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We present for the first time the interactions of starch and cassia gum – a novel galactomannan recently
approved for use in food processing. Viscoelastic, pasting and microstructural characterization of various
starches (waxy; high amylose; normal; cross-linked waxy corn starch; potato starch) containing different
levels of the cassia gum was carried out. Significant changes were observed in the morphology of granule
remnants formed during gelatinization in the starch pastes prepared with and without the addition of
cassia gum. The freeze-dried starch–cassia gum pastes presented a shrunken and tight arrangement of
the starch granule remnants, when studied by scanning electron microscopy. A significant reduction in
the granule remnant size was also calculated using laser diffraction particle size analysis. The extent of
interaction with cassia gum differed significantly among the various starch types. All the unmodified corn
starches recorded an increase in peak viscosity at all levels of the cassia gum addition. An increase in the
final viscosity of these starches was also observed by the addition of cassia gum, with high amylose and
normal corn starch showing the maximum. Similarly, the extent of breakdown and setback viscosity also
differed among the different starch types. Ranges of dynamic rheological measurements (temperature,
time and frequency sweeps) were performed within the viscoelastic zones. Rheological parameters, such
as storage modulus (G0), loss modulus (G00) and the gelatinization temperature (Tgel), of the corn starches
during the heating cycle were observed to increase, when cassia gum was present at lower levels. The
starch–gum systems also exhibited higher tand values during both the heating and the cooling cycles,
indicating the dominance of the viscous modulus. The G0 and G00 of all the corn starch gels containing cas-
sia gum showed higher values throughout the frequency sweep range. However, the increase in G0 and G00

of different starches was not always consistent with the increase in cassia gum levels. The changes in rhe-
ological behaviour during storage of the starch gels, aged on the plate of the rheometer and then studied
through time sweeps at 5 �C and frequency sweeps at 25 �C, suggested that the starch gels containing cas-
sia gum had less pronounced changes in the rheological parameters than had their control counterparts.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Plant-derived polysaccharides (gums) are excellent stabilizing
and thickening agents, and are used in many food systems (Halla-
gan, La Du, Pariza, Putnam, & Borzelleca, 1997). The use of common
food gums, such as locust bean, guar and xanthan gum, and their
interactions with other food materials are well known. Cassia
gum, isolated from the purified endosperm of seeds of Cassia tora
L., may be a new and interesting thickener for many food applica-
tions. Recently, the European Food Safety Authority (EFSA) stated
that the use of cassia gum, complying with newly defined specifi-
cations as an additive for food use, is not a safety concern (EFSA,
2006). Cassia, a member of the family Leguminosae, is a potential
source of galactomannan, which may be used for different food
ll rights reserved.
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applications, such as baked and canned goods, soups, jams, jellies,
dairy products and frozen foods (Kuhn, 1995). Cassia gum is re-
lated to locust bean gum and guar gum in terms of structure and
chemical properties (Hallagan et al., 1997). Compared with both
of these galactomannans, cassia galactomannan is less well known
and less exploited on the industrial scale. Cassia galactomannan
consists of a linear chain of 1,4-b-D-mannopyranose units with
1,6-linked-a-D-galactopyranose units (Hallagan et al., 1997). It
has mannose and galactose residues in a ratio of 5:1, and a molec-
ular weight ranging from 200,000–300,000 Da, providing a high
water-binding capacity (Denkler, 1997). Cassia gum has been re-
ported to form high-viscosity aqueous dispersions after it is boiled
in water, but it results in the formation of a gel, when it is used in
combination with other gelling or thickening agents, such as carra-
geen or xanthan gum, in aqueous solution (Hallagan et al., 1997).
The nutritional benefits of galactomannans as dietary fibre have
been well documented (Ali, Azad Khan, & Hassan, 1995; Gupta,
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Fig. 1. Effect of cassia gum (0% and 2%) on the particle size distribution of normal
(N), waxy (W), high amylose corn (H) and normal potato (P) starch pastes.
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Gupta, & Lal, 2001; Nurnberg & Bleimuller, 1981; Sharma & Raghu-
ram, 1990; Sharma, Raghuram, & Sudhakar, 1990; Trowell et al.,
1976). Starch based foods are staples in the diet. They can increase
appetite by stimulating the secretion of saliva, and facilitate food
intake by assisting stomach peristalsis. Knowledge of the rheolog-
ical and textural properties of starchy foods, during and after pro-
cessing, is valuable for process and quality control purposes.
Composition, temperature and shear rate are important factors
determining the viscosity of a food (Rha, 1975). The relationship
between viscosity, shear rate and time can be used to classify foods
as Newtonian or non-Newtonian (pseudoplastic, dilatant, thixotro-
pic, rheopectic, viscoelastic). Such classification is known to be use-
ful in processing, quality control, sensory evaluation and structural
analysis (Rao & Anantheswaran, 1982). Galactomannans from the
ground endosperm of seeds can provide viscous solutions, even
at low concentrations. The addition of hydrocolloids, such as galac-
tomannans, to starch-based food systems is widely used to modify
rheological properties and to regulate and optimize both the pro-
cess and the sensory properties of products. The effects of various
galactomannans on the rheological properties of different starches
(normal, waxy) have been previously reported (Alloncle, Lafebvre,
Llamas, & Doublier, 1989; Funami et al., 2005a, 2005b; Sajjan &
Rao, 1987; Yoo, Kim, & Yoo, 2005). However, no reports are avail-
able on the rheological behaviour of starch and cassia gum mixed
systems. The measurement of dynamic rheological and microstruc-
tural characteristics can provide insights into the behaviour of
starch–gum systems. Therefore, the objectives of the present study
were to investigate starch–cassia gum interactions by measuring
dynamic rheological properties and pasting properties, and observ-
ing structural characteristics by microscopy. Also, the study may
provide information indicating potential applications of cassia
gum as an ingredient in the development of functional foods.

