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ABSTRACT 

Amylose gels of low concentration (l-3%) were prepared by neutralization 
of alkaline solutions of amylose. The kinetics of amylose gelation were studied by 
small-amplitude oscillatory shear experiments. The evolution of the storage 
modulus (G’) and the loss modulus (G”) involved first an induction period (5-600 
min, depending on the amylose concentration and ionic strength) where the 
medium remained clear and no variation of G’(t) and G”(t) was evident. Then 
there was a sharp increase in G’ and a slight increase in G”(t). The point where the 
G’(i) and G”(t) curves separated was the gel time (g.t.) and was related to the time 
when the medium became cloudy (c.t., cloud time). The second step lasted 10-100 
min, depending upon the solution conditions. The third period was characterized 
by a slow evolution of G’(t) and no equilibrium value was reached after 15 h. G.t., 
c.t., and the final value of G’ (for 15-h gels) were strongly dependent on the concen- 
tration of amylose and the content of KCl. The limiting concentration (Co) of 
amylose for gelation was 0.9%, corresponding to CO[q] = 0.64. The effect of ionic 
strength on the kinetics of amylose gelation and gel stiffness could be interpreted 
on the basis of a phase separation process. 

INTRODUCTION 

The amylose component of starch is a linear (1+4)-cY-n-glucan, whereas 
amylopectin is highly branched with a-(1+4) and (r-(1+6) linkages. Amylose ac- 
counts for only 20-32% of normal starch, depending upon the botanical origin, but 
it makes a major contribution to the properties. Heating an aqueous dispersion of 
starch above 6C-70” yields a suspension with swollen particles, composed of 
amylopectin, in a continuous phase composed of amylose. On cooling, the starch 
paste yields a composite gel the continuous matrix of which arises primarily from 
amylose gelation1)2. This process is also referred to as amylose retrogradation and 
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is of primary importance in the determination of texturai properties of starchy food 
products. 

Until recently, little was known about the gelation process of amylose. 
During the formation of starch gels, a B-type crystalline pattern was reported to 
develop3,4. On the basis of turbidity measurements, rheology, dilatometry, and X- 
ray measurements, on 2-7% amylose gels, it was suggested5x6 that gelation involves 
a phase separation into polymer-rich and polymer-deficient regions. Development 
of the gel network [as estimated by the increase in the shear modulus (G’)] and 
phase separation are related. Because these phenomena occur in the early stages of 
the gelation process, they do not seem to be related to crystallinity which develops 
much more slowly. However, the kinetics of phase separation and gel formation 
are difficult to describe accurately for these concentrated systems. It was 

suggested 5,6 that such a process can occur provided the concentration (C*) for coil 
overlap is reached, and it was inferred that C,, the minimum concentration required 
for gelation, should be of the order of C*. This point was contradicted recently in 
a study with amyloses of different molecular weights7-9 where it was reported that 
gelation can occur for concentrations well below C”, this parameter being deter- 
mined from viscosity measurements9. Surprisingly, C,, varied only slightly (0.8- 
1.1%) with the molecular weight provided the d.p. was >30tF9. No systematic 
correspondence was seen between the formation of a gel, as assessed from the 
variation in G’, and the development of turbiditys. It was suggested9 that “amylose 
aggregation is the adoption of double-helix structures, followed by helix-helix 
aggregation, thereby leading to turbidity effects and, for sufficiently long amylose 
chains, cross-linked networks and gelation”. 

Other studies of amylose retrogradation from neutral aqueous <0.3% 
solution involved light-scattering experiments 10-12. A slow increase in turbidity was 
reported, showing that stability is never achieved under neutral conditions so that 
retrogradation can occur in very dilute conditions. Such instability arises from 
macromolecular aggregation which is probably the same process as that yielding 
gelled amylose. More recently, microscopy13 on 0.4% amylose in aqueous KC1 
revealed that particles of uniform size arose from amylose retrogradation; these 
particles displayed a weak B-type crystalline structure. 

There is a gap between observations for highly dilute solutions (<0.3%) 
where slow changes in turbidity were displayed but without gelation, and for con- 
centrated media (>2%) where the gelation process is too rapid to be described 
accurately. The boundary between gel formation and precipitation lies in this gap. 
It is also in the vicinity of CO, the critical concentration for gelation to occur, that 
the sol-gel transition takes place sufficiently slowly for accurate measurement, The 
present investigation was undertaken to describe the formation of amylose gels of 
low concentration (l-2%). 
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EXPERIMENTAL 

Materials. - The amylose sample was AVEBE amylose-V from potato 
starch. Samples of the same origin were used by Kitamura et ~6.‘~ and by Hayashi 
et u1.14Js in other studies of amylose gelation. The intrinsic viscosity in KC1 (0.33M) 

at 25” was 70 mL/g, yielding a viscosity-average molecular weight (2,) of 390,000 
according to the equation proposed for amylose in pure aqueous solutior@ or in the 
presence of KC117J8. 

