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a b s t r a c t

Wheat starches at different stages of maturities were evaluated for their iodine absorption properties
by measuring the ratio of absorption to reflection spectra (K/S) and crystalline structure by using wide
angle X-ray scattering (WAXS). The surface of starch granules was also visualized by using atomic force
microscopy (AFM). The K/S spectral data demonstrated different levels of mobility of starch polymers at
different stages of maturity and the mobility of longer chain polymers with increasing moisture contents.
Iodine did not change the characteristic A-type crystalline pattern. However, the extent of effect of iodine
eywords:
tarch
remature starch
ranule architecture

odine

on starch crystallinity was affected by maturity and moisture content of starches. AFM images of iodine
exposed starches supported the interaction of iodine molecules with starch polymers. Differences in
surface features were observed for different maturities.

© 2010 Published by Elsevier Ltd.
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. Introduction

In mature wheat endosperm, there are two distinct pop-
lations of starch granules: large disc-shaped A-granules and
mall spherical-shaped B-granules (Peng, Gao, Abdel-Aal, Hucl,

Chibbar, 1999). The granules of different sizes and shapes are
nitiated in the endosperm during different stages of grain develop-

ent. Large granules appear at about 4–7 DAA (days after anthesis)
nd continue to increase in size throughout the grain filling period,
hile small granules are initiated at about 12–14 DAA and remain

onsiderably small at final maturity (Bechtel & Wilson, 2003;
echtel, Zayas, Kaleikau, & Pomeranz, 1990; Langeveld, Van Wijk,
tuurman, Kijne, & de Pater, 2000). At maturity, A-granules have
n average diameter of 10–35 �m and B-granules range from 1 to
0 �m average diameter. Starch granules are mainly composed of
wo types of glucose polymers—amylose (AM), which is essentially

linear chain molecule, and amylopectin (AMP), which is branched.
he AM content in starches of wheat and barley increases dur-
ng grain development (Kulp & Mattern, 1973; McDonald, Stark,

orrison, & Ellis, 1991; Morrison & Gadan, 1987) and at all matu-
ities, the AM content of A-type granules is higher than in B-type
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granules (McDonald et al., 1991; Morrison & Gadan, 1987). In the
semicrystalline starch granule, these polymers are packed in a pat-
tern such that branch chain polymers of AMP forms double helices,
and occupy the crystalline area of the granule, while AMP branch
points and AM are located in the amorphous area of the granule.
The currently accepted model to describe the semicrystalline struc-
ture of the starch granule is the “Blocklet model” (Gallant, Bouchet,
& Baldwin, 1997). This model is supported by studies carried out by
using AFM (Baldwin, Adler, Davies, & Melia, 1998; Baldwin, Davies,
& Melia, 1997; Juszczak, Fortuna, & Krok, 2003a, 2003b).

Iodine binds with linear glucan polymers of starch forming an
inclusion complex. The structure of iodine–linear glucan polymer
complex in non-granular condition is well known (Bates, French,
& Rundle, 1943; Gessler et al., 1999; Hayashi, Kiribuchi-Otobe, &
Seguchi, 2005; Kuntson, Cluskey, & Dintzis (1982); Murdoch, 1992;
Nimz et al., 2003; Rundle & Baldwin, 1943; Rundle & Edwards, 1943;
Rundle & French, 1943a, 1943b; Teitelbaum, Ruby, & Marks, 1980;
Thoma & French, 1960). The color and wavelength of the maxi-
mum absorbance of the complex vary according to the degree of
polymerization (DP) of the polymer chain (Banks, Greenwood, &
Khan, 1971). The reaction of iodine with linear polymers of starch
is widely used for determining the AM content of starches. How-

ever, Saibene and Seetharaman (2006) used iodine to study the
architecture of the starch granule for the first time. They observed
that at moisture contents between 12 and 20%, iodine was able to
form complexes with linear polymers and disrupt the crystalline
arrangement of starch polymers within the granule. Rendleman