2. Materials and methods

2.1. Materials

Three types of unmodified corn starches with different amylose
contents were used in this study: a high amylose corn starch (HY-
LON VII, National Starch and Chemical NZ Ltd., Green Mount, Auck-
land, New Zealand), a waxy corn starch (National Starch and
Chemical NZ Ltd., Green Mount, Auckland, New Zealand) and a nor-
mal corn starch (Penford New Zealand Ltd., Auckland, New Zea-
land). In addition, a cross-linked waxy commercial corn starch
Table 1
Particle size distribution data for starch and starch–cassia gum pastes

Starch source Small particles (%) (1–10 lm) Medium size

High amylose corn starch y y
H0 (with 0% cassia gum) 34.63a 56.30b

H2 (with 2% cassia gum) 41.59b 53.20a

Normal corn starch x y
N0 (with 0% cassia gum) 3.98a 57.95a

N2 (with 2% cassia gum) 3.73a 68.65b

Waxy corn starch – x
W0 (with 0% cassia gum) – 40.88a

W2 (with 2% cassia gum) – 41.98a

Cross-linked waxy corn starch w x
C0 (with 0% cassia gum) 1.55b 39.21a

C2 (with 2% cassia gum) 0.78a 43.49b

Normal potato starch x w
P0 (with 0% cassia gum) 2.63a 14.13a

P2 (with 2% cassia gum) 3.21a 20.55b

Values with the same superscripts (a, b, c, d; within each starch type) in a column did n
Values with the same letters (w, x, y, z) in a column, among the different starch types,
was obtained from National Starch & Chemical NZ Ltd. (Green
Mount, Auckland, New Zealand), and potato starch was isolated
from tubers of the cultivar Nadine, obtained from a local supermar-
ket. Cassia gum was obtained from Premcem Gums Pvt Ltd., Mum-
bai, India.

2.2. Moisture content

The moisture contents of the starches and the cassia gum in dry
powder form were calculated from the weight loss upon overnight
heating at 105 �C in an oven (AACC method 44-15 A, 1995).

2.3. Sample preparation

Five powdered formulations, with five different levels of starch
replacement by cassia gum, were prepared for each type of
starch: 0% gum (control), 1% gum, 2% gum and 5% gum (dry
particles (%) (11–30 lm) Large particles (%) (>30 lm) D [v, 0.5] (lm)

w w
9.07b 15.41b

5.21a 13.76a

x x
38.07b 30.91b

27.62a 28.74a

y y
59.12a 40.79a

58.02a 39.39a

y y
59.24b 39.92a

55.73a 39.01a

z z
83.24b 59.88b

76.24a 55.92a

ot differ significantly (p < 0.05).
did not differ significantly (p < 0.05).
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starch basis). For rapid viscosity analysis measurements, an aque-
ous suspension of starch or starch/cassia gum was prepared by
gradually adding 2.5 g of the dry ingredient(s) to 25 g of water,
and stirring with the Rapid Visco Analyser (RVA-4, Newport Sci-
entific Pty Ltd., Warriewood, Australia) paddle to break up any
lumps. The dry ingredients were well blended prior to slurrying
in water. The abbreviations used in the following text for the dif-
ferent starch samples are: H, W, N, P, and C for high amylose corn
starch, waxy corn starch, normal corn starch, potato starch and
cross-linked waxy corn starch, respectively. Levels of gum addi-
tion are identified by 0, 1, 2, and 5, e.g., potato starch samples
with 0%, 1%, 2%, and 5% cassia gum are represented as P0, P1,
P2, and P5.

