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a b s t r a c t

Static (SLS) and dynamic (DLS) light scattering measurements were performed in order to study the
conformational changes in amylose during storage in alkaline (KOH) and briny (KCl) aqueous solutions.
Immediately after dissolution, amylose was structured as random coil and the polymer architecture was
not affected by the electrolyte concentration. In stored samples the electrolyte concentration played
a more important role. Although no general trend for the radii variation, depolymerisation process was
not detected and an increase in the scattered light depolarization ratio was evidenced, being more
pronounced for amylose chains stored in KOH. This behavior was attributed to a coil-to-helix transition
in the amylose chains. Hence, the presence of precipitation after w30 days of storage suggests the helix
amylose crystallization.

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

It is widespread known that polysaccharides generally have
a tendency to aggregate in aqueous solutions which is normally
caused by the huge amount of hydroxyl groups that easily lead to
the formation of hydrogen bonds [1]. Depending on the quality of
the solvent, this association can be shifted to high concentrations of
polysaccharide where entanglements among chains are more easily
detectable.

Native starch is a polysaccharide that occurs in the form of
discrete and partially crystalline granules typically composed by 2
distinct macromolecules: amylose and amylopectin. Amylose is
a mostly linear polymer where a-D-glycosyl units are connected by
a(1,4)glycosidic linkages while amylopectin consists of highly
branched chains containing a(1,4)-linked linear segments con-
nected by a(1,6) branching points [2].

Aqueous solutions of amylose are known to be unstable and, in
stored solutions, the polymer can precipitate and/or crystallize
depending on the solvent nature, solution concentration as well as
the molecular weight [3]. Nowadays, in order to describe these
phenomena, different techniques such as rheology [4,5], 13C solid-
state NMR [6], small and wide-angle X-ray scattering [7–12],
small-angle neutron scattering [13], infrared spectroscopy [14],
Raman spectroscopy [15,16], differential scanning calorimetry [17]
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and electron microscopy [18–20] have been used. Nevertheless,
a lack of information concerning the behavior of amylose in
solution, mainly during storage in different solvents, remains to be
explored.

Besides the above-described techniques, it is well-known that
light scattering analysis can provide fruitful informations about
polymers in solutions, and studies concerning the starch compo-
nents have been reported [21–24]. However, the preparation of
true solutions of polysaccharides is notoriously difficult and light
scattering studies suggest that amylose solutions are often
contaminated with amylopectin, amylose aggregates or impurities
such as dust [25–27]. Recently, amylose fractions were character-
ized by means of light scattering after extraction from starch
during aqueous leaching at different temperatures [28]. Studies
were also devoted to investigate amylose structure by high-
performance size exclusion chromatography (HPSEC) coupled
with multi-angle laser light scattering (MALLS) [21,23,29]. There-
fore, the goal of this work was to give some insights about the
behavior of amylose chains during storage in different aqueous
media using classical light scattering techniques. The methodo-
logical basis involved amylose solubilization in alkaline media and
later storage in aqueous solutions containing distinct amounts of
KOH or KCl. Molecular weight (Mw), radius of gyration (Rg),
hydrodynamic radius (Rh), structure-sensitive parameter (r) and
second virial coefficient (A2) were determined through static (SLS)
and dynamic (DLS) light scattering measurements in different
steps of the study. Depolarized light scattering procedure was also
employed in order to confirm the coil-to-helix transition in stored
amylose solutions.
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2. Experimental section

2.1. Samples preparation

Commercial amylose (Sigma) was dissolved in 5 mol L�1 KOH
solutions and stirred overnight. Afterwards, the solutions were
diluted using water or HCl in order to obtain KOH and KCl solutions
with different concentrations. Amylose solutions were then filtered
through 1.20 and 0.45 mm pore membranes and placed into dust
free cells for light scattering measurements.