Preparation of gels. - Gels were prepared under isothermal conditions by 
neutralization of alkaline solutions 13. This method was preferred to the regenera- 
tier@ of an amylose solution from dispersions of an amylose/butanol complex in 
hot water or by heating aqueous amylose dispersions7-9 up to 150-160”. The main 
reason was that, under these conditions, the temperature history is a critical 
parameter for the sol-gel transition and the final characteristics of gels517s. 

Stock 7.5% (w/w) solutions of amylose in M KOH were stored at 4”. No 
macromolecular degradation had occurred after several weeks. Gels were prepared 
by adding M or 0.3M HCl dropwsie to the solution of amylose. The final pH was 
6.5-7.5. 

Rheology. - Small-amplitude oscillatory-shear experiments were performed 
at 25” with a Rheometrics System-4 Mechanical rheometer using the cone and plate 
geometry (diameter, 5 cm; angle, 1”). Measurements were carried out at 5 rad/s 
and strain amplitudes of 5 or 10% that were well below the limit of the linear 
viscoelasticity domain for final 15-h gels. Characteristics of the final gels were also 
determined through measurements of G’ and G” as a function of frequency between 
10e2 and lo+* rad/s. 

Measurements of turbidity. - Development of turbidity was monitored by 
measuring absorbance variations as a function of time at 640 nm, using a u.v./visible 
spectrophotometer at 25” unless noted otherwise. 

RESULTS 

A typical example of the evolution of the storage modulus (G’) and the loss 
modulus (G”) together with the variation in turbidity during the gelation proces is 
shown in Fig. 1 for 1.78% amylose in 0.5~ KCl. The solution was optically clear 
until after neutralization and became cloudy after a lag time of 40 min. Beyond this 
point, turbidity increased and the medium was totally opaque after -2 h. On the 
other hand, a sharp increase in G’ was seen beyond -80 min. The first 90 min of 
the process are plotted in expanded form in Fig. 2, which shows that the evolution 
of G’ takes place earlier than suggested in Fig. 1. During the first 35 min, G’ and 
G” were of the order of 0.05 Pa and at the limit of sensitivity of the measuring 
system. After 35 min, G’ increased steadily to 70 min and then sharply, but G” 
increased much more slowly. The early increase in G’(t) paralleled the increase in 
turbidity. The variation of G’ covered more than three orders of magnitude, 
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Time (min) 

Fig. 1. Variation of G’ (0) and G” (0) as a function of time at 25” for 1.78% amylose in o.sM KCI. 
Comparison with the evolution of turbidity (A, absorbance at 640 nm). 

whereas that of G” was approximately one order. The relative evolution of both 
moduli presented semi-logarithmically in Fig. 3 shows the dramatic evolution of G’ 
during the first 200 min and then a slight and continuous increase. Although a 
steady state value was not obtained after 1.5 h, this time was chosen for the final 
value of G’ for practical reasons. The point of separation of the curves for G’ and 
G” in Fig. 2 is defined as the gel time (g.t.) based on the chemical gelation of 
synthetic polymers’” and it is generally accepted to occur somewhere in the vicinity 

of the G’-G” crossover20. This was also demonstrated to be a useful definition for 
the physical gelation of biopolymers 21. Similarly, the cloud time (c.t.) is defined 
arbitrarily as the point of departure from the baseline of the turbidity curve (see 
Fig. 2) and is the time when the particles become large enough to scatter incident 
light. This parameter was taken as a measure of the rate of the aggregation process. 
The fact that, in Fig. 2, the c.t. was close to the gt. confirms that the formation of 
the network and the development of the turbidity take place within the same time- 
scale5,6. 

Figs. 4 and 5 show variations in G’ plotted on semi-log scales for l-2.75% 

0.8 

i 

Fig. 2. As in 

20 40 60 80 

Time (min) 

Fig. 1 for the first 90 min. Arrows show gel time and cloud (see text). 
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Time (min) 

Fig. 3. G’(t) and G”(t) on a semi-log scale. Symbols as in Figs. 1 and 2. 

Time (min) 

Fig. 4. Variation of G’ as a function of time for amylose in O.SM KC1 at 25”: Cl, 1.37%; 0, 1.78%; A, 
2.75%. 

