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Abstract  

Thermal characterization of gelatinized binary rice starch-water and ternary starch-sugar- 
water gels before and after aging was carried out using differential scanning calorimetry. The 
glass transition temperature of the maximally freeze-concentrated solution (T~') in both fresh and 
aged gels was observed to decrease progressively with increasing sugar concentration. Aging of 
the gels generally shifted T~ to higher temperatures, but had little or no effect on the ice melting 
peak temperature (Tin). The presence of various sugars could either accelerate or retard starch 
(amylopeetin) reerystaUization, depending on the type and concentration of sugar, as well as on 
starch/water ratio. A hypothesis based on the dual antiplasticizing-plasticizing effects of sugars 
was postulated to explain the observed effects. Of the sugars studied, xylose and fructose ap- 
peared to display exceptional retardative and accelerative effects, respectively, on retrogradation. 

Keywords: aging, amylopectin, DSC, gels, glass transition, recrystallization, retrogradation, 
rice starch, sugars 

Introduction 

Native granular starches are partially crystalline in nature. Freshly gelati- 
nized starch, on the other hand, may be considered to be in the completely 
amorphous state. Upon cooling, a crystalline structure is reformed. In concen- 
trated gelatinized non-waxy starches, the crystallization process is dominated by 
amylose in the early gelation stage and by amylopectin over long-term storage 
[1, 2], the latter being thermoreversible at >-100~ [1, 3, 4] and primarily re- 
sponsible for the staling (or increase in firmness) of starchy products. 

The development of crystallinity in starch gels during storage, also generally 
referred to as starch (amylopectin) retrogradation, is influenced by many factors 
including the presence of sugars which are important and common ingredients 
in most starch-based products. However, despite extensive research over the 
years, the effects of sugars on starch retrogradation remain very much a subject 
of controversy. Several workers [5-9] have reported that sugars retard the re- 
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crystallization of gelatinized starch, whilst others [10-13] have provided evi- 
dence to the contrary. Slade and Levine [5] have suggested that sugars inhibit 
retrogradation by raising the effective network glass transition temperature (Tg) 
of the starch gels (relative to Tg of the corresponding network plasticized by 
water alone). Thus, according to WLF kinetics [14], the rate or extent of starch 
recrystallization at ambient storage temperatures (T) diminishes because of the 
lower AT(= T-Tg). However, those authors have not been able to explain why, 
under similar conditions, certain sugars such as fructose and mannose were ob- 
served to accelerate rather than retard retrogradation. 

It is worthwhile noting that the contradictory conclusions regarding the ef- 
fects of sugars on starch recrystallization have been drawn from studies carried 
out at different starch:water ratios and over limited ranges of sugar concentra- 
tions. There has as yet been no study conducted over a broad enough range of 
sugar concentration at different water contents. This has been done in the pres- 
ent investigation, in an attempt to resolve the conflicting results in the literature 
concerning the effects of sugars on starch retrogradation. Differential scanning 
calorimetry (DSC) was employed to compare the thermal behaviour of binary 
rice starch-water and ternary rice starch--sugar-water gels, before and after ag- 
ing, over a broad temperature range from -100 to + 100~ 

E x p e r i m e n t a l  

Materials 

Non-waxy rice starch, with an amylose content of 22.5% (determined using 
the method of Williams et al. [15]), was obtained from Sigma Chemical Co. 
The sugars investigated were analytical grade L-arabinose (Fluka), D-xylose 
(Sigma), D-fructose (Riedel deHaen), sucrose (Sigma), and maltose (BDH). 
These were used without further purification. Sugar concentration is expressed 
as g sugar/100 g dry starch, unless otherwise stated. Freshly distilled deionized 
water was used in all experiments. 

Differential scanning calorimetric (DSC) studies 

Rice starch and water were mixed by hand in the ratio of 3:4 and 1:1. The 
concentration of sucrose was varied from 0-160% by weight of dry starch in the 
3:4 system, and from 0-100% in the 1:1 system. The concentration of all the 
other sugars investigated ranged from 0-100% in the 3:4 system. 