2.2. Light scattering measurements

Light scattering measurements were carried out on an auto-
matic BI-200M goniometer and a BI-9000 AT digital correlator
(Brookhaven Instruments). A coherent He–Ne laser (l¼ 632.8 nm)
was used as light source. All solutions were thermostated in
a refractive-index-matching liquid (decalin) at room temperature
(20 �C). SLS and DLS measurements were performed in triplicate at
different scattering angles within the range of 30� < q< 150�.
Depolarized light scattering measurements were performed using
a Glann-Thompson prism having an extinction ratio better than
10�7 which was placed before the entrance of the detector. The
scattered light was collected in IVV (same direction of the polarized
incident beam) or in IVH (normal direction related to the polarized
incident beam) geometries. The well-known depolarization ratio of
benzene (IVH/IVV¼ 0.26) was used as standard in order to verify the
correct position of the prism.

2.3. Analysis of SLS data

2.3.1. Zimm plot
This is a useful method that allows us to have preliminary

characteristics from polymer solutions, in which the average scat-
tering intensity is related to the macromolecular properties
through the relation described as:
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and Rq (Rayleigh ratio) is the normalized scattered intensity
(toluene was applied as standard solvent). Moreover, n is the
refraction index of the solvent and dn/dc is the refractive index
increment. The scattering vector (q) is given by Eq. (3).

q ¼ 4pn
l

sin
�

q

2

�
(3)

Thus, from the plot of Kc/Rq vs. q2þ kc and extrapolating to zero
angle and concentration, the values of Rg and A2 can be obtained
from the slopes and Mw is extracted from the inverse of the
intercepts.

2.3.2. Dissymmetry method
This method was used to determine Rg of the polymer chains

during storage, in the following way [30]:
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The scattered light was collected in complementary angles and its
ratio was plotted against cos q. Thus, the linear slope of the curve
gives Rg of the scattering objects.
2.4. Analysis of DLS data

In a DLS experiment, the time-dependent fluctuations in the
scattered intensity due to the random thermal motion of the
particles are analyzed using a digital correlator and processed as an
autocorrelation function [31]. Normalized electric field autocorre-
lation functions g1(t), calculated from g2(t) were analyzed using the
program GENDIST which employs the algorithm REPES to perform
the inverse Laplace transformation as demonstrated in Eq. (5), [32].

g2ðtÞ � 1 ¼ b

� Z
AðsÞexpð�t=sÞds

�2

(5)

wherein t is the delay time of the correlation function and b is an
instrumental parameter. The resulting A(s) is a distribution of
relaxation times that consist generally of several peaks represent-
ing individual dynamic processes. Herein, the distributions of the
relaxation times are shown in the equal area representation [33] as
sA(s) vs. log s.

The mean relaxation time s or the relaxation frequency G (s�1)
characteristic of a dynamic process can be quantitatively associated
to an apparent diffusion coefficient (D) determined according to the
relation:

D ¼ G

q2 (6)

Finally, the hydrodynamic radius (Rh) is derived from the
diffusion coefficient (D) using the well-known Stokes–Einstein
relation:

Rh ¼
kBT

6phD
(7)

kB is the Boltzmann constant, T is the absolute temperature and h is
the viscosity of the solvent.
3. Results and discussion

3.1. Preliminary characterization

SLS measurements were performed in 0.1 mol L�1 KOH solu-
tions to obtain elementary macromolecular characteristics of
amylose. The values of Mw, A2 and Rg were determined from Zimm
plot (depicted in Fig. 1) and are listed in Table 1.

The same Mw value (1.69�105 g mol�1) was obtained inde-
pendent of the considered extrapolation (with associated error of
�1.9% for both extrapolations – concentration and angular depen-
dencies). It is difficult to compare the determined Mw with those
ones found in the literature since the amylose synthesis is rather
complex allowing to a wide range of molecular weight depending
on the botanical source. However, it was possible to find similar
values throughout the literature [34]. It is worth to mention that
the tendency of aggregation in polysaccharides makes difficult the
accurate determination of their molecular weight by means of SLS
[35]. It came from the fact that SLS is a tremendously sensitive
technique towards high molecular components (large aggregates
for example) and even a very small number of large particles can
lead to a pronounced contribution in the total average scattering
intensity. However, as discussed hereafter, the determined Mw

value is reliable and it has no interference of aggregates. The value
is related only to the molecular weight of one single polymer chain.