1o-z 

0 zoo 400 600 800 
Time (min) 

Fig. 5. Variation of G’ as a function of time for amylose in 0.2~ KC1 at 25”: Cl, 1.03%; 0, 1.33%; A, 
1.48%; 0,1.78%. 
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Fig. 6. Gel time (g.t.) as a function of cloud time (ct.) in KCI: I, fl.??M KC?; l , 0.2M. 

amylose in 0.5 and 0.2~ KCl. For the sake of clarity, the variations in G” are not 

shown, but they show the same trend as in Fig. 3. For the highest concentrations of 

amylose, G” was measurable in the first step and then its vaIue dropped to zero 

slightly beyond the g.t., reflecting the fact that the loss angle 6 (tg 6 = G”/G’) was 

below the resolution of the instrument. Beyond 12 h, c” could be measured again 

but remained -100 times lower than G’. At equivalent concentration, G’ was 5 

times higher in 0.2 than in 0.5~ KCI, showing the gels prepared in 0.2~ KC1 to be 

much stiffer. 

There was correspondence between c.t. and g.t. whatever the concentration 

of the amylose and the ionic strength as illustrated in Fig. 6. The slope of the 

correlation line (0.8) indicates the g.t. to be slightly shorter than the c.t. (see 

below). A marked dependence on concentration was exhibited for c.t., g.t., and 

the ultimate value of G’ as illustrated in Fig. 7 where the induction period, as 

estimated from the c.t., varies as a function of C? and C4 in 0.2 and 0.5~ KCl, 

respectively. 

103, 

1 2 
Concentration (s,w/w) 

Fig. 7. Cloud time (c.t.) as a function of concentration in KCI: n , 0.5~ KCI; l , 0.2~ 
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Fig. 8. G’ as a function of concentration for 15-h old gels in KCl: 0, 0.5~; 0, 0.2~; A, data of Ellis 

and Ring6. 

Variations of the ultimate value of G’ as a function of concentration are 
shown in Fig. 8. Values reported6 for concentrations ~3% are also plotted, but the 
sample of amylose was of different origin, had a higher molecular weight, and the 
gels were prepared by the dispersion of an amylose/butanol complex in hot water. 
The latter data are close to the present results at an ionic strength of 0.2~ but show 
a larger scatter. The dependence of the final values of G’ on concentration was 
marked, particularly at the lowest concentrations. The notable difference in 
stiffness between the gels in 0.2 and 0.5~ KC1 is also seen clearly. The value of G’ 
extrapolates to zero for a concentration of 0.9%. This value (C,) was the same for 
both ionic strengths examined and can be taken as an estimate of the lowest concen- 
tration where gelation is possible. 

Fig. 9 shows the frequency dependence of the final values of G’ and G” for 
two of the lowest concentrations. More-concentrated gels yielded a similar pattern 

10 3 
1 

lo-* II 

lo-* 10" loo 10' lo2 
Frequency (rad/ s) 

Fig. 9. G’ and G” as a function of frequency: 1.03% amylose, 0, G’; 0, G”; 1.33% amylose, 0, G’; A, 
G”. 0 2M KCl. , . 
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Fig. 10. Variation in turbidity as a function of time for 1.6% amylose in 0.2M KCI: Cl, 2.5”; A, 35”; 0, 
40”; 0,42”. 

with much higher values of G’ and G”. There was no variation in G’ within the 
experimental range of frequency, that is between lo-* and 10c2 rad/s, and the value 
of G’ was 1 or 2 orders of magnitude greater than that of G”. These two features 
are used classically as criteria for the definition of “true” gels. In contrast, with a 
“pseudo” gel, G’ would vary slightly with frequency and the PIG’ ratio would be 
of the order of 0.1 or more 22. The value of G” was a minimum at a frequency of -1 
rad/s as has been observed for other biopolymer gels (i.e., gelatin?j). 

Fig. 10 illustrates the effect of temperature on the development of turbidity 
for a 1.6% amylose gel in 0.2M KCI. When temperature increased from 2.5” to 42”, 
the development of cloudiness was slowed dramatically, the c.t. being almost in- 
finite at 42”; this was defined as the cloud limiting temperature (c.1.t.) and the 
variations for concentrations ranging from 1 to 1.8% were determined. There was 
a slight concentration dependence; the c.1.t. varied from 35” to 45” when the con- 
centration increased from 1% to 1.8%. These 

reportedI in water/methyl sulfoxide (90: 10) 
tration between 1 and 1 .S%). 

values are slightly higher than those 
systems (35” whatever the concen- 

DISCUSSION 

The present data show that the gelation of amylose can be investigated easily 
at low concentration conditions just above Co. Even for the more dilute conditions 
(-l%>, the amylose gels were smooth and did not display any syneresis even after 
storage at 25” for several days. Moreover, the frequency dependence of G’ as well 
as the G/G ratio, whatever the concentration, were consistent with the definition22 
of “true” gels. 