dx.doi.org/10.1016/j.carbpol.2010.05.053
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:rwaduge@uoguelph.ca
mailto:kseethar@uoguelph.ca
dx.doi.org/10.1016/j.carbpol.2010.05.053
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2003) reported that the source of iodine ion in this system comes
rom the hydrolysis of molecular iodine by water of hydration in
he starch. This was supported by Saibene, Zobel, Thompson, and
eetharaman (2008) who reported higher iodine binding in corn
tarch than in potato starch under controlled moisture contents of
2–20%. They further observed a greater effect of iodine on the crys-
allinity of potato starch than that of corn starch. The interaction of
odine vapor with native granular starch is likely a surface reaction.
ince the starch in this experimental system is in its granular form,
he formation of inclusion complexes with iodine vapor depends
n the accessibility of segments of glucan polymers, i.e., segments
f AM molecules which are not trapped in the crystalline lamellae
r those that are not in the double helices with AMP branch chains;
r longer segments of AMP branch chains, to iodine. Therefore, the
bility of iodine to bind depends on the organization of linear glu-
an polymers within the granule. The ability of iodine molecules
o penetrate the starch granule also likely depends on the surface
eatures of the granule such as pores or penetrating channels. Exis-
ence of pores and channels on the surface of wheat starch granules
as been reported (Kim and Huber, 2008).

Complex formation of iodine with granular starch has been stud-
ed by using K/S spectra (Saibene & Seetharaman, 2006; Saibene et
l., 2008) and WAXS (Rendleman, 2003; Saibene & Seetharaman,
006; Saibene et al., 2008). K/S spectra gives information about the

ntensity of the color developed in granular starch when it is bound
ith iodine, while WAXS is used to measure the effect of iodine

inding to the crystallinity of the granule. AFM has been used to
tudy the starch granule surface (Ayoub, Ohtani, & Sugiyama, 2006;
aldwin et al., 1997; Juszczak, 2003; Juszczak et al., 2003a; Ohtani,
oshino, Ushiki, Hagiwara, & Maekawa, 2000), internal structure of
he granule (Baker, Miles, & Helbert, 2001; Ridout, Gunning, Parker,

ilson, & Morris, 2002; Ridout, Parker, Hedley, Bogracheva, &
orris, 2004; Szymonska & Krok, 2003), starch components (Dang,

raet, & Copeland, 2006; Gunning et al., 2002; Liu et al., 2001),
nzymatic degradation of starch granule (Morris, Gunning, Faulds,
illiamson, & Svensson, 2005; Thomson, Miles, Ring, Shewry, &

atham, 1994), retrogradation (Tang & Copeland, 2007), and gela-
inization (An, Yang, Liu, & Zhang, 2008).

The objective of this research was to probe the molecular orga-
ization of wheat starch granules at different stages of maturity
y studying their iodine binding properties and its effect on the
rystallinity of starch granules.

. Materials and methods

.1. Materials

Hard red spring wheat at three different maturities – 17, 28, and
7 days after pollination (DAP) – were harvested in Elora, Ontario,
anada in 2008. Grains were sampled directly from the field and
tored at −20 ◦C to prevent any enzyme activity. All chemicals used
ere in ACS certified grade.

.2. Starch isolation

Starches were isolated according to the method of Park, Bean,
ilson, and Schober (2006) with some modifications. 100 g of the

rain was frozen in liquid nitrogen and ground in a coffee grinder
or 1 min. The resulting flour was stirred with sodium borate buffer
12.5 mM, pH 10, containing 0.5% SDS (w/v) and 0.5% Na2S2O5

w/v)) for 5 min, transferd into 280 mL centrifuge bottles, and the
esidue was recovered by centrifugation at 900 × g for 5 min. These
hree steps were repeated once again. The residue was washed once
ith distilled water, neutralized with 0.01 M HCl and recovered by

entrifugation. Then the residue was suspended in distilled water,
olymers 82 (2010) 786–794 787

passed through four layers of cheesecloth and then through 70 �m
nylon mesh (step A). The resulting residue was stirred overnight
with water to recover any remaining starch while the purification
process was continued with the slurry. The slurry was centrifuged
and the brown layer, formed on the top of the starch layer, was
scraped using a spatula and transferred into a beaker. Then the
starch was suspended again in water and centrifuged in 50 mL cen-
trifuge tubes at 1600 × g for 10 min. These steps were continued
until all the brown particles were removed from the starch frac-
tion. All the brown fractions were combined in a beaker. Starch
granules mixed with the brown layer were recovered by gravity
settling and added back to the purified starch fraction. The residue
which was stirred overnight was continued as from step A. The puri-
fied starch was washed once with acetone and air dried. Amylose
content of starches was determined using the method described
by Chrastil (1987) and was 17.4, 23.2, and 23.2% for 17, 28, and 47
DAP starches, respectively. The nitrogen content of all starches was
less than 0.05% as determined by using Dumas combustion method
(Leco EP 528, Leco Instruments Ltd. Canada) (Simonne, Simonne,
Eitenmiller, Mills, & Cresman, 1997).