Samples (ca. 10 rag, weighed to 0.01 rag) were filled into aluminium sample 
pans which were then hermetically sealed using a DuPont encapsulation press. 
All samples were equilibrated for at least 1 h before being heated at 10~ min -1 
from 20 to 120~ in a DuPont 2910 differential scanning calorimeter, equipped 
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with a standard DSC cell and a Thermal Analyst 2000 Controller, to achieve 
complete gelatinization. The overall gelatinization enthalpy (AHa) was deter- 
mined as described by Scow and "leo [16]. The thermograms of the completely 
amorphous gelatinized samples, before aging, were obtained by immediate quench- 
cooling to -100~ using a cooling can f'dled with liquid nitrogen, and then heating 
at 10~ rain -t to 100~ with the DSC cell being constantly purged with nitro- 
gen gas at a flow rate of approximately 150 ml min "1. An empty aluminium 
reference pan was used to balance the heat capacity of the sample pan. Other 
gelatinized samples were cooled to 15~ removed from the DSC cell, and 
stored at 15~ in a refrigerated incubator for two weeks. The thermal profiles of 
the aged samples were then determined, as described above, after quench-cooling 
to -100~ and heating to 100~ at 10~ min -l. An immediate rescan of the aged 
samples after this treatment yielded thermal profiles which were practically 
identical to those of the corresponding freshly gelatinized samples. 

Heat flow was calibrated using pure indium, while temperature was cali- 
brated using pure indium, distilled deionized water and pure mercury. Analysis 
was carried out using the DuPont DSC Standard Data Analysis Program Soft- 
ware (Version 4.0 B). All measurements were performed in triplicate. 

Resu l t s  a n d  discuss ion 

Low-temperature transitions 

Figure 1 shows representative low-temperature DSC curves of fresh and 
aged gelatinized 3:4 rice starch-water systems containing different levels of su- 
crose. Devitrification of ice was not observed in most cases, except at very high 
sugar concentrations (>150%). The glass transition of the maximally freeze- 
concentrated solution and the endothermic transition associated with the 
melting of ice are clearly recognisable [17,18]. Their respective transition tem- 
peratures (T~ and Tin) are designated in Fig. 1, with T~ being derived from the 
peak of the derivative heat-flow curve (not shown). The phenomenon of multi- 
ple T~ s reported by Slade and Levine [17, 19] was also observed in the present 
study, and only the major transition was measured as T~. 

As expected [13, 17, 18], 7", and T~ were observed to decrease with increas- 
ing sucrose concentration, as shown in Fig. 2, for both the 3:4 and I:1 
starch-water systems, fresh or aged. Qualitatively similar results were obtained 
for systems containing other sugars (Fig. 3). 

The effectiveness of the various sugars in depressing T~ appears to decrease 
with increasing sugar molecular mass, the disaccharides being much less effec- 
tive than the monosaccharides. The various sugars obviously acted as 
plasticizers of starch, together with water, thereby depressing T~, as has been 
clearly explained by Slade and Levine [5,171. As expected, the T~ and Tm values 
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Fig. ! Effect of sucrose concentration (% w/w dry starch) on the low-temperature DSC ther- 
real profiles of (A) fresh and (B) aged (at 15~ for 2 weeks) rice starch gels at a 
starch/water ratio of 3:4 

of the fresh gels were lower in the concentrated 1:1 system than in the more di- 
lute 3:4 system, at any particular level of addition of sucrose based on the 
weight of dry starch (Fig. 2). 

