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a b s t r a c t

The internal structures of corn starch granules with different amylose/amylopectin contents were studied
using different microscopic techniques. The gelatinization phase transitions of the various starches were
investigated by hot-stage confocal laser scanning microscopy (CLSM) and scanning electron microscopy
(SEM). The influence of the amylose/amylopectin ratio on the internal structures and morphologies
could be revealed by these techniques. Sharp growth ring structures could be clearly identified for high-
eywords:
tarch
icrostructure

hase transition
LSM

amylopectin starches by CLSM and SEM following acid treatment. CLSM allowed the visualization of
cross-sections of starch granules without the need for sectioning techniques that lead to destruction of
the microstructure of sample, allowing exploration of the gelatinization mechanism. Three-dimensional
images of starch granules during gelatinization could be constructed to further explore phase transition
mechanisms. It was found that the granules of waxy maize and normal maize starch subsequently break
through at their cavity and channels, when the granules became swollen during gelatinization, whilst

80 re
the granules of G50 and G

. Introduction

It is well known that most native starches are a mixture of
mylose (a linear structure of alpha-1,4 linked glucose units)
nd amylopectin (a highly branched structure of short alpha-1,4
hains linked with by alpha-1,6 bonds) (Zobel, 1984, 1988), and
heir ratio can vary over a very wide range, depending on their
otanical origin. All starch granules contain both crystalline and
morphous regions, and are thus semi-crystalline, which in native
tarch granules manifests itself in a hierarchical structural peri-
dicity which originates from the hilum (Blazek et al., 2009). The
ranules are organised into concentric rings radiating out from the
entral hilum to the surface of the granule. The number and size
f the rings depend on the botanical origin of the starch, and it

s generally believed to consist of alternating 120–400 nm thick
morphous and semi-crystalline growth rings (French, 1984). The
morphous growth rings contain both amylopectin and amylose
acromolecules in relatively disordered conformations, whereas
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main granular and break down to smaller pieces.
© 2010 Elsevier Ltd. All rights reserved.

the semicrystalline growth rings consist of amylopectin clusters
that contain alternating crystalline and amorphous regions of
approximately 9–11 nm thickness, organised in a lamellar arrange-
ment (Cameron & Donald, 1992; Kozlov, Noda, Bertoft, & Yuryev,
2006; Qi et al., 2004).

When the granules are subjected to treatment with dilute
hydrochloric acid (Baker, Miles, & Helbert, 2001; Buttrose, 1963;
Chen et al., 2009; Evers, McDermott, & Albans, 1970) or amy-
lolytic enzymes (Planchot, Colonna, Gallant, & Bouchet, 1995),
the ring structure becomes increasingly discernible (Yamaguchi,
Kainuma, & French, 1979) and allowed the organization of the
layered concentric shell structure of starch granules to be stud-
ied, such as by electron microscopy (SEM or TEM) or atomic force
microscopy (AFM) of thin sections of granules or fragments of gran-
ules (Oostergetel & Van Bruggen, 1989; Ridout, Gunning, Parker,
Wilson, & Morris, 2002; Yamaguchi et al., 1979). Blennow and col-
leagues (Blennow et al., 2003; Borén et al., 2008; Glaring, Koch,
& Blennow, 2006) studied the ring structure of granular starch
using CLMS after drying the samples using APTS (8-amino-1,3,6-
pyrenetrisulfonic acid). Borén et al. (2008) have also compared
the starch granules between Amo1 and its parental line Midas
using CLMS, and found that the high-amylose content of the starch

from Amo1 endosperm and visualized a noticeable degree of sur-
face cracking of the granules. Recently Neethirajan, Thomson,
Jayas, & White (2008) studied the surface of wheat starch gran-
ules by AFM and found thickness of layers was between 50 and
450 nm. In addition to the ring structure, channels extending from
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he outer surface to the centre of granule were also observed
Baldwin, Adler, Davies, & Melia, 1994; Gallant, Bouchet, & Baldwin,
997).