2.3. Sample preparation

Starches were equilibrated to 0.33, 0.75 or 0.97 water activity
(aw) in desiccators containing saturated solutions of MgCl2, NaCl,
and K2SO4, respectively, at room temperature. The final equili-
brated moisture contents were about 11, 15.5, and 20% at 0.33, 0.75,
and 0.97aw, respectively. Equilibrated starches (0.2 g) were spread
over a plastic weighing pan and exposed to iodine vapor generated
from 2 g of iodine crystals placed in a desiccator at the corre-
sponding water activity for 24 h at room temperature (Saibene &
Seetharaman, 2006). Fresh samples were prepared for each exper-
iment.

2.4. Colorimetric analysis

The color (L* (white/black), a* (green/red), and b* (blue/yellow))
and the K/S value of starch–iodine complex were evaluated by using
CM 3500-d spectrophotometer (Konica Minolta Sensing Inc., Mah-
wah, NJ, USA) equipped with SpectraMagic NX CM-S 100 software.
Measurements were taken over a wavelength range from 400 to
700 nm and using starch which was equilibrated to the same aw but
not exposed to iodine vapor as the reference. The granular starch
(0.2 g) was spread over the sample cell as a thick layer and the mea-
surements were taken. The K/S, which was derived by Kubelta and
Munk, is defined as follows:

K

S
= (1 − R)2

2R

where K is the absorption coefficient, S is the scattering coeffi-
cient, and R is the reflectance of the sample expressed as a fraction
between 0 and 1 (Billmeyer & Saltzman, 1981).

2.5. WAXS analysis

X-ray diffractograms were obtained for starches, packed tightly
into a 1 in. × 1 in. square shape area of a quartz plate, by using the
radiation produced by the copper (K˛1 = 0.154 nm) X-ray tube in
the Rigaku X-ray diffractometer (Rigaku-Denki, Co., Tokyo, Japan).
The operating conditions were as follows: target voltage 40 kV, cur-
rent 40 mA, scan speed 1◦/min, sampling width 0.02◦, divergence

slit width 0.5◦, scatter slit width 0.5◦, receiving slit width 0.3 nm,
and scanning range 3–35◦. Data were smoothed using Jade software
(version 6.5, Material Data Inc., California, USA) and normalized
to equal total scattering in 3–35◦ 2� range. Peak width at half
height (PWHH) and percentage relative crystallinity (%RC) were
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alculated by using the curve fitting procedure described by Lopez-
ubio, Flanagan, Gilbert, and Gidley (2008) using Igor Pro software
version 6.0.5.0, WaveMetrics Inc. Oregon, USA). The PWHH was
alculated after subtracting the amorphous background. Only the
nger print peaks (15◦, 17◦, 18◦, 20◦, and 23◦ 2�) were considered

or the %RC calculation. Eqs. (1) and (2) were used to calculate %RC
nd the percentage difference in PWHH (%Diff. in PWHH), respec-
ively.

RC =
∑n

k=1ACk
∑n

k=1ACk + Aa
× 100 (1)

here ACk is the area under each crystalline peak with index k and
a is the area under the amorphous peak.

Diff. in PWHH = PWHH (Starch + I2) − PWHH (Starch)
PWHH (Starch)

× 100 (2)

here PWHH (starch + I2) is the peak width of iodine exposed starch
nd PWHH (starch) is the peak width of control starch.

Percentage V-crystallinity (%RCV) was calculated by dividing the
rea under the peak at 20◦ 2� over the total area of the diffrac-
ogram. Percentage A-crystallinity (%RCA) was calculated by taking
he difference of %RC and %RCV.