2.4. Particle size analysis and scanning electron microscopy

The particle size distribution of pastes (starch-only control, and
starch with 2% cassia gum) was determined at room temperature
Fig. 2. Scanning electron micrographs (SEM) of freeze-dried starch and starch–cassia
micrographs do not necessarily represent the structures of the gels prior to freeze-dryin
with a laser diffraction particle size analyzer (Malvern Mastersizer,
Malvern Instruments Limited, UK). The starch or starch–gum slurry
(4%, w/v) was cooked in a boiling water bath (at 100 ± 1 �C) for
20 min and immediately �5 g paste was mixed with 25 ml of hot
distilled water. Some portion of the resulting suspension was then
loaded into the small volume sample presentation unit of the Mas-
tersizer to obtain an obscuration level of �20%. Refractive indices
of 1.530 and 1.330 were used for the starch and liquid phases,
respectively, while the starch granule absorption was set at 0.1
(Nayouf, Loisel, & Doublier, 2003).

The remaining starch paste was cooled to room temperature,
freeze-dried, packaged and stored at 4 �C until used for scanning
electron microscopy (SEM). The freeze-dried pastes were fractured
with the help of forceps. The fractured surface of the pastes was
examined and photographed using a scanning electron microscope
(Stereoscan 250 Mk3, Cambridge Instruments Limited, Cambridge,
UK) at different magnifications. An accelerating potential of 20 kV
was used during micrography.
gum pastes (at 200�). As artifacts produced by freeze-drying are present, these
g.



Fig. 2 (continued)
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2.5. Pasting properties

The pasting properties of the starch–cassia gum mixtures were
determined using RVA. Aqueous dispersions of starch–gum sys-
tems (9.1%, w/w) were prepared as described in Section 2.3. Dis-
persions were equilibrated at 50 �C for 1 min, heated at the rate
of 6 �C/min to 95 �C, held at 95 �C for 5 min, cooled to 50 �C at a
rate of 5.5 �C/min and, lastly, held at 50 �C for 2 min. A constant
paddle rotational speed (160 rpm) was used throughout the entire
analysis, except for rapid stirring at 960 rpm for the first 2 min to
disperse the sample. The pasted system obtained was immediately
subjected to dynamic rheological measurements.

2.6. Dynamic rheometry

2.6.1. General
Small amplitude oscillatory rheological measurements were

made on the starch–gum suspensions and pastes with a dynamic
rheometer (Physica MCR 301, Anton Paar GmbH, Germany)
equipped with a parallel plate system (4 cm diameter). Starch–
gum suspensions were prepared by adding 88 g of water gradually
with continuous stirring to 12 g of dry ingredients (starch–gum
mixture), to obtain a 12% by mass final concentration. The resulting
slurry was stirred for 10 min with a magnetic stirrer at very low
speed prior to rheological measurements. For measurements on
pastes, the starch or starch–gum mixture was pasted in the RVA
as described in Section 2.3.

2.6.2. Starch–gum suspensions (temperature sweep)
Small amplitude oscillatory two-step rheological measure-

ments (temperature sweeps during heating and during cooling)
were made on starch or starch–cassia gum slurries for each starch
type. The gap size was set at 1.0 mm. Before starting an experi-
ment, the sample was loaded on to the lower plate of the rheome-
ter (preheated to 40 �C); the upper plate was lowered, and the
edges of the sample were covered with a thin layer of low-density
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silicone oil (to minimize evaporation losses). For temperature
sweeps, strain and frequency were set at 1.0% and 1.0 Hz, respec-
tively. The sample was heated from 40 to 90 �C and cooled from
90 to 25 �C at a rate of 3 �C/min and then held at 25 �C for 5 min.

2.6.3. Ageing (time and frequency sweep)
To study the effect of storage at 5 �C on the mechanical spec-

trum, starch pastes (0% and 2% gum) from the RVA were loaded
onto the rheometer at 50 �C, immediately cooled to 5 �C and held
for 14 h at that temperature at a constant strain of 1% and a fre-
quency of 1 Hz, respectively. Thereafter, the starch gels were
heated from 5 �C to 25 �C in 30 min and then subjected to fre-
quency sweep using the same conditions as given above for the
fresh pastes. Dynamic rheological parameters such as storage mod-
ulus (G0), loss modulus (G0 0) and loss tangent (tand) were deter-
mined for each sample as a function of frequency.

