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ABSTRACT

Water mobility in wheat starch-sugar (glucose, maltose, maltotriose,
and sucrose)-water dispersions was observed as temperature was increased
from 35 to 87°C by measuring the transverse relaxation rate (R;) from
the 'O nuclear magnetic resonance spectra. The changes of water mobility
with different sugar dispersions exhibited similar patterns. The tempera-
tures at which the R, maximum occurred and the magnitude of the R,
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maximum both increased as molecular weights of sugars and concen-
trations of dispersions were increased. Structural differences appeared
to influence the rate of water mobility changes at the same molecular
weight. Limited starch granule swelling seemed to occur with the 20%
starch-1.5M maltotriose-water dispersion and influenced the changes of
R2.

Previous work indicated that water’s ability to act as a plasti-
cizing agent during starch gelatinization generally decreases as
the molecular weight of the sugar and the concentration of the
solution are increased (Chungcharoen and Lund 1987, Slade and
Levine 1987). Sugars with molecular weights of about 800 (Brown
and French 1977) can bridge a larger space and induce more
bonding with starch chains than sugars with low molecular
weights. The flexibility of the starch chains diminishes and the
gelatinization temperature increases, thus requiring more energy
to pull the crystallites apart (Spies and Hoseney 1982).

Solutions of monosaccharides, such as glucose and fructose,
increased gelatinization temperature of starch but to a lesser extent
than solutions of disaccharides, such as sucrose or maltose (Osman
1975, Bean and Yamazaki 1978, Bean et al 1978, Hansen et al
1989). However, Spies and Hoseney (1982) reported that sucrose
raised the onset temperature of gelatinization to a greater extent
than maltotriose, a molecule of greater molecular weight. Slade
and Levine (1987) measured 1:1:1 sugar-water-starch mixtures
using differential scanning calorimetry (DSC). They reported an
increasing gelatinization temperature with various sugars in the
following order: water alone < galactose < xylose < fructose
< mannose < glucose < maltose < lactose < maltotriose
< 10-DE maltodextrin < sucrose. This increase in gelatinization
temperature did not follow an increase in molecular weight for
all cases. Therefore, involvement of other factors was suggested.

The ability to penetrate the starch granule and to interact with
starch chains also increases gelatinization temperature (Spies and
Hoseney 1982, Hansen et al 1989). Brown and French (1977)
reported that oligosaccharides with molecular weights of less than
800 were able to penetrate the starch granules along with water.
In addition, the ability of sugar to interact with itself and/or
with water also affects water mobility and could reduce plasticizing
effects and increase gelatinization temperature (Richardson et al
1987, Hansen et al 1989, Sobczynska et al 1990).

Water mobility of a starch-sucrose-water dispersion was found
to be closely related to interactions among the components (Lim
et al 1992). The major changes in water mobility indicated by
nuclear magnetic resonance (NMR) measurements occurred
before the onset temperature of gelatinization, as observed by
DSC measurements in similar starch-sucrose-water dispersions.
Lower molecular weights and smaller molecules, in general, have
lower mobilization points (Leung et al 1976, 1979; Duckworth
1981). The molecular weights, structures, and chain lengths of
glucose, maltose, maltotriose, and sucrose are different. In this
study, glucose-, maltose-, and maltotriose-starch-water disper-
sions were compared with the sucrose system by O NMR. The
objectives were 1) to observe whether glucose, maltose, and malto-
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triose have effects on water mobility similar to those of sucrose;
and 2) to determine, by comparing glucose, maltose, and malto-
triose, whether any factor can be isolated that causes changes
of water mobility in wheat starch-sugar-water model systems as
temperature is increased from 35 (308 K) to 87°C (360 K).

MATERIALS AND METHODS

All materials and methods were the same as given in Lim et
al (1992) with the following additions. The p-glucose (dextrose)
and maltose were purchased from Fisher Scientific Co. (Fair
Lawn, NJ), and maltotriose was purchased from Sigma Chemical
Co. (St. Louis, MO). Only 20% (weight basis) wheat starch with
0.5, 1.0, and 1.5M of each sugar system was measured.