.6. AFM analysis
AFM analysis was performed with the Agilent Technologies
odel 5500 instrument (UPPSALA, Sweden). All images were

btained with silicon cantilevers with nominal spring constant of
8 N/m and resonance frequency of around 300 kHz (Nanoworld
G, Switzerland). Scanning rates were typically 1–2 Hz. Images

Fig. 1. Photographs of starches exposed to iodine following equilibration to differen
olymers 82 (2010) 786–794

of the starch surface were mostly acquired with AC mode at a
slightly repulsive force region of the tip-sample distance, however,
images of the very soft polymer brush protrusions were acquired
at attractive force region with low cantilever oscillation amplitude
of around 1–2 nm with low scanning speed of around 0.5 Hz. The
observation was performed inside a chamber at room temperature.
Starch granules were spread over a double-sided tape on a micro-
scopic slide without any preliminary preparations. The exposed
surface of the starch was placed on the sample holder and the image
was directly scanned from the granule surface.

3. Results and discussion

3.1. Color development in iodine exposed starches

Photographs of starches from three different maturities which
are exposed to iodine vapor following equilibration to 0.33, 0.75,
and 0.97aw are shown in Fig. 1. The change in color of samples
is evident with increasing moisture content. Differences between
color intensities of starches from different maturities were visi-
ble at lower moisture contents. However, the color development
of starches which were equilibrated to 0.97aw was too intense to
visualize any difference between them. Furthermore, color inten-
sity measurements which are taken by the spectrophotometer (L*,
a*, and b*) for the same set of starches are shown in Fig. 2. As

seen in Fig. 2a, L* was not significantly different between starches
from different maturities which were equilibrated to the same aw.
However, increasing moisture content decreased L* of each starch
indicating the color shift from white to black. The decrease in a*
followed the order of 0.75 > 0.97 > 0.33aw in starches of all three

t aw. (a) 0.33aw, (b) 0.75aw, (c) 0.97aw, (1) 17 DAP, (2) 28 DAP, and (3) 47 DAP.
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F ifferent aw. (a), (b), and (c) show L* value (white/black), a* value (green/red), and b* value
( 7aw. (d) shows the comparison of L* (······), a* (—), and b* (——) values of iodine exposed
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ig. 2. Color development of starches exposed to iodine following equilibration to d
blue/yellow), respectively, as a function of maturity; (♦) 0.33, (�) 0.75, and (�) 0.9
tarches of 17 DAP (�), 28 DAP (�), and 47 DAP (�) as a function of aw.

aturities (Fig. 2b). Furthermore, a* of 28 DAP starch was lower
han other two starches at all moisture contents indicating its low
ntensity in the red spectrum. Furthermore, the b* of all three
tarches was decreased with increasing moisture content (Fig. 2c).
t 0.97aw, 28 DAP starch showed the minimum b* indicating high-
st intensity in blue spectrum, while it is slightly lower than other
wo starches at lower moisture contents. However, this difference
as not observable visually. L*, a*, and b* as function of aw is shown

n Fig. 2(d).

.2. K/S spectral analysis

Starches were studied as populations of mixed large and small
ranules. K/S spectra of three iodine exposed starches (17 DAP, 28
AP, and 47 DAP) following equilibration to 0.33, 0.75 and 0.97aw

ere measured. Fig. 3 shows data obtained for starches equili-
rated to 0.75 and 0.97aw. Increasing moisture content increased
he intensity of the color developed in the starches at all three matu-
ities. A similar effect had been observed for mature potato and corn
tarches (Saibene & Seetharaman, 2006; Saibene et al., 2008). At all
hree maturities, starches which were equilibrated to 0.33aw did
ot show a peak K/S maxima (data not shown). However, starches
quilibrated to 0.75aw exhibited multiple maxima values (�max) as
20, 530, and 530 nm for 17, 28 and 47 DAP starches, respectively.
he intensity of the color developed in 28 DAP starch was always
ower than that of the other two starches, while the 47 DAP starch
howed the highest K/S at all wavelengths (Fig. 3a). This was fur-
her visualized by the color development of starches equilibrated
o 0.75aw which demonstrated that 28 DAP starch has the high-
st L* and lowest a* compared to its other counterparts while 47
AP starch has the lowest L* and b* compared to its other counter-
arts (Fig. 2d). This suggests that at 0.75aw, the population of glucan

olymers available to form inclusion complexes with iodine in 28
AP starch is lower than that of 17 DAP starch indicating different
olecular organizations at different stages of maturity. Further-
ore, Starches equilibrated to 0.97aw had the following trend for

he K/S maxima: 17 DAP < 28 DAP ∼ 47 DAP (Fig. 3b) demonstrating

Fig. 3. Absorption spectra of 17 DAP (······), 28 DAP (——), and 47 DAP (—) iodine-
exposed starches following equilibration to (a) 0.75aw, and (b) 0.97aw. K/S is the
ratio of absorption/scattering coefficients.
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Table 1
Degree of polymerization (DP) of starch linear polymer chains that are likely mobile
and complexed with iodine at 0.75 or 0.97aw at different stages of maturity.