2.7. Statistical analysis

The data reported are all averages of triplicate observations. The
data were subjected to statistical analysis using Minitab Release 14
Statistical Software (Minitab Inc., State College, PA). Results were
analyzed using analysis of variance (ANOVA) and Tukey’s HSD sig-
nificance test.
Table 2
RVA pasting properties of starches and starch–cassia gum mixtures

Sample Peak
viscosity
(cP)

Breakdown
(cP)

Final
viscosity
(cP)

Setback
(cP)

High amylose corn starchA v v
H0 (with 0% cassia gum) 21a – 21a –
H1 (with 1% cassia gum) 28a – 37a –
H2 (with 2% cassia gum) 50b – 64b –
H5 (with 5% cassia gum) 158c – 232c –

Normal corn starch w v w v
N0 (with 0% cassia gum) 1791a 771b 1692a 672b

N1 (with 1% cassia gum) 2030b 686a 1958b 614a

N2 (with 2% cassia gum) 2117b 691a 2134c 708bc

N5 (with 5% cassia gum) 2634c 951c 2423d 740c

Waxy corn starch x w x v
W0 (with 0% cassia gum) 3134a 1278d 2688a 832c

W1 (with 1% cassia gum) 3272b 1074c 2848b 650b

W2 (with 2% cassia gum) 3332c 961b 2926c 555a

W5 (with 5% cassia gum) 3170a 773a 2920c 523a

Cross-linked waxy corn starch y x z w
C0 (with 0% cassia gum) 4926a 1536a 4882c 1492b

C1 (with 1% cassia gum) 5015b 1688b 4828c 1501b

C2 (with 2% cassia gum) 5607d 2017c 4631a 1041a

C5 (with 5% cassia gum) 5430c 2534d 4726b 1830c

Normal potato starch z y y vw
P0 (with 0% cassia gum) 6925c 4455d 3168a 698a

P1 (with 1% cassia gum) 6264b 3710c 3320b 766b

P2 (with 2% cassia gum) 5653a 3085b 3309b 741b

P5 (with 5% cassia gum) 5489a 2456a 3743c 710a

Values with the same superscripts (a, b, c, d; within each starch type) in a column
did not differ significantly (p < 0.05).
Values with the same letters (v, w, x, y, z) in a column among the different starch
types did not differ significantly (p < 0.05).

A High amylose corn starch mixtures showed no breakdown/setback in viscosity.
3. Results and discussion

3.1. Particle size analysis and scanning electron microscopy

Particle size distributions of selected cooked starch pastes con-
taining different levels of cassia gum are shown in Fig. 1, and the
distributions of all pastes in terms of percentages of small, medium
size and large particles in Table 1. There was significant variation in
particle size among the different cooked pastes. Among the pure
starch pastes, P0, C0, and W0 contained fairly high percentages
(83.24%, 59.24% and 59.12%, respectively) of large particles
(>30 lm), whereas N0 and H0 had the lowest (38.07% and 9.07%,
respectively). The percentage of large particles was observed to
be lower in the starch pastes containing cassia gum. The percent-
ages of small (1–10 lm) and medium size (11–30 lm) particles
also varied to a significant extent among the different starch–cas-
sia gum pastes. The median diameter, D[v, 0.5] (the size at which
50% of particles by volume are smaller and 50% are larger) was ob-
served to be highest for pastes containing potato starches (56–60),
followed by those containing waxy, cross-linked and normal corn
starches (29–41), whereas it was significantly lower for those con-
taining high amylose starches (14–15). The medium particle size of
the control starch pastes was lower than that of the counterpart
starch–cassia gum pastes, except in the case of high amylose
starch. The variation in the particle size distribution of pure starch
pastes may be attributed to differences in the swelling patterns of
the starches. Potato starch granules, which have a very high swell-
ing power, produced large granule remnants in potato starch paste,
whereas high amylose maize starch, with a very low swelling
power, resulted in pastes with very few, small granule remnants
(Singh, McCarthy, & Singh, 2006; Singh, Kaur, and McCarthy,
2007; Singh, McCarthy, Singh, Moughan, & Kaur, 2007; Tester &
Karkalas, 2002). The presence of cassia gum may have affected
the swelling and gelatinization patterns of the different starches
resulting in remnants with a lower particle size distribution.