Table 1
Molecular properties of the commercial amylose used in the experiments

Parameter Values

Mw (g mol�1) 1.69� 105

A2 (cm3 mol g�2) 9.71� 10�4

Rg (nm) 62.5
D (nm2 s�1) 6.05� 103

Rh (nm) 38.4
c* (mg mL�1) 6.1
r 1.6

Fig. 1. Zimm Plot acquired from amylose dissolved in KOH 0.1 mol L�1.
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The A2 and Rg values were found to be 9.71�10�4 cm3 mol g�2 and
62.5 nm, respectively.

Fig. 2A shows the autocorrelation functions monitored at
different angles for 1.0 mg mL�1 amylose in 0.1 mol L�1 KOH solu-
tion. Autocorrelation functions are observed to decay faster whilst
the scattering angle is increased. Fig. 2B represents the character-
istic distributions of relaxation times. No significant changes were
observed and the single distribution was slightly displaced to
higher values of log s when the scattering angle was shifted to
smaller values. Fig. 2C depicts the q2 dependence of G. The width
line of the characteristic relaxation frequency was q2 dependent
and the extrapolation to q / 0 crossed the origin suggesting
a diffusional dynamic process.

Table 1 also lists the apparent diffusion coefficient
(D¼ 6.05�103 nm2 s�1) obtained from the slope of G vs. q2 and the
apparent hydrodynamic radius (Rh¼ 38.4 nm) determined using
the Stokes–Einstein relation. Similar values of D were found for all
other solutions measured suggesting that the diffusion rate of
amylose coils was concentration independent since all analyzed
solutions (concentration of amylose smaller than 2 mg mL�1) were
at the dilute concentration regime. Critical overlap polymer
concentration (c*) was calculated according to the relation [36]:
Fig. 2. Autocorrelation functions (A) and distribution of relaxations times (B) from a 1.0 mg m
scattering angles: 45� (-), 60� ( ), 90� ( ) and 120� ( ). The inset (C) depicts the q2 dep
c* ¼ 1
A2Mw

(8)

A c* value of 6.1 mg mL�1 was determined (also in Table 1). The
dilute regime was also confirmed by the absence of slow modes in
the curves displayed in Fig. 2B.

The static and hydrodynamic dimensions vary with the
macromolecular structure and a combination of both may provide
qualitative informations about the architecture of the macromole-
cules. This can be done from the values of the structure-sensitive
parameter (r) which is defined by the ratio between Rg and Rh [37].
r values for different molecular architectures can be found else-
where [38]. Generally, r decreases when branching density
increases. On the other hand, an increase in polydispersity coun-
teracts the effect of branching. At 20 �C, the r value for amylose
chains dissolved in 0.1 mol L�1 KOH solutions was found to be 1.6
(Table 1). It is higher than the predicted for a homogeneous hard
sphere (0.79) and compatible with a monodisperse random coil of
linear chain.

3.2. Amylose storage analysis

Scheduled measurements were performed from a series of
1.0 mg mL�1 amylose solutions during storage. Fig. 3 depicts Rh and
Rg for amylose dissolved in KOH solutions and stored for up to 12
days.

As can be seen in Fig. 3A, the value of Rh is quite independent of
KOH concentration in the unstored samples. Instead, a general
reduction was observed when the samples were stored and the
effect was enhanced for the smallest amounts of KOH. The value of
Rg was also concentration independent in unstored samples
(Fig. 3B). A slight reduction was observed for shorter periods of
storage depending on the KOH concentration and, from this point
L�1 amylose solution in 0.1 mol L�1 KOH solution when DLS was performed at different
endence of G.



Fig. 3. Influence of storage time and KOH amount in Rh (A) and Rg (B) values of
amylose chains in alkaline aqueous solutions. KOH concentrations: 0.8 (-), 1.0 ( ), 1.2
( ), 1.4 ( ) and 1.8 ( ) mol L�1.