Maturity level 0.75aw 0.97aw

�max (nm) DPa �max (nm) DPa

17 DAP 520 28.1 540 34.9
28 DAP 530 31.1 560 45.0
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Fig. 4. X-ray powder diffraction pattern of 17, 28, and 47 DAP starches, following
equilibration to 0.97aw. (a) Effect of the maturity; increased color intensity of diffrac-
tograms represent the increased maturity. (b) Effect of iodine exposure; light color
47 DAP 530 31.1 550 39.4

a Values represents the mean of three determinations and were extrapolated from
anks et al. (1971).

he availability of more glucan polymers in 28 DAP starch to inter-
ct with iodine vapor at higher moisture contents than that in 17
AP starch. This suggests that it is not just the presence of glucan
olymers in the starch granule that determines the level of inter-
ction with iodine, but their ability to form the single helices in the
resence of iodine. Since glucan polymers are in their rubbery state
t 0.97aw, there will be longer as well as higher population of glu-
an polymers that can form inclusion complexes with iodine. The
max were 540, 560, and 550 nm for 17, 28 and 47 DAP starches,
espectively. In addition, at wavelengths higher than �max, 28 DAP
tarch showed higher K/S values than the 47 DAP starch when equi-
ibrated to 0.97aw, while this effect was not observed in starches
quilibrated to 0.75aw. This indicates that at 0.97aw, 28 DAP starch
as a higher population of longer segments of starch polymers
hich is mobile and can form complexes with iodine than other

wo maturities.
The likely degree of polymerization of the linear polymers

t the corresponding K/S maxima for the starches is listed in
able 1, based on the calculations by Banks et al. (1971) for solu-
ion systems. The length of glucan polymers determines the color
nd absorbance values of the starch–iodine complex in dispersed
ystems (Banks et al., 1971). In granular starches, we have demon-
trated that, it is the mobility of glucan polymers that determines
he extent of complex formation with iodine, but not directly the
mount of amylose or amylopectin present (unpublished data;
anuscript in review). Furthermore, Teitelbaum et al. (1980) have

hown that starch–iodine complex formed by granular starch and
odine vapor are not different from the complex formed in solu-
ions, using Mössbauer spectroscopy. Therefore, we believe that
t is reasonable to use Banks et al.’s calculation to determine the
ength of glucan polymers that are mobile in granular starches to
orm starch–iodine inclusion complex with iodine at that specific
w.

Different behaviors of starches from different maturities at the
ame moisture content together with the same starch at differ-
nt moisture contents demonstrate differences in their molecular
rganizations during maturity. Compared to the K/S spectral data
btained for corn starches by Saibene and Seetharaman (2006),
n our observations, wheat starch exhibited lower K/S values at
ll corresponding aw values, although both corn and wheat have
imilar A-type crystallinity. Furthermore, these researchers have
eported K/S maxima for corn starches at water activity as low as
.33, while in our study K/S maxima was only observed for wheat
tarches equilibrated to 0.75aw. On the other hand, potato starch,
hich has the B-type crystallinity, did not exhibit K/S maxima

elow 0.97aw (Saibene & Seetharaman, 2006). Sevenou and co-
orkers have demonstrated that external regions of potato starch

ranules are more ordered than that of corn or wheat starch gran-
les using Fourier transform infrared spectroscopy (Sevenou, Hill,
arhat, & Mitchell, 2002). Therefore, it is likely that wheat and

orn starch granules have less tighter packing compared to potato
tarch, such that the external polymers likely have higher mobility
f at a specific aw. Similarly, the differences observed in K/S spec-
ra of starches from different maturities and at different moisture
represent the control starch while dark color represents the iodine exposed starch;
arrows highlight fingerprint peaks of X-ray diffractograms that has been affected by
iodine; the graphs are offset for clarity.

contents could be attributed to different packing arrangements of
starch polymers within the granule.

