the interaction with starch
molecules or MBG  molecules was identical with the hydrogen bond
of ethane-1,2-diol in Fig. 3. There are some reasons contributing
to this result. Firstly, CH2 OH was not able to link with other
starch molecules or MBG  molecules by hydrogen bond due to
the steric hindrance effect; secondly, the intramolecular hydro-
gen bonds were formed within the single starch or MBG  molecule
at the hydroxyl group in glycerol. In contrast, the formation of
the intermolecular hydrogen bonds between starch and/or MBG
molecules did not occur due to the weak gel strength of the gel
in glycerol/DMSO solution (Silva, Oliverita, & Rao, 1998). These
results represented that water molecule offered an advantage
over ethane-1,2-diol on the gel structure formation of MBG/rice
starch, indicating that the generation ability of the intermolecu-
lar hydrogen bond of water molecule might be superior to that of
ethane-1,2-diol. However, the generation ability of the intramolec-
ular hydrogen bond of ethane-1,2-diol might be even stronger than
that of water (Hizukuri & Takeda, 1978).

3.2.2. Effect of hydrogen-bond breaking agents on the gel
ing agents (Li, Vasanthan, & Bressler, 2011). In addition, some
small molecular weight alcohols such as methanol and ethanol are
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Fig. 2. Strain sweeps at 1.0 rad/s and mechanical spectra at 1% strain of 6% (w/w) rice starch/0.5% (w/w) MBG  mixed system with different hydrogen-bond forming agents.
(�)  G′ (Pa) and (©) G′′ (Pa). The arrow represented when diol carbon chain length increased, G′/G′′ crossover point shifted to low strain, thus made the gel brittleness increase.
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lso commonly used as hydrogen bond breaking agent (Hizukuri
 Takeda, 1978). Therefore, for this research, urea, TMU, ethanol
nd methanol in DMSO solution were selected for examination the
ffect of hydrogen breaking agents on the 0.5% (w/w) MBG  and 6%
w/w) rice starch gel structure (in Fig. 4). Furthermore, moisture
ontent during the trials was critically maintained at 30% (w/w)
ince gel structures could be easily broken down by hydrogen bond
reaking agents (Telis, Telis-Romero, & Gabas, 2005).

The apparent viscosity of MBG/rice starch with 5.56 mol/L urea
n DMSO solution decreased significantly (p < 0.05), with a value
1 Pa s) almost equivalent to that of the gel in 100% DMSO at 100 s−1.
lthough the apparent viscosity of MBG/rice starch treated with the
ixture of TMU/DMSO (3:7, w/w) solution also decreased some-

ow, it was less significant than that of the gel treated by urea,
ecause their apparent viscosities were different from each other
bout one order of magnitude at 0.05–5 s−1 (in Fig. 4). Both rice
tarch and MBG  molecules could easily be precipitated by high-
oncentration alcohol solutions. To prevent precipitation, a lower
oncentration of alcohol (30%, w/w) was introduced to the DMSO
olution. In addition, the shear rheological behavior of gels in DMSO
olution with alcohols was similar to Newtonian fluid, with the
pparent viscosity about 0.1 Pa s (in Fig. 4). The result indicated that
he apparent viscosity of gel in DMSO solution treated by 30% (w/w)

thanol was slightly higher than that of gel treated by methanol,
hich was consistent with the result in the literature (Rao, Delaney,

 Skinner, 1995).
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The strain sweep and frequency sweep spectrums of the gels
in the mixture of 0.5% (w/w) MBG  and 6% (w/w) rice starch in
DMSO solution with hydrogen bond breaking agents were shown
in Fig. 5. For all treatments, the viscous modulus of the gel in
DMSO solution treated by urea was  higher than the elastic mod-
ulus in strain sweep and frequency sweep. Furthermore, both
modules were highly correlated with the frequency. These results
suggested that the mixture in DMSO solution treated by urea exhib-
ited a rheological behavior of a viscous fluid (Nishinari, 1997),
reflecting that urea is a very effective agent for breaking the gel
structure.

However, the structure of the gel in DMSO solution treated by
TMU  (30%, w/w)  was  well maintained, based on the data of strain
sweep and frequency sweep. Compared with the gel in water, the
crossover point of G′ and G′′ of the gel in DMSO solution treated
by TMU  shifted toward the lower strain points. The values of
both moduli of this gel were in agreement with those of the gel
formed in water. These results are consistent with those reported
by Cheetham and Tao (1998).  It was  concluded that urea failed to
break down the intramolecular hydrogen bond of starch molecule,
but it was able to break down the intermolecular hydrogen bonds.
Conversely, TMU  was capable of breaking down the intramolecular
hydrogen bonds utilized to maintain the tight helical conformation
of starch in DMSO solution. However, TMU  failed to decomposed
the intermolecular hydrogen bond used for the formation of the
starch gel structure (Bakker & Petersen, 2011).