RESULTS AND DISCUSSION

_Glucose-Starch-Water Dispersion

Changes of water mobility for 20% starch alone or with 0.5,
1.0, and 1.5M glucose concentrations (glucose dispersions) with
increasing temperature are shown in Figure 1. Glucose dispersions
showed similar changes when compared with sucrose-starch-water
dispersions (sucrose dispersions) (Fig. 2). The transverse relaxa-
tion rate (R,) and R, maximum temperature increased with
increasing glucose concentrations but to a lesser extent than with
increasing sucrose concentrations (Figs. 1 and 2). For example,
the maximum R, of the 1.5M glucose dispersion was about 250
at 59°C (332 K), whereas this value was about 320 at 67°C (340
K) for the 1.5M sucrose dispersion. These results agree with the
supposition that a lower molecular weight results in a lower water
mobility (Leung et al 1976, 1979). Glucose (C¢H,,0¢) has six
hydrogen bonding sites for water molecules; sucrose (C;;H0y)
has 11. Fewer hydrogen bonding sites probably resulted in more
free water and less restricted water mobility in the glucose disper-
sions, as reflected by the lower overall R, changes and increased
temperatures of the R, maxima.

The DSC measurements for each system are given in Table
I and support the NMR results. The water mobility changed before
the onset temperature of gelatinization for glucose, maltose, and
maltotriose as it did for the sucrose dispersions, and the onset
temperatures of 0.5, 1.0, and 1.5M glucose dispersions were lower
than those for the same concentrations of sucrose dispersions.
For example, onset gelatinization temperatures were about 62°C
(335 K) for the 1.5M glucose system and about 76°C (349 K)
for the 1.5M sucrose dispersion. The pattern of the overall R,
changes in glucose dispersions was similar to that of the changes
in sucrose dispersions, but all changes were to a lesser degree.

Maltose-Starch-Water Dispersion

Changes of water mobility for 20% starch alone or with 0.5,
1.0, and 1.5M maltose concentrations (maltose dispersions) with
increasing temperature are given in Figure 3. The changes and
overall patterns again were similar to those of the sucrose disper-
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sion. The overall R, values and the temperatures at which the
R, maximum occurred were slightly lower than those of the
sucrose dispersions (Fig. 2). The R, maxima were about 200 at
65°C (338 K) for the 1.5M maltose dispersion and about 220
at 67°C (340 K) for sucrose. The DSC results (Table I) were
similar. Onset temperature of gelatinization was slightly lower
for maltose than for sucrose at each concentration, an effect that
was less noticeable at the highest concentration.

The molecular weight and the number of hydrogen bonding
sites are the same (C;,H,O,;; molecular weight 342) for maltose
and sucrose. However, structurally, maltose is composed of two
molecules of glucose, whereas sucrose has a glucose (pyranose
ring) and a fructose (furanose ring) molecule. When sucrose
reorients and associates with water, the pyranose ring of glucose
interacts more favorably with water molecules (Allen and Wood
1976, Suggett and Clark 1976, Mathlouthi and Luu 1980,
Shallenberger 1982) than the furanose ring of fructose. The
furanose ring of fructose is known to participate in intramolecular
hydrogen bonding for dimerization. This dimerization between
glucose and fructose molecules increases the energy of vibration
and the viscosity, which could decrease the mobility or increase
the onset temperature of gelatinization (Mathlouthi and Luu 1980,
Mathlouthi et al 1980). In addition, sucrose chains are possibly
less flexible because of the two prime carbons with CH,OH groups
in the fructose molecule (Shallenberger 1982). Maltose interacts
with the water readily because the two pyranose rings of glucose
are mobile and flexible. These differences in structural features
might explain the slight differences in water mobility patterns
and onset temperatures of gelatinization between the two mole-
cules of the same molecular weight.
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Fig. 1. Transverse relaxation rates (R) of the 20% starch-glucose-water

dispersions as a function of increasing temperature. O = No glucose.
A,0,0=0.5,1.0, and 1.5M glucose concentrations, respectively.