3.3. WAXS analysis

X-ray diffractograms of wheat starches of three different matu-
rities equilibrated to 0.97aw are shown in Fig. 4a. Starches from all
three maturities showed the characteristic A-type X-ray pattern.
This suggests that organization of starch polymers into the A-type
polymorphic structure of wheat starch is established at very early
stages of the granule development and does not change during
maturity. This is supported by previous studies carried out with
potato (Liu, Weber, Currie, & Yada, 2003), water caltrop (Chiang,
Li, Huang, & Wang, 2007), and soybean (Stevenson, Jane, & Inglett,
2007) starches which exhibited unchanged B-type, A-type, and CB-
type polymorphic structures, respectively, during their maturity.
Furthermore, there were no differences between peak positions
of starches of different maturities whereas, small differences were
observed in intensities of all fingerprint peaks (15◦, 17◦, 18◦, 20◦ and
23◦ 2�). Minor differences in peak intensities have been observed
in potato (Liu et al., 2003) and water caltrop (Chiang et al., 2007)
starches also. The 20◦ 2� peak, which is the peak responsible for
V-type crystallites, demonstrated the following trend in peak inten-
sity: 28 DAP < 17 DAP ∼ 47 DAP. Morrison and Gadan (1987) have

reported that the lipid content of wheat starch increase during
maturity. Furthermore, the X-ray peak at 20◦ 2� is only indica-
tive of V-crystallites which was organized into an ordered array
(Morrison, 1988). Therefore, according to our observations with X-
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Fig. 5. Effect of iodine on the crystallinity (a), and the peak width at half height (b) of
starches equilibrated to 0.97aw; increasing color intensity represents the increasing
R.N. Waduge et al. / Carbohy

ay diffractograms that shows less V-type crystallites in 28 DAP
tarch than starches from the other two maturities, it is likely that
lthough 28 DAP starch has more lipids than 17 DAP starch, not all
f them were complexed with starch polymers in its native state or
hey were complexed with starch polymers but were not organized
nto an ordered structure reflected by X-ray crystallinity. Morrison
1988) has reported that lipid–amylose complexes can only form at
levated temperatures. Since the experiments were carried out at
oom temperature, it is likely that starch-iodine complex formation
s not influenced by lipids present in the native starch.

Fig. 4b shows the effect of iodine exposure to the polymorphic
attern and the crystallinity of starches at the three different matu-
ities following equilibration to 0.97aw. Iodine did not change the
olymorphic pattern of starches of all three maturities. The same
ehavior had previously observed by Cheetham and Tao (1998) for
ature maize starches of different amylose contents and for mature

otato starch even when they were exposed to iodine vapor for 4
onths. The formation of iodine–glucan complex, when granular

tarches of three different maturities are exposed to iodine vapor,
ffected the crystallinity of starches to different extents depending
n their moisture content. While there was no effect of iodine expo-
ure on the X-ray diffractograms of starches equilibrated to 0.33aw,
odine exposure slightly changed the intensity of finger print peaks
n starches from all three maturities when equilibrated to 0.75aw

data not shown). The effect of iodine binding on the crystallinity
f starches was strong and clearly visible in starches equilibrated
o 0.97aw (Fig. 4b). At this aw, peak positions were not changed;
owever, iodine decreased the intensity of peaks at around 15◦,
7◦, and 18◦ 2� and increased the intensity of peaks at around 20◦

nd 23◦ 2�. Furthermore, the increased peak intensity at around
3◦ 2� was only marginally. This effect was more pronounced with
he increasing maturity of starch. Previously, Saibene et al. (2008)
ave reported a decrease in the intensity of peaks at around 15◦,
7◦, 18◦ and 23◦ 2� in corn starch and a loss of resolution in peaks
t around 23◦ and 24◦ 2� in potato starch, when they were equi-
ibrated to 0.97aw and were exposed to iodine. Cheetham and Tao
1998) reported that iodine vapor exposure decreased peak inten-
ities in normal maize starches whereas, some peaks dissapeared
n high amylose maize starch. The above report lend credence to
ur results.