Table 2
Structure-sensitive parameter (r) values for amylose dissolved in KOH aqueous
solutions with different concentrations as function of storage time (average of 3
measurements; standard deviation – SD� 0.1)

KOH (mol L�1) Storage time (days)

Unstored 3 5 7 10 12

0.8 1.4 2.2 2.5 3.0 3.1 3.4
1.0 1.6 2.5 2.9 3.3 3.6 3.7
1.2 1.4 1.5 1.8 2.3 2.5 2.8
1.4 1.5 1.9 2.4 2.7 2.9 2.9
1.8 1.4 1.5 1.7 1.9 2.1 2.1

Fig. 4. Influence of storage time and KCl amount in Rh (A) and Rg (B) values of amylose
chains in briny aqueous solutions. KCl concentrations: 0.8 (-), 1.0 ( ), 1.2 ( ), 1.4 ( )
and 1.8 ( ) mol L�1.
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onward, Rg increased sharply. A reduction of Rh, together with an
increase in Rg, may be associated to the appearance of a stiffed
chain. Table 2 portrays the r values calculated from the determined
radii values. Depending on the KOH concentration, this ratio
increases with the storage from roughly 1.4 (classical random coil
structures) to values as high as 3.7.

The same procedure was employed to study amylose behavior in
briny solutions. Fig. 4 depicts the influence of storage in Rh and Rg

values of amylose chains in KCl aqueous solutions with different
concentrations.

Following the same trend reported in alkaline media, the values
of Rh (Fig. 4A) and Rg (B) were KCl concentration independent in
unstored samples. In stored samples, Rh values displayed different
contraction tendencies. In high concentrated KCl solutions (1.4 and
1.8 mol L�1), a Rh value w22 nm was determined in unstored
samples. This value was reduced to roughly 8 nm after 12 days. On
the other hand, in dilute KCl solutions (0.8 and 1.0 mol L�1) Rh

values decreased slower. Rg values were smaller than those
measured in KOH. According to the previous results, corn amylose
dissolved in water or DMSO also has smaller dimensions than the
ones obtained in alkaline media [39,40]. However, it was possible to
observe a reduction in Rg values for longer storage times, for
solutions having high amounts of KCl. A special feature took place
in the solutions containing 1.2 mol L�1 of KCl, where amylose
dimensions remained almost constant during storage probably due
to the balance of charges between the polymer and the solvent. This
amount of KCl seemed to be adequate to stabilize the chains
without significant size variations during a short storage time.

The values of the structure-sensitive parameter r for amylose–
KCl solutions are given in Table 3. The ratio increased with storage



Table 3
Structure-sensitive parameter (r) values for amylose dissolved in KCl aqueous
solutions with different concentrations as function of storage time (average of 3
measurements; standard deviation – SD� 0.1)

KCl (mol L�1) Storage time (days)

Unstored 3 5 7 10 12

0.8 1.6 2.0 2.2 2.5 2.6 2.7
1.0 1.6 2.1 2.5 2.7 2.8 2.9
1.2 1.8 2.1 2.1 2.3 2.3 2.3
1.4 1.6 2.3 2.6 2.9 3.0 3.2
1.8 1.7 2.0 2.4 3.1 3.1 3.1

Fig. 6. Benedict’s test performed to verify the presence of glucose. (A) Benedict’s
solution (light blue color); (B) 1.0 mg mL�1 amylose solution in 1.8 mol L�1 KCl stored
for 12 days (light blue color); (C) 1 mg mL�1 (red/brown color) and (D) 0.5 mg mL�1

(red/brown color) glucose standard solutions.
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time suggesting changes in the coil structure. The values ranged
from 1.7 in unstored samples to w3.2 after 12 days. This evolution
of r values was less pronounced if compared with the rate in KOH
solution at 0.8 mol L�1 (Table 2). As it was expected, the small
variation of the radii in 1.2 mol L�1 KCl solution led to the smallest
increase of r. The time dependence variation in r for the smallest
concentration of both electrolytes is also depicted in Fig. 5 in order
to give a better visualization of the phenomenon.