The phase transitions of starch granules, particularly during
he gelatinization process, are of both scientific and commercial
mportance (Liu, Xie, Yu, Chen, & Li, 2009). Starch gelatinization
s irreversible and involves granular swelling, native crystalline

elting, loss of birefringence and starch solubilization (Sullivan
Johnson, 1964) and has been extensively studied. Many differ-

nt techniques have been developed to study the gelatinization
n food and thermoplastics, for example, the estimation of mal-
ose (Roberts, Potter, Kester, & Keneaster, 1954); determination of
odine blue complex (Roberts et al., 1954) and observation of polar-
zing patterns under microscope (Chen, Yu, Chen, & Li, 2006; Ghiasi
nd Hoseney (1982); Olkku & Rha, 1978; Tester & Morrison, 1992;
eh & Li, 1996; Ziegler, 1993). In the last 20 years, differential scan-
ing calorimetry (DSC) in particular has been widely used to study
he thermal behaviour of starches, including gelatinization (Liu, Yu,
ie, & Chen, 2006; Yu & Christie, 2001). More recently, new methods

o study the gelatinization under shear stress have been developed,
uch as RheoScope (Chen, Yu, Kealy, Chen, & Li, 2007; Yu, Kealy, &
hen, 2006), Haake Rheometer (Xue, Yu, Xie, Chen, & Li, 2008) and
MA (Xie, Yu, Chen, & Li, 2008). However, there is no technique

hat can directly observe the variation of internal section of starch
ranule and three-dimension of granule during gelatinization.

The aim of this work, therefore, is to further explore the inner
icrostructure conformation of the starch granules, especially the

nfluence of the amylose/amylopectin ratio on the structure of
he granule studied by scanning electronic microscopy (SEM) and
onfocal scanning laser microscopy (CLSM). In particular, CLSM
llows direct observation of the variation of starch granule in three-
imensions, and is able to visualize cross-sections of starch gran-
les without the need for sectioning techniques which can result

n the destruction of the microstructure of sample. It can be highly
nstructive in the exploration of the gelatinization mechanism.

. Experimental

.1. Materials

Corn starches with different amylose/amylopectin ratios were
sed in the experimental work as model materials. All the starches
re commercially available and were kindly supplied by Penford P/L
Australia). Gelose 50 and Gelose 80 are both corn starches, with
mylose contents of 50% and 80%, respectively. Amylose contents in
axy maize and normal maize starches are 0% and 23% respectively.

8-Amino-1,3,6-pyrenetrisulfonic acid (APTS), sodium
yanoborohydride and HCl acid are highest purity, and were
sed as received from Sigma-Aldrich Corporation.

.2. Sample preparation

.2.1. Thermal treatment
A Linkam hot-stage apparatus used in microscopy was used to

eat the starch suspensions. Each sample was heated from room
emperature to the preset temperature at 2 ◦C/min, cooled to room
emperature and observed under CLSM.

Starch samples were prepared for CLSM as previously described
Blennow et al., 2003). Starch granules (10 mg) were dispersed in
5 �l of freshly made APTS solution (10 mM APTS dissolved in 15%
cetic acid) and 15 �l of 1 M sodium cyanoborohydride was added.

he reaction mixture was incubated at 30 ◦C for 15–18 h, with the
ranules washed 5 times with 1 ml of distilled water and suspended
n 20 �l of 1:1 (v/v) glycerol/water mixture. After dyeing the sample

ith APTS the starch suspension was sealed between two micro-
cope glass slides using silicon adhesive.
mers 83 (2011) 1975–1983

2.2.2. Acid hydrolysis
Native starch was suspended in 4 M HCl (15 g of dry starch per

300 ml). The container was sealed with a lid and kept at room tem-
perature for 5 days, with the suspension gently shaken daily to
resuspend the sedimented granules. After hydrolysis, the insoluble
residue was washed several times with distilled water to neutral-
ity. The suspension was then filtered with Whatman No. 1 filter
paper, with the acid-hydrolyzed starch dried at room temperature
overnight under a stream of air.