Scanning electron micrographs of the starch pastes with 2% and
without cassia gum are shown in Fig. 2. The morphologies of gran-
ule remnants differed considerably between pure starch and
starch–cassia gum pastes. The pure starch pastes generally showed
a less uniform network of disrupted starch granule fragments than
did those containing gum; the starch–cassia gum pastes presented
a shrunken and tight arrangement of the granule remnants. Among
the pure starch pastes, potato, waxy corn and cross-linked waxy
corn starch pastes had larger granule remnants. High amylose corn
starch showed smaller granule remnants and many granules that
were not completely ruptured. These microscopical observations
are consistent with the particle size distribution results. Compared
with the pure starch pastes, the extent of granule disruption was
seen to be considerably higher for starch–cassia gum pastes. Upon
increasing the gum concentration to 5%, the granule remnants
were observed to form a close network, with the cassia gum–amy-
lose thickened matrix filling the space between the remnants,
resulting in a honeycomb-like structure (Fig. 2C).

3.2. Pasting properties

The different pure starches displayed considerable variation in
their pasting behaviour (Table 2). P0 exhibited highest peak viscos-
ity and breakdown, followed by C0, W0 and N0. The peak starch
paste viscosity has been reported to be influenced by the extent
of amylose leaching, amylose–lipid complex formation, friction be-
tween swollen granules, granule swelling, and competition for free
water between leached amylose and remaining ungelatinized
granules (Liu, Ramsden, & Corke, 1997; Olkku & Rha, 1978). Final
viscosity and setback of the pure starch pastes decreased in the or-
der C0 > P0 > W0 > N0. As expected, the high amylose starch
showed significantly lower peak and final viscosities, and did not
show any breakdown in viscosity.

The pasting profiles of the starches were altered to a significant
extent by the addition of cassia gum. Peak viscosity of all the
starches started to increase with cassia gum addition (up to 2% lev-
els) except for potato starch, which showed a significant decrease,
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even at 1% cassia gum addition. The increase in the peak viscosities
of the corn starches could be explained by intermolecular associa-
tions between leached amylose and galactomannan molecules in
the continuous phase (Shi & BeMiller, 2002). An increase in the vis-
cosity of native rice starch upon addition of gellan or gellan-locust
bean gum has already been reported in the literature (Liu & Lelie-
vre, 1992).

All the starches (except cross-linked waxy corn starch) showed
a significant increase in final viscosity with an increase in gum le-
vel. The thermal and shear resistant amylopectin molecules of
modified waxy corn starch have been reported to have lower
swelling and solubility in starch–gum systems and therefore con-
tribute to a lesser extent to the concentration of the continuous
phase (Tecante & Doublier, 1999), thus resulting in lower final vis-
cosity. The starch pastes displayed a general decrease in break-
down values with the addition of cassia gum; however, the
breakdown increased for the modified corn starch paste. A signifi-
cant decrease in breakdown viscosity of potato starch with increas-
ing gum level may have been due to less swelling of the potato
starch granules in the presence of gum, while the leached out amy-
lose and cassia gum concentrated phase in the gelatinized paste
may have raised the final viscosity (Fig. 3a). The decrease in the
Fig. 3. Starch
peak viscosity of potato starch with the addition of cassia gum re-
flects the restrictions imposed on the swelling of the large potato
starch granules by the concentrated aqueous phase containing
the gum and leached out amylose molecules (Fig. 3a and b). Song,
Kwon, Choi, Kim, and Shin (2006) reported that the addition of
hydrocolloids results in reduced swelling of starch granules be-
cause of the osmotic pressure generated within the continuous
hydrocolloid phase.

3.3. Viscoelastic properties

3.3.1. Temperature sweep of starch/gum suspensions

The structural transitions associated with phase change in the
starch systems are reflected by changes in the rheological profiles
and are described by parameters such as G0, G00 and tand. The G0 and
G00 of control starch dispersions increased to maxima during initial
heating (G0 > G0 0) (Fig. 4a) and then dropped with further heating,
which is in agreement with the previous findings on starch (Hsu,
Lu, & Huang, 2000). For the control starch suspensions, at early
stages of heating, amylose molecules would have dissolved from
the starch granules and the suspension would have become a
swelling.



Fig. 4. Effect of the addition of cassia gum on the storage modulus (G0) and loss tangent (tand) of starch suspensions during temperature sweeps (heating from 40 to 90 �C,
cooling from 90 �C to 25 �C and then holding at 25 �C for 5 min).
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sol; thus increases in G0 and G00 were relatively small. With further
increase in temperature, G0 and G00 increased more steeply and
reached maxima, owing to the formation of a network of swollen
starch granules (gelatinization) (Fig. 4a). Decrease in G0 and G00 with
further increase in temperature indicates the destruction of this gel
structure with prolonged heating (Hsu et al., 2000).