Initially, it was supposed that these changes could be linked to
aggregation processes and/or polymer degradation. The first
hypothesis was excluded since the emergence of secondary slow
modes or displacement of the single distribution was not revealed
by REPES analysis even after 12 days of storage. As well, a process of
depolymerisation (polymer degradation) during storage, related to
hydrolysis of amylose chains, seemed not to happen once it would
generate quicker-diffusive species and they would be seen as a new
structural contribution in the distributions of relaxation times,
which was never observed. Moreover, a possible process of
degradation was also checked by means of Benedict’s test in order
to monitor reducing sugar presence [41,42]. Benedict’s solution is
a light blue solution that in the presence of reducing sugar and
under heat leads to the formation of a red precipitate containing
cuprous oxide (red/brown color). Fig. 6 shows bottles containing
Benedict’s pattern and solutions of amylose and glucose after per-
formed the mentioned test. A typical pure Benedict’s solution is
depicted on Fig. 6A while (B) is an amylose solution stored for 12
days where the light blue color is seen. The red/brown color
observed in standard glucose solutions (Fig. 6C and D) evidences
a positive test where the presence of reducing sugar is confirmed.
All amylose solutions under heat and in the presence of the Bene-
dict’s solution showed undoubtedly light blue color as in Fig. 6B.
Fig. 5. Time dependence of r for the smallest concentration of electrolyte used
(0.8 mol L�1): KOH (-) and KCl ( ).
These observations suggest the total absence of free glucose during
the whole storage period excluding the possibility of a depolymer-
isation process.

Thus, the experimental results have their origin associated to
changes in the structure of amylose chains during storage. From
DLS, the slump observed in Rh values is believed to be related to
a reduction in the polymer–solvent affinity. As amylose was dis-
solved in concentrated alkali aqueous solutions, the hydrogen
bonds responsible for the helix conformation in bulk were
progressively disrupted and the chains adopted a random confor-
mation. In pH 12, the helical conformation was supposed to be
completely absent as it was already viewed experimentally [34]
and confirmed by the r parameter calculated herein in unstored
samples. Nonetheless, when solutions were stored, intramolecular
interactions were supposed to be progressively replaced leading to
a reduction on the volume of the free chains, connected to
a reduction in polymer–solvent interaction. Furthermore, the
intramolecular affinity between units of the amylose chains
promotes changes on Rg values noticed by the alterations in the
polymer conformation (r values). Bello-Perez et al. [43] reported
a similar effect considering r values determined during storage of
amylose in KCl solutions.

Fig. 7 shows the schematic representation of amylose confor-
mation evolution during storage. It is suggested that the increase in
the values of the sensitive parameter r is related to a transition
from a monodisperse random coil to a helix amylose chain
conformation that is progressively formed during storage.

According to Burchard [38], the value of r for a rigid rod,
consistent with a helix structure, is proportional to:

r ¼
ffiffiffi
3
p

3
ln N (9)
Fig. 7. Schematic representation of amylose conformation evolution during storage.
(A) Monodisperse random coil; (B) intermediate conformation between monodisperse
random coil and helix state; (C) amylose helix.



M.E. Heineck et al. / Polymer 49 (2008) 4386–4392 4391
wherein, N is the number of repeating units. Considering Mw

determined using Zimm plot and the molar mass of the glycosyl
unit (162 g mol�1), the degree of polymerization of the used
amylose is around 1000. Thus, bearing in mind that the chains are
changing their conformation to a helix, r should achieve values
around 4.0 for infinite storage time. We determined values up to
3.7, supporting this idea.

The suggested transition is also sustained by the depolarization
ratio (IVH/IVV) determined from 1.0 mg mL�1 amylose solution in
0.1 mol L�1 KOH during storage (Fig. 8). The depolarization ratio rose
from a mean value of 6.0�10�3 (unstored sample) to 8.3�10�3 (12
days of storage). It clearly suggests the formation of a rigid structure
such as a helix. In addition, after approximately 5 days of storage, the
scattering intensity coming from the solution (IVV and IVH)
decreased related to the beginning of amylose precipitation.
However, up to 12 days of analysis no significant precipitate was
seen on the bottom of the scattering cuvettes by the naked eye.