Over the range from 0-100%, T~ decreased monotonically with increasing 
sugar concentration, since the average molecular mass of the starch-plasticizer 
mixture decreases, leading to an increase in free volume [17, 19]. The composi- 
tional dependence of ~ in the fresh gels appeared to be curvilinear, whilst that 
in the aged samples was more or less rectilinear, with the exception of the sys- 
tem containing xylose. However, it is clear from Fig. 2A that when the addition 
of sucrose exceeded a critical concentration (100-120%), T~ dropped very 
sharply before levelling off. The reason for the existence of such a 'cusp' in the 
T~-composition curves for sucrose systems is not immediately clear, although 
such a phenomenon is commonly encountered in synthetic polymer-diluent 
mixtures [20-23]. The two distinct T~/concentration dependencies may be due 
to the changeover from a relatively polymer-rich glass (with a higher T~) to a 
plasticizer (sugar)-rich glass (with a T~ of--43.5 to -46.8~ in which the poly- 
mer no longer contributes to the free volume of the mixture [23]. 
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Fig. 2 Effect of sucrose concentration on 1[ and T~ of fresh and aged rice starch gels at a 
starch/water ratio of (A) 3:4 and (B) hi [o, 7~-fresh; e, T~-aged; % Tin-fresh; 
A, Try-aged] 

The effects of aging on T~ and Tm are shown in Figs 2 and 3. While the ice 
peak temperature did not appear to be affected by amylopectin recrystallization, 
T~ of the aged samples was higher than that of the corresponding fresh gels, in 
agreement with the findings of Huang et al. [18]. The general increase in Tg of 
a partially crystalline polymeric system with increasing % crystallinity may be 
ascribed largely to loss of segmental mobility as the density of microcrystalline 
crosslinks increases [24, 25]. Additionally, amylopectin is known to recrystal- 
lize into a B-type polymorph which requires incorporation of water molecules 
into the crystal lattice, thereby reducing the amount of plasticizing water in the 
system and resulting in an elevated Tg [5, 17]. 

Starch (amylopectin) recrystallization 

Recrystallization of starch molecules occurs during storage of starch gels. 
Reheating of an aged starch gel in a differential scanning calorimeter produces 
an endothermic transition, over a relatively broad temperature range from 40-  
90~ which is not present in the DSC scans of the freshly gelatinized samples. 
Such a transition is generally attributed to the melting of recrystallized amy- 
lopectin [5, 26]. Figure 4 shows the effects of increasing sucrose concentration 
on the DSC curves of rice starch-water (3:4) gels aged at 15~ for 2 weeks. The 
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Fig. 3 Changes in 7~' of (A) fresh and (B) aged rice starch gels at a starch/water ratio of 3:4, 
as a function of the concentration of different sugars l • xylose; ,t, arabinose; 
[2 fructose; o, sucrose; 0 maltose] 

endothermic transition was skewed to higher temperatures and broadened con- 
siderably in the presence of sucrose, indicating increased stability as well as 
greater heterogeneity of the amylopectin crystallites formed. The other sugars 
studied generally produced the same effects as sucrose. 

The % recrystallization was calculated as AHR/ZX/-/c x I00, where AHR is the 
retrogradation enthalpy and AHG is the overall gelatinization enthalpy. Figure 5 
shows the changes in extent of amylopectin retrogradation, in 3:4 as well as 1:1 
starch-water systems, as a function of sucrose concentration. In the former sys- 
tem, the extent of amylopectin recrystallization increased to a maximum value 
with increasing sucrose concentration, before decreasing with further addition 
of sucrose, until, at a level of 160% sucrose, retardation of retrogradation (as 
compared with the binary system) was clearly evident. In the more concentrated 
1:1 system, however, the addition of sucrose retarded retrogradation, with % re- 
crystallization decreasing progressively with increasing sucrose concentration. 
It should be noted that, for the binary starch-water systems, the retrogradation 
tendency was much greater in the 1:1 system than in the more dilute 3:4 gel. 

A comparison of the retrogradation tendency of 3:4 systems containing dif- 
ferent sugars is given in Fig. 6. Xylose and arabinose showed similar trends as 
sucrose, except that maximum recrystallization and inhibition of retrogradation 
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Fig. 4 Effect of sucrose concentration (% w/w dry starch) on the DSC endothermic transi- 
tion associated with melting of retrograded starch in dee starch gels at a starch/water 
ratio of 3:4 after aging at 15~ for 2 weeks. All thermal curves are normalized to 1 g 
of dry starch 

(as compared with the respective binary systems) occurred at lower sugar con- 
centrations (based on weight of dry starch). Fructose and maltose, on the other 
hand, were found to increase retrogradation over the concentration range stud- 
ied (0-100%), albeit only to a small extent in the latter case. It is likely, as in 
the case of sucrose, that retrogradation would reach a peak at some higher fruc- 
tose or maltose concentration. 