Among the control starch pastes, peak G0 and G00 values were ob-
served to decrease in the order P0 > C0 > W0 > N0 > H0 (Table 3);
for H0, there was in fact no change in G0 during heating and cool-
ing. The temperature at which G0 was maximal (Tgel) also showed
a considerable variation among the different pure starches (data
not shown). Potato starch paste had a lower Tgel than had waxy,
normal and cross-linked waxy corn starch pastes. As expected,
tand decreased with continuous heating of the starch suspensions,
indicating gel formation except for high amylose corn starches. In
pure high amylose starches, the lower degree of swelling, resulting
from the high amylose content, retards gelatinization, thus inhibit-
ing the formation of a gel network (Kaur, Singh, & Singh, 2005;
Singh, Kaur, & Singh, 2004; Singh, Kaur, et al., 2007).

Upon addition of cassia gum, peak G0 values for all the corn
starch pastes were observed initially to increase and then to de-
crease with increasing gum level (Fig. 4b and c). G0 and G00 were
both maximal at 1% cassia gum and both minimal at 5% cassia
gum for all starches except potato and high amylose corn starch
(Fig. 5). The extent of the increase to maximal values itself in-
creased in the order N0 > C0 > W0. The G0 and G00 of high amylose
corn starch increased with increasing gum level. Potato starch
showed a decrease in peak G0 and G00 with increasing gum level,
which could be explained on the basis of its granule structure
and swelling patterns (Fig. 3a). The high amylose corn starch and
all the starches with the higher cassia gum levels (2% and/or 5%)
showed a continuous increase in G0 throughout the heating cycle
(Fig. 4c) and did not exhibit a Tgel. Tgel was observed to increase
with an increase in gum level for potato, normal corn and modified
waxy corn starches but, for waxy corn starch, Tgel was unaffected
by the presence of cassia gum. For the high amylose starch studied
here, tand was observed to decrease from 5000 (for pure high amy-
lose starch) to 0.43 at 1% cassia gum concentration and then in-
creased with increasing gum level to 5%.

For all the other starches, tand values increased with increasing
gum levels. This reflects the greater influence of cassia gum on vis-
cous than on elastic properties of the starch–gum system. Fig. 4d
presents the effect of cassia gum (5%) on the tand of normal and
waxy corn starch pastes. This increase in tand values with increase



Table 3
Dynamic rheological properties of starches and starch–cassia gum mixtures measured
during temperature sweeps (heating)A

Sample G0 (Pa) G00 (Pa) tand

High amylose corn starch v v x
BH0 (with 0% cassia gum)C ND ND ND
BH1 (with 1% cassia gum) 0.7a 0.3a 0.43a

BH2 (with 2% cassia gum) 0.6a 0.3a 0.50ab

BH5 (with 5% cassia gum) 34b 20b 0.59b

Normal corn starch w w v
N0 (with 0% cassia gum) 415b 61b 0.15a

N1 (with 1% cassia gum) 668c 105c 0.16a

N2 (with 2% cassia gum) 447b 74b 0.17b

BN5 (with 5% cassia gum) 99a 27a 0.27c

Waxy corn starch w wx vw
W0 (with 0% cassia gum) 497c 84b 0.16a

W1 (with 1% cassia gum) 561d 97b 0.17a

BW2 (with 2% cassia gum) 206b 37a 0.18a

BW5 (with 5% cassia gum) 107a 30a 0.28b

Cross-linked waxy corn starch x x v
C0 (with 0% cassia gum) 735b 99b 0.13a

C1 (with 1% cassia gum) 948c 128c 0.14a

C2 (with 2% cassia gum) 977c 135c 0.14a

BC5 (with 5% cassia gum) 175a 50a 0.28b

Normal potato starch y y w
P0 (with 0% cassia gum) 1140d 256d 0.23b

P1 (with 1% cassia gum) 962c 212c 0.22b

P2 (with 2% cassia gum) 894b 149b 0.17a

BP5 (with 5% cassia gum) 105a 45a 0.43c

(G0) = storage modulus, (G0 0) = loss modulus, (tand) = loss tangent.
ND – not detected.
Values with the same superscripts (a, b, c, d; within each starch type) in a column
did not differ significantly (p < 0.05).
Values with the same letters (v, w, x, y, z) in a column among the different starch
types did not differ significantly (p < 0.05).

A Rheological parameter values at Tgel for mixtures where gelatinization occurred.
B Rheological parameter values at 90 �C (for mixtures with no gelatinization

temperature).
C High amylose starch (0% cassia gum) showed no change in rheological prop-

erties in the temperature range studied.