In KCl solutions, the helix formation also took place within
a lower-rate, which can be seen clearly in Fig. 5. The slope of the
increment in r vs. storage time is more pronounced in KOH than in
KCl comparing solutions with the smallest amount of electrolyte
(0.8 mol L�1). Unfortunately, it was not possible to monitor the
increase in the depolarization ratio in KCl solutions since the frac-
tion of depolarized light intensity coming from the solutions was
not sufficiently high to be precisely detected in the IVH geometry.

Precipitates were only observed in the bottom of the light
scattering cuvettes after a long period of storage (w30 days in KOH
solutions and w60 days in KCl solutions). It matches with the
reduction in the absolute scattered light since a fraction of amylose
sample probably starts to precipitate after w5 days of analysis
without a visual perception. The precipitation process seems to be
directly related to r values. As a general trend, the rate of increase in
these values is qualitatively proportional to this deposition process.
A progressive dropping in A2 value was noticed for the KOH system,
being equal to �1.12�10�4 cm3 mol g�2 after 12 days of storage. It
means that KOH solution does not behave as a good solvent for
amylose and that the interactions of polymer–polymer are favor-
able. The suitable intramolecular interaction in amylose chains led
to a transition in the chain conformation noticed by the constant
increase in the value of r, and posterior precipitation.

The evidence of precipitation was also observed experimentally.
The presence of slow modes in the distribution of relaxation times
extracted from the autocorrelation functions was not seemed for
the longest storage time monitored. However, after storage, we
Fig. 8. Evolution of depolarization ratio (-) and scattered light collected at 90�: VH
( ) and VV ( ) geometries from a 1.0 mg mL�1 amylose solution in 1.0 mol L�1 KOH
during storage.
experimentally noticed the occasional passage of large particles in
the scattering volume affecting the measurements quality. The
measurements affected were excluded and new ones were
acquired. Since the solutions were dust free from the beginning of
the measurements (we noticed it in the measurements of unstored
solutions), this behavior makes us to speculate that when the
storage time is increased, large particles crossing the scattering
volume are amylose crystals in a precipitation process, which are
heavy to stay in solution and large for their movement to be
correlated in time.

It is well-known that amylose can be recrystallized in vitro into
A, B, and V crystalline lamellar forms with different morphologies.
[44]. In the A structure, double helices are packed with the B2 space
group in a monoclinic with 4 water molecules per monoclinic unit
cell, while in the B structure the double helices are packed with the
P61 space group containing 36 water molecules per hexagonal unit
cell [45,46]. Amylose single helices (V crystalline form) are formed
in dilute amylose solutions by the association with monoacyl lipids,
emulsifiers and smaller ligands, such as water, alcohols or flavor
compounds [44]. In the literature, V-amylose crystals have been
described presenting different morphologies, space groups and
sizes [47–57]. Amylose can also be recrystallized as spherulites
[44,58] and fibrillar crystals [44]. It was also reported the formation
of B-type double helix amylose in precipitates deposited from
dilute aqueous solutions [59].

Actually the characterization of the amylose residues formed in
the bottom of the cuvettes is in progress. Efforts have been devoted
to study the relation between mentioned precipitate and crystal-
lization of the amylose mainly through microscopic and diffraction
techniques.

4. Conclusions

The goal of this work was to study the amylose conformational
behavior as a function of storage time in different aqueous media.
The chemical nature, as well as the concentration of solvents, was
not able to affect the polymer chain dimensions immediately after
dissolution. However, the radii of the polymer were significantly
affected without any apparent general trend in stored solutions.
Depolymerisation process was detected neither by Benedict’s test
nor by a new structural contribution in the faster region of the
distribution of relaxation times. An increase in the structure-
sensitive parameter r was observed against storage related to
a coil-to-helix transition. This evidence was clearly reinforced by
the results obtained from depolarized light scattering measure-
ments and by the presence of precipitated sample after 30 days of
storage.
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