The results of the present study suggest that a given sugar may accelerate or 
delay starch (amylopectin) retrogradation, depending on its nature and concen- 
tration, as well as on the initial moisture content in the system. It now seems 
clear that the inconsistent effects of sugars on the retrogradation of specific 
types of starches reported by different researchers were due to differences in 
starch and sugar concentrations used in the various studies. It would be impru- 
dent, therefore, to generalize the effects of sugars on starch retrogradation as 
being either accelerative or retardative, merely on the results of studies con- 
ducted over limited ranges of starch and/or sugar concentration. 
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Fig. 5 Effect of sucrose concentration on % starch reerystallization in rice starch gels at a 
starehlwater ratio of 3:4 (o) and 1:t (e) after aging at 15"C for 2 weeks 

In the 3:4 system, xylose appears to have exceptional inhibitory effects on 
starch retrogradation at moderate-to-high concentrations, while fructose appears 
capable of promoting retrogradation even at relatively high concentrations. These 
unusual features of xylose and fructose, amongst the monosaccharides, have been 
previously reported [5, 17]. Most sugars will display anti-staling properties when 
incorporated into starch-based baked goods, because of the relatively low moisture 
contents of the products. 

Mechanism(s) of action of sugars 

The effects of sugars on the thermal properties of ternary starch-water-sugar 
gels and on starch recrystallization during storage are extremely complex. Cur- 
rent theories cannot be considered adequate, because they account only for 
either the accelerative [13] or retardative [5, 17], but not both, effects of sugars 
on amylopectin recrystallization. A universal theory should also take into ac- 
count the variation in effects exhibited by different sugars. 

It is interesting to note that water in a binary starch-water gel appears to ex- 
ert the same influences on starch retrogradation as does sugar in a relatively 
dilute ternary starch--sugar-water system. A maximum rate or extent of amy- 
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lopectin recrystallization has generally been observed at around 50% moisture 
(or a starch/water ratio of 1:1) in binary systems [5, 27, 28]. Longton and Le- 
Grys [27] had speculated that, depending on the initial moisture content of the 
system and its position on either the ascending or descending branch of the % 
retrogradation versus moisture content bell-shaped curve, addition of sugars 
(and other hydrophilic materials), which compete with the starch molecules for 
water in the system, might affect the effective moisture content in such a way as 
to cause either an acceleration or a retardation of retrogradation, although no 
hard evidence was presented to support such a supposition. A similar hypothe- 
sis based on changes in "available water" was proposed by Gudmundsson et al. 
[29] to explain the effects of water-soluble arabinoxylan on starch retrograda- 
tion. The results of the present study are in accord with such a hypothesis. 
However, a mechanism based on a reduction in "water availability" on addition 
of sugars cannot fully explain why a particular optimum moisture content for 
maximum retrogradation should exist. An alternative hypothesis, based on poly- 
mer science principles [5, 17, 19] and plasticizer action, is described below. 

It is suggested that the increase in % retrogradation over the range of mois- 
ture content from 30-50% in binary systems could be due to an antiplasticization 
effect [30], as water molecules interact with starch molecules via hydrogen 
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Fig. 6 Starch reerystallization (%) as a function of sugar concentration in rice starch gels at 
a starch/water ratio of 3:4 containing different types of sugars [x, xylose; A, arabi- 
nose; 12 fructose; o, sucrose; 0, maltose] 
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bonding and various other forces. Such interactions induce nucleation as well as 
growth of starch crystallites. This increase in crystallinity is followed by a de- 
crease at higher moisture levels, when the increasing amount of water present 
exerts its "normal" mechanical plasticizing effects by swelling the amorphous 
regions and producing a progressively softer gel. It should be noted that the 
term, "antiplasticization", is here used in the synthetic polymer science context 
to mean an increase in rigidity and crystallinity of the gel network at low plas- 
ticizer contents, even though there is a decrease in molecular or segmental Tg 
[30]. It should not be confused with the same term used by Slade and Levine 
[17] to indicate an enhancement of Ts. 