2.3. Light microscopy

A polarization microscope (Axioskop 40 Pol/40 A Pol, ZEISS,
Oberkochen, Germany) equipped with a 35 mm SLA camera was
used in the experimental work. Iodine treatment was used to study
internal structure of starch granules since iodine slips inside of
the amylose coil and forming a deep blue color inclusion com-
plex. 1 ml 5% starch suspensions were stained with 0.25 ml of a
I2–KI dilute solution (2 mg/ml I2 + 20 mg/ml KI), and washed 20 min
later with distilled water several times, and dispersed in a 1:1
(v/v) glycerol/water mixture to minimize evaporation and granule
movement in the field before being examined with a light micro-
scope, with both ordinary and polarized light used to investigate
the morphology of the unstained starch.

2.4. Confocal laser scanning microscopy

A confocal laser scanning microscope equipped with an Ar/Hg
laser (TCS SP2, Leica Microsystems, Wetzlar) and a stand for fixed
fluorescent cell samples was used for the detection of the fluores-
cence signal from dye-stained starch granules. The details of the
Leica objective lens used were: 100 × plan apo/1.40 oil UV. The exci-
tation wavelength was 488 nm with 52 capacities, and the format
of the image was 512 × 512. During image acquisition, each line
was scanned four times and averaged in order to reduce noise.

For each starch sample a stack of horizontal optical sections was
obtained, encompassing the whole starch granule in three dimen-
sions. Measurements of the thickness of semi-crystalline ring of the
granules were made with the software Imaris 6.1.5.

2.5. Scanning electronic microscope (SEM)

A small quantity of starch granules were embedded in epoxy,
then poured into a tube mould. After curing for one night at room
temperature these starch granules set in epoxy were held in liquid
nitrogen for 3 min and cryo fractured for imaging. The sections were
then immersed in 4 mol/L HCl solution at room temperature for 3
days, following which the sections were then rinsed three times
for ten minutes with distilled water. These sections were dried at
room temperature overnight under an air stream.

A Philips XL-30 FEGSEM SEM (scanning electronic microscope)
was used to investigate the internal microstructure of starches. The
air-dried starch powders were adhered to a specimen holder using
a silver adhesive, and then coated with gold in a vacuum evapora-
tor. The obtained specimens were viewed in the scanning electron
microscope at an accelerating voltage of 2 kV.

3. Results and discussion

Fig. 1 shows the internal structures and morphologies of starch

granules observed under the different microscopic techniques.
Under brightfield optical microscopy, cracks were detected in the
amylose-containing starch granules, this being enhanced when
viewed under polarized light due to birefringence. Varying the
amylose/amylopectin ratio does not result in a dramatic change
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n the form of the birefringence pattern, although granular bire-
ringence of the granules does decrease somewhat with increasing
mylose content, resulting in a reduced contrast between bire-
ringence and the background. This is expected since amylose

olecules are not expected to be uniformly oriented in a specific
irection (such as due to crystallization) in the granules. In con-
rast to the amylose-containing granules, the waxy maize granules
lmost keep similar color after treated with iodine revealing no

mylose content. At the hilum core of amylose-containing granules,
igh local concentrations of amylose were detected (dark color).
imilar phenomena have previously been reported by Blennow
t al. (2003) for potato starch of different amylose contents.

Fig. 1. Internal structures of different starches with and
mers 83 (2011) 1975–1983 1977

CLSM optical and SEM cross-sections of different corn starches,
with and without dyeing by APTS, are also showed in Fig. 1. It is
seen that the APTS fluorescence intensity of amylose-rich starch
is greater, which is expected since amylose has a much smaller
molecule than amylopectin and contains a much higher molar
ratio of reducing ends per anhydrous glucose residue than the
amylopectin molecules, which results in a higher by-weight label-
ing of amylose (Blennow et al., 2003). The appearance of internal

cavities in the starch granules could be clearly identified for differ-
ent starches by CLSM after fluorescence labeling with APTS. SEM
images confirmed that the cavities of these granules are voids, a
similar phenomenon for potato starch having been reported by

without treatment under different microscopes.
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Fig. 2. Phase-transition of waxy maize starch

aldwin et al. (1994). Internal channels in starch granules can also
bserved under CLSM, and have been observed previously by SEM

nd CLSM (Huber & BeMiller, 2000; Kim & Huber, 2008). It can be
een that the channel structure differs significantly for the starches
ith different amylose content. More channels are observed in
axy maize and normal maize starch (low-amylose) than in the
50 and G80 (high-amylose), and these channels are more distinct.
erent temperatures by observed under CLSM.