Highly expanded amylose coils exist in alkaline media (pH 13-14), these 
being good solvents for amylose 24, However, unperturbed dimensions are adopted 
at pH 7 and 25”, whatever the ionic strength+rs, as displayed by the exponent (a 
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= 0.5) of the Mark-Houwink relationship. On decreasing the pH from 14 to 7, 
amylose molecules change from a highly expanded coil to the compact one. This 
change probably occurs at pH 11-12 as shown by viscometric measurements17,2s, 
Thus, a neutral medium is a poor solvent for amylose and aggregation at finite 
concentration can occur. The kinetics of the aggregation process in highly dilute 
solutions (<0.3%) have been investigated by light-scattering experiments12,26 and 
aggregation was reported to proceed as soon as the alkaline solution was neutral- 
izedX. The size of aggregates was linearly dependent on time. It is likely that aggre- 
gation at higher concentration (>l%) occurs by the same mechanisms. The study 
of the development of turbidity (Fig. 10) as a function of time at different temper- 
atures allows a good estimation of the c.l.t., which increased from 35” to 45” when 
concentration increased from 1 to 1.8%. The c.l.t.-concentration dependence can 
be used to describe the co-existence line in the phase diagram of the amylose-water 
system. The gelation experiments reported here for concentrations between 1 and 
3% were performed at 25”, i.e., below this co-existence line. Thus, changing the 
pH from 14 to 7 brings the system into the two-phase region of the phase diagram, 
the polymer solubility is reduced, and demixing occurs. Such a phase separation or 
aggregation of polymer molecules may result from liquid-liquid phase transitions 
and is usually observed for the physical gelation of synthetic polymers2’. Studies of 
polystyrene, for example, have indicated that gelation occurred, provided that the 
solution was brought below the &temperature within the miscibility gap28,2Q. 
Consequently, gels were obtained through crystallization which followed phase 
separation29. 

The data in Fig. 1 are in qualitative agreement with those reportedsT27 for 
2.4% amylose gels. Fig. 1 is consistent with Fig. 23 in ref. 27 for the evolution of 
turbidity and G’. Despite the fact that the gels used here were prepared in a diffe- 
rent way, the same overall process was observed, i.e., a significant increase of G’ 
when turbidity was fully developed. The good sensitivity of the rheometer allowed, 
as illustrated in Fig. 2, confirmation of the suggestionsv6 that G’ increases within the 
same time-scale as the appearance of cloudiness. This finding supports the 
hypothesis that gel formation was the result of a phase separation process. 

The process of amylose gelation at 25” can be separated into three steps. 
First, an induction period when the medium remains clear, G’ and G” being actually 
non-measurable (co.05 Pa). Aggregation of polymer molecules proceeds as soon 
as neutral pH is reached, but the size of aggregates is too small for the solution to 
become cloudy and to be detected by :he spectrophotometer. Thus, it is at the 
beginning of this period that phase separation takes place, giving rise to polymer- 
rich and polymer-poor phases s,6. When sufficiently large particles are formed, 
turbidity develops. The second step then begins at this time when G’>G”. The 
correspondence between the c.t. and the g.t., as seen in Fig. 2, was found whatever 
the concentration and the ionic strength, as illustrated in Fig. 6. The slope of the 
straight line is lower than 1 (0.8), showing that the g.t. is reached slightly before 
cloudiness appears. This does not mean that gelation takes place before phase 
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separation since, as discussed above, as soon as the solution is neutralized, con- 
ditions are fulfilled for phase separation to occur and physical gelation can take 
place as with synthetic polymers 27-29. This correlation clearly indicates that both 
phenomena are related. The initial increase of G’ (from 0.05 to 0.2 Pa) in the 
second period lasts -35 min in the example of Fig. 2 (from 35 to 70 min). This slow 
increase of G’ suggests that the polymer-rich phase has become continuous, giving 
rise to a tenuous network. Such a process can arise when the nucleation density is 
high or when spinodal phase separation occurs 27. This tenuous network is then con- 
solidated by a further aggregation of amylose chains within the polymer-rich phase. 
This aggregation is probably combined with a slow crystallization that results in the 
sharp increase in G’ after the initial step (beyond 70 min for the example in Fig. 2). 
Such a crystallization process could not be observed in our gels from classical X-ray 
diffraction patterns owing to the high dilution of amylose. However, Kitamura et 
al.‘” reported a weak B-type pattern for concentrations as low as 0.4% in S-day old 
amylose gels in KCl. The end of the second period can be roughly estimated at the 
inflection point of the G’(r) curve in linear co-ordinates. The values of G’ at this 
stage range from 1 to 10 Pa, depending upon the concentration of the amylose. The 
duration of this second phase also depends on concentration and varies from -10 
to 100 min when concentration increases from 1 to 2% in 0.2M KCl. It is at the end 
of the second period that the gel is completely opaque. The third period is charac- 
terized by a slowing of the rate of increase in G’. However, a steady value is not 
reached even after 15 h. This period is probably governed by a further crystalliza- 
tion of the amylose chains, but diffusion of macromofecules is stowed due to the 
high viscosity of the medium. 