Similarly, the small polyhydroxy sugar molecules, which also act as plasti- 
cizers and are non-entangling in nature [17, 19], may be said to be able to 
interact with starch molecules in the starch gels, in much the same way as water 
does. Such interactions have, in fact, been observed using electron spin reso- 
nance [31] and nuclear magnetic resonance [32, 33]. At low sugar concentra- 
tions in relatively high-moisture systems (e.g. at a starch-water ratio of __<3:4), 
where the amorphous regions in the binary SYStems would have been already 
highly plasticized by water, it is suggested that such interactions similarly lead 
to an antiplasticizing effect which stimulates formation of network junction 
zones. The increase in number of crosslinking points produces a more extensive 
and stable gel network, when compared with the binary starch-water gel. Thus, 
although the molecular or segmental T~ decreases on addition of sugars, as a re- 
sult of free volume increase through kinetic plasticization, a gel with higher 
modulus would likely be obtained at low sugar concentrations, as compared 
with the binary system, because of the restriction on mobility of the outer 
branches of amylopectin, imposed by the relatively tightly held sugar mole- 
cules. Such an increase in modulus or rigidity in the presence of relatively low 
amounts of sugars has, in fact, been observed in several starch gels [10, 11]. 
However, the absence of an increased modulus in non-waxy starch gels, on ad- 
dition of small amounts of sugars, does not necessarily contradict such a 
hypothesis, since the contribution from amylose-sugar interactions to the rigid- 
ity of such gels, not manifested in DSC scans, has to be taken into account. In 
this respect, it is noteworthy that Biliaderis and Zawistowski [34] have observed 
that the addition of low molecular weight starch hydrolysis products reduced the 
storage modulus of wheat starch gels in certain cases, but raised the rigidity of 
waxy maize starch gels, the latter being consonant with recrystallization kinet- 
ics as determined by DSC. 

An increase in sugar concentration beyond a certain critical or threshold 
level, which varies with the type of sugar and the moisture content of the sys- 
tem, probably induces greater swelling of the amorphous regions, with the gel 
becoming softer and more flexible through the "normal" plasticizing action of 
both diluents (i.e. water and sugar). Analogous to the case of water [19], a dis- 
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tinction can probably also be made between the kinetic effect of Tg depression 
by sugars acting as plasticizers and their independent mechanical effect on the 
modulus of the system at any particular temperature. Starch recrystallization 
cannot apparently be related to T~ of the gels under such circumstances. 

In a more concentrated starch gel (e.g. the 1:1 starch-water system), where 
a high degree of antiplasticization already exists, sugars would exert their nor- 
mal plasticizing effects by swelling the amorphous regions of the gel and 
keeping the crystallizable outer branches of amylopectin apart, thereby main- 
taining a softer texture for a longer period of time. 

The variable effects of different sugars on starch retrogradation probably 
hinge on their differential ability to interact (principally by hydrogen-bonding) 
with starch as well as water molecules, in ways yet to be fully understood. 

This study was funded by a Sixth Malaysia Plan R&D grant under the Intensification of Re- 
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Malaysia. We thank Dr. Harry Levine and Dr. Louise Slade for giving us the opportunity to con- 
tribute a paper to this special issue of JTA. 

References 

1 M. J. Miles, V. J. Morris, E D. Orford and S. G. Ring, Carbohydr. Res., 135 (1985) 271. 
2 P. L. Russell, J. Cereal Sci., 6 (1987) 147. 
3 S. G. Ring, Stareh/St~rke, 37 (1985) 80. 
4 S. G. Ring, P. Colonna, K. J. l 'Anson, M. T. Kalichevsky, M. J. Miles, V. J. Morris, and 

P. D. Orford, Carbohydr. Res., 162 (1987) 277. 
5 L. Slade and H. Levine, in Industrial Polysaecharides - The Impact of Bioteehnology and Ad- 

vanced Methodologies, Gordon and Breach Science, New York 1987, pp.387-430. 
6 K. J. l 'Anson, M. J. Miles, V. J. Morris, L. S. Besford, D. A. Jarvis and R. A. Marsh, J. 