Percentage relative crystallinity (%RC) of A-type crystallites
%RCA) and V-type crystallites (%RCV), as well as peak widths at
alf height (PWHH) in diffractograms were calculated using the
urve fitting technique. A Gaussian fitting was used. Fig. 5a shows
he effect of iodine on %RCA and %RCV of starches of all three

aturities. Typically, %RC is calculated by dividing the area under
rystalline peaks by the total area under the diffractogram. There-
ore, the %RC is a combination of %RCA and %RCV for cereal starches.
owever, this traditional method of calculating %RC does not pro-
ide a meaningful interpretation for samples exposed to iodine,
ue to the formation of V-crystallites reflected at 20◦ 2�. There-
ore, in this study A-crystallinity and V-crystallinity were calculated
ndividually. “A-crystallinity” is the crystallinity that comes from
MP double helices and “V-crystallinity” is the crystallinity that
omes from V-crystallites that is formed by starch-lipid and/or
tarch–iodine inclusion complexes (Buleon, Veronese, & Putaux,
007). As expected, %RCV increased when starches were exposed to

odine (Fig. 5a). %RCA of 17 DAP and 28 DAP starches were decreased
hile that of 47 DAP starch was slightly increased due to the iodine

xposure. Although there were differences in the level of the effect,
o relationship between maturities could be found. Furthermore,

he different behavior of 28 DAP starch could also be seen. PWHH
f all finger print peaks of all three maturities, except peaks at
round 17◦ and 20◦ 2�, were decreased by the interaction with
odine whereas, that of latter two peaks were increased (Fig. 5b).
owever, the increase in the width of the peak at around 20◦ 2� was
maturity. In figure (a), %RCA denotes the percentage difference in A-crystallinity and
%RCV denotes the percentage difference in V-crystallinity. In figure (b) percentage
increase in PWHH was calculated using the equation: % Diff = [(width of iodine-
exposed starch − width of control starch)/width of control starch] × 100.

more pronounced compared to that of the peak at 17◦ 2�. Iodine
also increased the area of peaks at around 10◦ and 13◦ 2�, indicating
the increased contribution from single helices to the crystallinity
of the starch granule.

In X-ray diffractograms, the peak intensity measures the amount
of ordered crystallites, while the peak width measures the crystal-
lite perfection; i.e., the crystallite size (Suryanarayana & Norton,
1998). Accordingly, changes in intensities and widths of peaks at
around 15◦, 17◦, 18◦ and 23◦ 2� in X-ray diffractograms of wheat
starches of three different maturities discussed above, most likely
represent the disruption of A-type crystallites which was in the
boundary of order/disorder into completely disorder/amorphous
state. Therefore, the starch samples likely have relatively more
ordered, but lower amount of crystallites. This is further confirmed
by the observed %RCA reduction when the starch was exposed to
iodine (Fig. 5a). Furthermore, the increased peak intensity at around
20◦ 2� is due to starch-iodine complex formation. The increased
PWHH of the peak at around 20◦ 2� can be attributed to the disrup-
tion of V-type crystallites which was already in the starch and/or
formation of less ordered crystallites by iodine. The formation of
iodine–glucan complex was evident in the color intensity measure-
ments, photographs and K/S spectra of starches.

Linear polymers or linear segments of branched polymers have
the ability to bind with iodine. Although the AM content of wheat

starch was increased during grain development, it is the mobility
of these polymers that is the determining factor in iodine bind-
ing of native granular starches (Saibene & Seetharaman, 2006). The
mobility of starch polymers is determined not by the amount of
either AM or AMP, but rather by the architecture, i.e., the organi-
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ig. 6. Topographic and phase AFM images of the surface of native starch granules o
c) 28 DAP, topographic; (d) 28 DAP, phase; (e) 47 DAP, topographic; (f) 47 DAP, ph
odules are shown by arrows labelled as ‘N’.

ation of these polymers within the granule. Therefore, differences
hown by the starches of varying maturity with respect to peak
ntensity and peak width reflected differences in the organization
f AM and/or AMP within the granule interior.