Fig. 5. Effect of the addition of cassia gum on the storage modulus (G0) of starch
suspensions during heating from 40 to 90 �C.

Table 4
Dynamic rheological properties of starches and starch–cassia gum mixtures measured
during temperature sweeps (cooling)A

Sample G0 (Pa) G00 (Pa) tand

High amylose corn starch v v x
H0 (with 0% cassia gum)B ND ND ND
H1 (with 1% cassia gum) 8a 3a 0.38a

H2 (with 2% cassia gum) 4a 2a 0.44b

H5 (with 5% cassia gum) 99b 37b 0.37a

Normal corn starch wx wx w
N0 (with 0% cassia gum) 392a 32a 0.08a

N1 (with 1% cassia gum) 713c 60b 0.08a

N2 (with 2% cassia gum) 497b 46b 0.09a

N5 (with 5% cassia gum) 735c 126c 0.17b

Waxy corn starch w w v
W0 (with 0% cassia gum) 297a 20a 0.07a

W1 (with 1% cassia gum) 306a 28a 0.09a

W2 (with 2% cassia gum) 319b 36 b 0.11ab

W5 (with 5% cassia gum) 315ab 47b 0.15b

Cross-linked waxy corn starch x x v
C0 (with 0% cassia gum) 285a 17a 0.06a

C1 (with 1% cassia gum) 704b 56b 0.08a

C2 (with 2% cassia gum) 845c 69b 0.08a

C5 (with 5% cassia gum) 857c 135c 0.16b

Normal potato starch y y vw
P0 (with 0% cassia gum) 1930d 102c 0.05a

P1 (with 1% cassia gum) 1530c 83.7ab 0.06a

P2 (with 2% cassia gum) 1070b 59a 0.06a

P5 (with 5% cassia gum) 995a 284d 0.29b

(G0) = storage modulus, (G0 0) = loss modulus, (tand) = loss tangent.
ND – not detected.
Values with the same superscripts (a, b, c, d; within each starch type) in a column
did not differ significantly (p < 0.05).
Values with the same letters (v, w, x, y, z) in a column among the different starch
types did not differ significantly (p < 0.05).

A Rheological property values of the mixtures after cooling from 90 �C to 25 �C
and then holding for 5 min at 25 �C.

B High amylose starch (0% gum) showed no change in rheological properties in
the temperature range studied.

8 L. Kaur et al. / Food Chemistry 111 (2008) 1–10
in gum concentration, which indicates an increase in liquid-like
behaviour, is in accordance with the results observed for other
starch–galactomannan mixtures (Alloncle & Doublier, 1991; Kim
& Yoo, 2006; Kim, Lee, & Yoo, 2006; Korus, Juszczak, Witczak, &
Achremowicz, 2004; Kulicke, Eidam, Kath, Kix, & Hamburg, 1996;
Yoo et al., 2005). Kim et al. (2006) reported that the characteristics
of rice starch (permanent junction zones in the network) and the
characteristics of galactomannans (such as temporary entangle-
ments in the network) mainly control the rheological behaviour
of starch–galactomannan mixtures. Eidam and Kulicke (1995) re-
ported that the number of junction zones in the starch gel de-
creases with increasing galactomannan concentration, decreasing
the overall elasticity and increasing viscous behaviour. The de-
crease in the number of junction zones could also be explained
by thermodynamic incompatibility between amylose and the
galactomannans – chemically dissimilar polysaccharide molecules
coexisting in the gel matrix (Alloncle & Doublier, 1991; Kulicke
et al., 1996).

During cooling of the starch pastes, both the storage and the
loss moduli increased continuously with a decrease in tempera-
ture, which reflects retrogradation. Normal corn and potato
starches exhibited a higher increase in these rheological parame-
ters during cooling, which was observed to be dependent on their
corresponding rheological properties during heating (Table 4,
Fig. 4a–c). The extent of increase in the rheological parameters dur-
ing cooling was observed to be influenced by the type of starch. For
cross-linked waxy corn and the unmodified waxy corn starch
pastes, there were small increases only. This is in accord with the
lower tendency of these starch pastes to retrograde, which in turn
is due their very low amylose content (Singh, Kaur, et al., 2007). A
decrease in tand during cooling of starch pastes has been sug-
gested to be evidence of gel formation (Reddy & Seib, 2000)
(Fig. 4d). The decrease might be due to retrogradation of leached
components and interaction between molecules remaining inside
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the granule, reinforcing the gel structure during cooling (Hsu et al.,
2000).