Cereal Sci., I 1 (1990) 243. 
7 P. Cairns, K. J. l 'Anson and V. J. Morris, Food Hydrocolloids, 5 (1991) 151. 
8 K. Kohyama and K. Nishinari, J. Agrie. Food Chem., 39 (1991) 1406. 
9 K. Katsuta, A. Nishimura and M. Miura, Food Hydroeolloids, 6 (1992) 387. 

10 J. L. Maxwell and H. F. Zobel, Cereal Foods World, 23 (1978) 124. 
11 R. Germani, C. E Ciaeeo and D. B. Rodriguez-Amaya, Stareh/St~rke, 35 (1983) 377. 
12 S.-M. Chang and L.-C. Liu, J. Food Sei., 56 (1991) 564. 
13 Y.-J. Wang and J. Jane, Cereal Chem., 71 (1994) 527. 
14 M. L. Williams, R. E Landel and J. D. Ferry, J. Am. Chem. Sot., 77 (1955) 3701. 
15 P. C. Williams, E D. Kuzima and I. Hlynka, Cereal Chem., 47 (1971) 411. 
16 C. C. Seow and C. H. Teo, Stareh/St/irke, 45 (1993) 345. 
17 L. Slade and H. Levine, CRC Crit. Rev. Food Sci. Nutr., 30 (1991) 115. 
18 R.-M. Huang, W.-H. Chang, Y.-H. Chang, and C.-Y. Lii, Cereal Chem., 71 (1994) 202. 
19 L. Slade and H. Levine, in Advances in Food and Nutrition Research, Vol. 38, Academic 

Press, San Diego, 103-269, 1995. 
20 J. R. Fried, S.-Y. Lai, L. W. Kleiner and M. E. Wheeler, J. Appl. Polym. Sci., 27 (1982) 

2869. 
21 G. Ceeeorulli, M. Pizzoli and M. Scandola, Polymer, 28 (1987) 2077. 
22 M. Scandola, G. Ceeeorulli and M. Pizzoli, Polymer, 28 (1987) 2081. 

J. Thermal Anal., 47, 1996 



1212 SEOW et al.: RICE STARCH 

23 M. Aubin and R.E. Prud'homme, Polym. Eng. Sci., 28 (1988) 1355. 
24 B. Wunderlich, Thermal Analysis, Academic Press, Boston 1990. 
25 H. Levine and L. Slade, in Physical Chemistry of Foods, Marcel Dekker, New York 1992, 

pp. 83-221. 
26 A.-C. Eliasson, in New Approaches to Research on Cereal Carbohydrates, Elsevier, Amster- 

dam 1985, pp.93-98. 
27 J. Longton and G. A. LeGrys, Starch/Sgirke, 33 (1981) 410. 
28 K. J. Zeleznak and R. C. Hoseney, Cereal Chem., 63 (1986) 407. 
29 M. Gudmundsson, A.-C. Eliasson, S. Bengtsson and P. Aman, Starch/St~rke, 43 (1991) 5. 
30 J. K. Sears and J. R. Darby, The Technology of Plasticizers, John Wiley & Sons, New York 

1982. 
31 J. M. Johnson, E. A. Davis and J. Gordon, Cereal Chem,, 67 (1990) 286. 
32 L. M. Hansen, C. S. Setser and J. V. Paukstelis, Cereal Chem., 66 (1989) 411. 
33 H. Lira, C. S. Setser, J. V. Paustelis and D. Sobczynska, Cereal Chem., 69 (1992) 382. 
34 C. G, Biliaderis and J. Zawistowski, Cereal Chem., 67 (1990) 240. 

J. Thermal Anal., 47, 1996 