TEMP (°K)
450 310 318 326 334 342 350 358

400 r
350
300
250
200 +
150
100
S0t

Rz (SECTY

0
33 37 41 45 49 53 57 61 65 69 73 77 81 85 89

TEMP ( °C)
Fig. 2. Transverse relaxation rates (R,) of the 20% starch-sucrose-water
dispersions as a function of increasing temperature. O = No sucrose.
A,0,0=0.5, 1.0, and 1.5M sucrose concentrations, respectively.
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Maltotriose-Starch-Water Dispersion

The changes of water mobility for 209 starch with various
concentrations of maltotriose (maltotriose dispersions) shown in
Figure 4 were basically similar to those of the sucrose dispersions
(Fig. 2). Overall, the water mobility changes and the R, maxima

TABLE I
Comparison of Mean® Onset Temperature, Peak Temperature,
and Enthalpies (AH) for Dispersions of Glucose, Maltose, Maltotriose,
and Sucrose with 209, Starch

Onset Temperature  Peak Temperature AH

Dispersion ©0) °0) (cal/g)
Sucrose

0.5M 61.3+0.85 65.6 £ 0.32 0.2111 £ 0.01

1.0M 68.3 £ 0.92 72.6 + 0.40 0.2063 £ 0.03

1.5M 75.9 + 0.66 80.6 + 0.66 0.2262 £ 0.02
Glucose

0.5M 58.1+0.93 62.1 £0.36 0.2753 £ 0.11

1.OM 59.9 £ 0.36 64.1 £0.14 0.2886 £ 0.11

1.5M 62.3+0.58 66.3 £+ 0.58 0.3076 £ 0.13
Maltose

0.5M 59.9 £ 0.21 64.5 =+ 0.00 0.2119 £ 0.02

L.oM 66.8 + 1.04 70.8 + 0.44 0.2465 £ 0.15

1.5M 75.3+0.42 79.2 £ 0.69 0.2395 £+ 0.06
Maltotriose

0.5M 62.3 +0.00 67.2+£0.28 0.2377 £ 0.01

1.OM 74.2 = 0.59 782+ 1.78 0.2931 £ 0.12

1.5M 86.8 + 1.72 91.9 £ 0.96 0.2687 £ 0.04
“Mean of least three measurements.
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Fig. 3. Transverse relaxation rates (R,) of the 20% starch-maltose-water
dispersions as a function of increasing temperature. © = No maltose.
A, 0, 0=0.5,1.0, and 1.5M maltose concentrations, respectively.
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Fig. 4. Transverse relaxation rates (R,) of the 20% starch-maltotriose-
water dispersions as a function of increasing temperature. O = No
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Fig. 5. Relationship between onset temperature of wheat starch gelatini-
zation and number of hydrogen bonding sites times the molar concen-
trations of sugars from this study and from Hansen (1987). O: Calculated
with concentrations used in this study, 0.5, 1.0, and 1.5M each of glucose,
sucrose, maltose, and maltotriose; r = 0.99; n = 12; y = L4lx + 52.07.
®: Calculated with 0.5, 1.0, 1.5, and 2.0 M each of glucose and sucrose
and 1.0, 1.5, and 2.0M fructose (Hansen 1987); r = 0.96; n = 11; y
= 1.52x + 51.72.

were much greater for maltotriose dispersions than for the same
concentrations of sucrose dispersions. The 1.0M maltotriose dis-
persion had a maximum R, of about 400 at 67° C (340 K) compared
with about 270 at 61°C (334 K) for the 1.0 M sucrose dispersion.
Interestingly, 1.5M maltotriose dispersions had a smaller R, maxi-
mum (about 350 at 81°C) than that of the 1.0M maltotriose
dispersions (about 400 at 67°C). However, both were greater than
the maximum for the 1.5M sucrose dispersion (about 320 at 67°C).
The 1.5M maltotriose dispersion was expected to have a higher
R, than that of the 1.0 M maltotriose dispersion. Maltotriose has
a larger molecular weight (504) and longer chain length with three
a-1,4 linked molecules of glucose within the structure (C;3sH3;0¢).
The previous study (Lim et al 1992) with sucrose showed that
starch increased the R, value and sucrose increased both the R,
and the temperature at which R, maximum occurred. Therefore,
the swelling of starch granules that increases the R, was probably
hindered by certain factor(s) in the 1.5M maltotriose dispersion.