The data of strain sweep and frequency sweep (Fig. 5) in this
work demonstrated that methanol and ethanol could remarkably
reduce the mixed gel structure of MBG/rice starch, compared with
the gel in 30% (w/w) water. For the sample treated by methanol,
the values of G′′ were in agreement with those of G′ in the entire
frequency range. In addition, the results indicated the gel solu-
tion with low viscosity maintained a weak gel structure after the
usage of methanol due to the damage of the hydrogen bond linkage
of the gel structure. However, the sample treated by ethanol was
unable to form a gel structure since rheological behavior showed
a viscous fluid (G′′ > G′). It was assumed that alcohols with single
hydroxyl group decomposed the mixed gel structure of MBG/rice
starch through being linked with the hydroxyl group of starch or
MBG  molecules. More specially, due to only one hydroxyl group
in each alcohol molecule, it was unable to link with the hydroxyl
group of another starch molecule by hydrogen bond interaction
after linking with the hydroxyl group of starch or MBG molecules.
Furthermore, starch molecules would precipitate when employ-
ing of the alcohol with sufficiently high concentration (Brouillet,
Baylac, Cartilier, & Bataille, 2010). Fig. 5 states ethanol provides an
advantage over methanol on the inhibition of the hydrogen bond
between starch and MBG  molecules, causing more elastic modulus
reduction for the mixed gel, due to its more steric hindrance and
larger size of spacial structure than both of methanol. Moreover,
Fig. 4 depicts the complex of MBG/rice starch/ethanol, exhibiting
a slightly higher apparent viscosity than the complex of MBG/rice
starch/methanol due to the higher molecular weight of the complex
of MBG/rice starch/ethanol.

The hydrogen bonding is a key feature of the interactions of
the molecules for understanding the structure of the dry amor-
phous starch. Hence, the water content has direct impact on the
interactions of the starch chain with the surrounding molecules
(intermolecular structure), as well as on the conformation of the
chain itself (intramolecular structure). As described in the litera-
ture, amylose in DMSO owned a tight, rigid helical conformation
maintained by intramolecular hydrogen bonding (Trommsdorff &

Tomka, 1995). Also, DMSO molecules is helpful for the stabiliza-
tion of intramolecular hydrogen bonding (Trommsdorff & Tomka,
1995). As suggested by our work, the intramolecular hydrogen
bonds were replaced by intermolecular water bonds with the
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ddition of water. In addition, water content was a critical factor

or the interaction between amylose molecules, and elastic gels
ith amylose and MBG. Thus, gels were produced by the interaction

etween adjacent amylose, and MBG  molecules through hydrogen
onds of intermolecular water molecules.
rch/MBG mixed system with different hydrogen-bond breaking agents. (�) G′ (Pa)

It was found that amylose and MBG  were able to form strong,

elastic gels by the addition of various polyols in the absence of
water. In addition, polyols, such as 1,4-butanediol, were capable
of forming an intermolecular hydrogen bonded network between
amylose and MBG  molecules, similar to that formed by water.
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urthermore, amylose and MBG  gel strength could be signifi-
antly reduced by the existence of the intermolecular hydrogen
ond-breaking agent, for instance, urea. This reduction was not
o apparent when introducing the intramolecular bond-breaking
gent, for example, TMU.

. Conclusions

In this study, it was concluded that the interactions of MBG
nd rice starch during heating procedure were correlated with
BG  concentrations. In rice starch-rich environment, the increase

f MBG  concentration resulted in the increase of the amounts of
ippers of MBG–rice starch molecules complex. The higher the
nthalpy, the stronger the gelling network structure formed by
ggregation. The DSC studies showed that MBG  and rice starch
els could be classified into typical thermal-irreversible gels.
heir endothermal enthalpy and exothermal enthalpy were highly
ependent on MBG  concentration of the gel. In addition, water
layed a substantial role in hydrogen bonding during rice starch
elatinization and interaction with MBG. An intermolecular hydro-
en bonded network of starch and MBG  molecules was formed
n the presence of water-rich environment and in the absence of
olyols such as ethane-1,2-diol or 1,4-butanediol. It was assumed
hat MBG-starch gels were synthesized by the interaction between
djacent rice starch amylose and MBG  molecules through hydrogen
onded intermolecular water molecules. Furthermore, the hydro-
en breaking agents such as urea, methanol and ethanol have a
ignificant effect on reducing the gel strength except TMU. The
esults clearly demonstrated that hydrogen bonding is significant
or the formation of a rice starch–MBG gel and the mechanism of
ice starch–MBG gelling was primarily via hydrogen-bond interac-
ions in rice starch and MBG  systems, initiating rice starch–MBG
el formation followed by a phase separation through crystalline
ggregation.
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