3.3.2. Changes in rheological properties during storage of the starch
gels on rheometer

During the early stages of storage of the starch gels, G0 and G00

increased (Fig. 6a and b) and tand decreased, and this effect was
more pronounced in high amylose corn, potato and normal corn
starch gels. The increase in G0 of the starch gels during storage
agrees with reported findings (Funami et al., 2005b; Kim et al.,
2006). Amylose retrogradation has been reported to occur rapidly
during the first few hours of storage, which may be responsible
for the rapid increase of the storage and loss modulus of the starch
gels, particularly high amylose corn starch. It is noteworthy that
the waxy and the modified waxy corn starch gels showed fewer
changes in their rheological parameters throughout the storage
period, which can be explained on the basis of their lower ten-
dency towards retrogradation. The variation in the retrogradation
properties of different starches during storage has been reported
to be affected by amylose to amylopectin ratio, size and shape of
the granules and presence/absence of lipids. The amylose content
has been reported to be one of the influential factors for starch ret-
rogradation (Singh et al., 2007). Being low in amylose, the waxy
and modified waxy starches generally show lower syneresis and
are more freeze-thaw-stable than are the normal starches.
Fig. 6. Changes in dynamic rheological properties of starch and starch–cassia gum
gels during storage at 5 �C at 1 Hz.
The high amylose corn, potato and normal corn starch gels with
added cassia gum showed less pronounced changes in their rheo-
logical parameters during initial hours of storage than did their
starch-only controls during storage at 5 �C for 14 h, suggesting that
the cassia gum retarded the amylose retrogradation process
(Fig. 6a and b). Also, the addition of the cassia gum led to a greater
increase in the storage and loss moduli of all the starch gels. How-
ever, increase in G00 was greater than in G0 for all the starch gels,
which may be attributed to the viscous character imparted by
the cassia gum. Waxy corn starch gel was the least affected by
the addition of cassia gum. The frequency dependence of the G0

and G00 can give valuable information about the structure of a gel.
Mechanical spectra for selected starch/gum systems before and
after storage at 5 �C for 14 h are presented in Fig. 7a and b. A mate-
rial whose G0 and G00 are frequency-independent over a large time
scale, with G0 � G00, is generally solid-like; a true gel system is such
a material. In contrast, strong frequency dependence suggests a
material structure with molecular entanglements. Such a material
behaves more like a solid (lower tand) at higher frequencies and
more like a liquid (higher tand) at lower frequencies (Ross-Mur-
phy, 1984). Both G0 and G00 increased with increasing frequency.
All the starch gels, except the H0 gel, showed normal mechanical
spectra with G0 prevailing over G00 throughout the frequency sweep
range. The starch-only gels and their counterpart starch–galacto-
Fig. 7. Effect of the addition of cassia gum on the storage modulus (G0) of (a) fresh
and (b) stored starch gels, measured during frequency sweeps.
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mannan gels behaved in a similar manner, with the latter showing
increasing values for G0, except for potato starch gels. It is also
noteworthy that the increase in G00 was sharper than that observed
for G0 for the starch gels containing cassia gum. No difference was
observed in the frequency dependence of G0 between the fresh and
stored starch gels. The addition of cassia gum resulted in a higher
G0 range in freshly prepared and a lower G0 range for the starch gels
stored on the plate of rheometer, than their counterpart control
starch gels (Fig. 7a). Each system responded to cassia gum in a dif-
ferent way, depending on the type of starch. The differences be-
tween the rheological parameters of fresh and stored starch gels
were observed to decrease with the addition of cassia gum. Normal
corn starch, high amylose corn starch and the potato starch pastes
showed pronounced effects on the addition of cassia gum, whereas
waxy corn and the cross-linked waxy corn starch pastes were af-
fected to a lesser extent during storage at 5 �C.

4. Conclusion

Starch–cassia gum interactions studied through microstructure
observation and rheology illuminate the behaviour of different
starches in the presence of this unique galactomannan. The restric-
tions imposed on the swelling of the starch granules by the cassia
gum during gelatinization result in the size reduction of starch
granule remnants and an alteration in their pasting and viscoelas-
tic characteristics. The rheological characterization carried out at
refrigeration temperature suggests greater stability of starch–cas-
sia gum pastes at low temperature and resistance towards retro-
gradation. Depending on the type of starch, the amylose
concentration and granule size distribution are important factors
affecting the extent of starch–cassia gum interactions, which may
result in varied functional behaviour. Recently approved for food
use, cassia gum, like other galactomannans, may find successful
applications in the food processing industry.
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