Possibly maltotriose is able to penetrate the starch granule,
as others have suggested (Brown and French 1977, Spies and
Hoseney 1982, Hansen et al 1989), but at the higher 1.5M concen-
tration, less was needed to restrict starch swelling. The longer
chain, compared with those of sucrose or maltose, would have
more interaction sites for an equivalent concentration to react
with the starch. This would increase the temperature of starch
gelatinization for maltotriose more than the reactions of starch
with maltose or sucrose at lower concentrations. Because not
as much maltotriose was needed to penetrate the granule at the
higher 1.5M concentration, more could have remained outside
the granule to bind with the water. This would decrease the water
available outside the granule to bind with the starch by a type
of steric exclusion (Walstra 1973) and decrease the water mobility
to a lower level than that of the 1.0M system (Fig. 4). This result
agrees with the thermal analysis results of DSC (Table I).

The onset temperatures of gelatinization of 0.5, 1.0, and 1.5M
maltotriose dispersions (Table I) were higher than those of the
sucrose dispersions. This result contradicts previous studies (Spies
and Hoseney 1982, Slade and Levine 1987), in which maltotriose
had lower gelatinizaton temperature than sucrose using a 1:1:1
starch-sugar-water ratio. However, the concentrations of sugar
in the starch-sugar-water dispersions used in this study were
higher. For example, the 1.0 or 1.5M maltotriose dispersion had
approximately 1:2:2 or 1:3:1 starch-maltotriose-water ratios,
respectively. The difference in onset temperature of gelatinization
between sucrose and maltotriose dispersions became increasingly
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Fig. 6. Relationship between onset temperature of wheat starch gelatini-
zation and number of hydrogen bonding sites times the molar concen-
trations of sugars from this study combined with data from Hansen (1987).
r=0.98,n =23, and y = 1.451x + 51.999.

larger with increasing sugar concentrations. This higher onset
temperature of gelatinization with maltotriose is reasonable and
supports the idea that onset temperature increases with increased
molecular weight, at least up to a point.

An interesting relationship between concentration and number
of saccharide units of the sugars was noted (Table I). For example,
1.0M glucose (1 saccharide unit) and 0.5M maltose (1 saccharide
unit) showed almost the same onset temperature of gelatinization
(59.9°C). Likewise, 1.5M glucose and 0.5M maltotriose, each 1.5
saccharide unit, and 1.5M maltose and 1.0M maltotriose, each
3 saccharide units, had very close onset temperatures of gelatini-
zation—62.3 and about 75° C, respectively. The number of hydro-
gen bonding units times the concentration of the sugars was found
to be related highly (- = 0.991) to the onset temperature of
gelatinization (Fig. 5). The data from previous work on glucose,
sucrose, and fructose at 0.5, 1.0, 1.5, and 2.0M concentrations
(Hansen 1987) were reevaluated accordingly, and the relationship
(Fig. 5) of that data also was high (r = 0.964). If data from
both studies are combined (Fig. 6) (r = 0.977), the results indicate
that the total number of hydrogen bonding sites available for
interactions with starch and water is an influential factor in
increasing the onset temperature of starch gelatinization. Lim
et al (1992) noted that water mobility was reduced with increases
in viscosity as sucrose-water interactions increased. Viscosity
increases as a result of hydrogen bonding; whether this is a cause
or an effect of the decreased water mobility as measured by 'O
NMR and the increased T, measured by DSC remains unclear.
Further studies are needed to clarify these relationships.

CONCLUSIONS

The changes of water mobility with different sugar dispersions
exhibited similar patterns. The temperatures at which the R,
maximum occurred and the magnitude of the R, maximum both
increased as molecular weights of sugars and concentrations of
dispersions were increased. The water mobility changes occurred
before onset temperature of gelatinization with all sugar disper-
sions studied. Structural differences also influenced the rate of
water mobility changes and the onset temperature of gelatinization
at the same molecular weight. Limited starch granule swelling
seemed to occur with the 20% starch-1.5M maltotriose-water
dispersion and influenced the changes of R, but not the tempera-
ture that water mobility increased.
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