The overall variation of G’ is typical of the pattern expected from theories of 
gelation3t. The induction period corresponds to an increase of the size of the 
particles that aggregated to form a network within which aggregation continues. 
The present data allow a refinement of previous resultss~6~3U and are consistent with 
a quite general phenomenon for synthetic polymers where the network structure 
depends on the phase separation process provided the system is brought into the 
two-phase region of the phase diagram 27-2y. This conclusion seems to be in con- 
tradiction with the recent data of Clark et al.* who found no relationship between 
the development of cloudiness and gel formation, although turbidity effects were 
ascribed to helix-helix aggregation which was described as a condition for network 
formation and gelation 9. Such a discrepancy may arise from a difference in the 
methods employed to prepare gels. Turbidity depends on the size of aggregates 
which may vary with the molecular weight and the preparation procedure. 

The variation of G’ as a function of concentration is often discussed for 
physical gels obtained from dilute solutions of synthetic or biological polymers. 
The results obtained with amylose in 0.2~ KC1 are consistent with those reported 
by Ellis and Ring6 although the samples and methods of preparation of the gels 
were different. The marked concentration dependence can be ascribed simply to 
the fact that the range of concentrations investigated is in the vicinity of the limiting 
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concentration (C,) for gelation to occur. True gels were obtained for concentrations 
as low as 1% , so that C, was -0.9% in KC1 medium regardless of the ionic strength. 
Miles et ~1.~ suggested that C, should have the same order of magnitude as the 
overlap concentration (C*). This last parameter was estimated from viscosity meas- 
urements to correspond to C*[q] = 1.55 or 1.89, and thus varies with the molecular 
weight. The amylose sample studied here had an intrinsic viscosity in 0.33M KC1 of 
0.7 dl/g, which yields C” 2-2.5% depending on the criterion used. This value is thus 
much higher than that (0.9%) of C,. The present data thus contradict the suggestion 
by Miles et a1.5, but are consistent with values reported recently, C, being 1.0 
+0.2% regardless of the molecular weight 8,9. This view is in line with arguments” 
based on a theoretical treatment for describing the variation of G’ with con- 
centration. These authors predicted that C, is not equivalent to C* and can be 
much smaller than would be expected from overlap volumes of macromolecular 
coils. The discrepancy between our C, value and that reported by Miles et a1.5 is 
explained easily when considering Fig. 8. The lowest concentration they investi- 
gated was 1.5% with a rigidity modulus of -50 Pa, which is far removed from the 
actual G’ values found here for the less concentrated gels (l%, G’ -5 Pa). The fact 
that C, seems to be independent of the molecular weight of the amylose, as 
suggested by the recently reported datas,9 and the present results, is not consistent 
with what is expected for synthetic polymers for which significant chain overlap is 
a necessary condition for gelation 27. This is made possible when cross-links have 
finite energy2*, and this condition is probably fulfilled9 for amylose gels which melt 
in the temperature range 140-160”31. 

The marked effect of ionic strength on the kinetics of gelation and on the 
final gel characteristics was not expected since intrinsic viscosity in neutral solution 
is not affected by the ionic strength, at least up to M. However, Kitamura et al.l3 

observed an increase in the final size of particles when the content of KC1 was 
increased and suggested that the number of nuclei would decrease with increase in 
the concentration of salt, thus slowing the rate of retrogradation. The present data 
are consistent with such a suggestion, assuming that the number of interconnecting 
points depends on the content of KCl. Furthermore, since the number of cross-links 
is reduced, a gel obtained at a given concentration is weaker when the content of 
KC1 increases due to a reduced amount of interconnections. 
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