.4. AFM analysis

Surfaces of randomly selected starch granules from three dif-
erent maturities were studied using AFM (Fig. 6). Several granules
ere imaged before selecting one that is presented. While it is
ot easy to identify if the image presented is from a large or

mall granule, the overall observations were evident on all gran-
le surfaces imaged. Blocklets which were of ∼30 nm in size were
isible in topographical images of all three starches. This is com-
arative to what is presented in the literature that have been
eported to be of ∼30 nm in mature corn, potato, rice, sweet potato

ig. 7. Topographic AFM images of the surfaces of starches exposed to iodine vapor follo
�m × 1 �m.
rent maturities equilibrated to 0.97aw. (a) 17 DAP, topographic; (b) 17 DAP, phase;
he scan size is 1 �m × 1 �m. Depressions are shown by arrows labelled as ‘D’ and

and wheat starches (Ohtani & Yoshino, 2000) and of 10-50 nm in
both large and small granules of mature wheat starch (Baldwin
et al., 1998). These blocklets had organized into nodules on the
surface of the granule and exhibited differences in their height
(see arrows labelled as ‘N’ in Fig. 6). Furthermore, three dimen-
sional structures of these substructures demonstrated a pointy
shape in 28 DAP starch and a rounded shape in 17 DAP and 47
DAP starches (data not shown). This demonstrates different lev-
els of organizations of glucan polymers on the surface of starch
granules at different stages of maturities. Depressions were also
observed in starches of all three maturities (see arrows labelled

as ‘D’ in Fig. 6). Depressions and protrusions on the granule sur-
faces of wheat, triticale, maize, potato and tapioca starches have
been previously observed (Juszczak, 2003; Juszczak et al., 2003a,
2003b). These depressions can be surface pores or the ends of pen-
etrating channels (Juszczak et al., 2003a, 2003b). Furthermore, the

wing equilibration to 0.97aw. (a) 17 DAP; (b), 28 DAP; (c) 47 DAP. The scan size is
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hase images of these starches demonstrated that there are some
tructures in the dark areas of topographical images that were not
esolved.

Fig. 7 shows topographic images of iodine exposed starches of
ll three maturities. Iodine made the granule surface more crowded
nd it was clearly visible on the surface of 28 DAP starch gran-
le. This crowding could be because of the complex formation of

inear polymers or linear segments of branched polymers which
ere on the surface of the starch granule with iodine molecules.

his was clearly seen in an in situ study on potato starch which
as carried out in our laboratory (unpublished data; manuscript

n review). Furthermore, round shaped nodules observed on the 17
AP or 47 DAP starch granule surfaces became more pointy shaped
fter exposure to iodine. This transformation is likely because the
inear polymers that were not rigid and did not lay down on the
ranule surface earlier had become rigid and stood up on the gran-
le surface as a result of the formation of helical complexes with

odine. However, in the 28 DAP starch, iodine caused nodules to lose
heir pointy shape. The 28 DAP starch also behaved differently from
he 17 DAP and 47 DAP starches in the K/S spectra. Furthermore,
odules which were on valleys were more visible after exposure
o iodine. Lineback (1986), introduced the concept of the ‘Hairy
illiard ball’ to describe the surface of the starch granule. He sug-
ested that it is unlikely that starch granules have smooth surfaces
ince there are AM and AMP molecules of different lengths that are
adially oriented within the granule. Later this concept was used
o explain the enzyme degradation of the starch granule (Lynn &
tark, 1992; Stark & Lynn, 1992). Although our observations sup-
ort the above concept, more intensive study is necessary before
eneralizing the observations.

. Conclusion

Based on this research following conclusions could be obtained
or hard red spring wheat starches at different stages of maturity.
odine binding properties of starches at different stages of maturity

ere not similar. 28 DAP starch had the longest polymer chains
vailable to bind with iodine even at moisture content as low as at
.75aw, while 47 DAP starch had equal chain lengths (at 0.75aw)
r shorter chains (at 0.97aw) than 28 DAP starch. Furthermore, the
ffect of iodine on the crystallinity (%RCA) of these starch granules
ncreased with the maturity of starch. Iodine disrupted crystallites
f these starches which were only at the boundary of order/disorder
acking into completely disorder/amorphous state. Iodine further

ncreased the contribution from single helices to the crystallinity
%RC). The morphology of 28 DAP starch was also different from
he morphology of starch at the other two maturities. Interaction
f iodine with starch polymers and its effect to the surface morphol-
gy were evidenced by AFM images. Different levels of interaction
f iodine with starches equilibrated to the same aw indicate that
tarches at different maturities have different architecture.
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