The channels were visible as dark lines running from the border of
the granule toward the hilum in waxy maize and normal maize

starch. In contrast, the channels show as a ring along the bright
core in G50 and G80 starches. The channels of high amylose starch
cannot be observed by SEM, which means they are not voids.

It is well known that the ratio of amylose and amylopectin in the
starch granule leads to changes the relative sizes of the crystalline
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Table 1
Average thickness of semi-crystalline growth rings for different corn starches.

Starch Ratio of amylose/amylopectin Growth rings (�m) obtained by CLSM Growth rings (�m) obtained by SEM

Waxy 0/100 288 263
Maize 23/77 235 202
G50 50/50 NA NA
G80 80/20 NA NA

Fig. 3. Phase-transition of normal maize starch at different temperatures by observed under CLSM.
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nd amorphous areas (Jenkins & Donald, 1995). The understanding
f the precise role of amylose content on the structure of the clus-
ers, as well as on the sizes of semi-crystalline growth rings is still

ot fully understood. It is thus of interest to determine the influence
f amylose content on the size of semi-crystalline growth rings,
n particular for the same botanical source starches with different
mylose content. However, the growth rings in starch granules are

Fig. 4. Phase-transition of G50 starch at differen
mers 83 (2011) 1975–1983

not visible under both CLSM and SEM cross-section images with-
out further post-treatment. Acid treatment is an excellent way to
reveal such a structure, since when granules are subjected to treat-

ment with dilute hydrochloric acid the concentric layers becomes
discernible due to a differential susceptibility to hydrolysis of parts
of each layer (Evers et al., 1970). The strong fluorescence of such
hydrolyzed starch granules demonstrated that the increase of reac-

t temperatures observed by under CLSM.
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ion end after hydrolysis which reacted with more APTS molecules
compare the native and treated starch granules under CMSM). A
ossible explanation is that the acid hydrolysis attacked the amor-

hous region first, leading to better contrast between amorphous
nd semicrystalline layers within the starch granules. After the acid
reatment, amorphous rings have been removed and the image con-
ract of semicrystalline rings has been enhanced by the increase

Fig. 5. Phase-transition of G80 starch at differen
mers 83 (2011) 1975–1983 1981

of reaction end. Chung and Lai (2006) reported that corn starch
treated with HCl-methanol increased both fluorescence intensity
and the clear growth rings under CLSM. Both CLSM and SEM images

of the corn starches after acid hydrolysis are presented in Fig. 1.
Alternating light and dark layers are observed in waxy maize and
normal maize starch, the former being related to semi-crystalline
growth rings, with the latter ascribed to the amorphous background

t temperatures, observed by under CLSM.



1 e Poly

(
G
c

m
s
r
s
a
l
s
(
(
a
a
e
a
c
n
o
i
2
g

d
c
h
s
c
s
s
t
o
i
p
i
t

i
s
u
t
a
f
u
s
(

s
l
a
a
t
c
t
u
p
a
i

g
T
c
g
u
s

982 P. Chen et al. / Carbohydrat

Yuryev et al., 2004). No growth rings were observed in G50 and
80, and the holes in the hilum were bigger in the higher amylose-
ontaining starches.

As previously reported (Chen et al., 2006), waxy maize and nor-
al maize starch show typical A-type patterns, whilst G50 and G80

howed B-type patterns. B-type starches are known to be more
esistant to acid hydrolysis than A-type starches. Acid hydrolyzed
tarch granules broke down at a progressively more rapid rate,
s the amylose content decreases. Over the broad range of amy-
ose content, three main factors are considered to influence the
tructural parameters of native starch granules at the nanoscale:
i) amylose defects located in the crystalline region of the lamellae
both as amylose tie-chains and amylose–lipid complexes), (ii) the
mount of amylose within the amorphous regions of the lamellae,
nd (iii) chain length distribution of amylopectin chains (Blazek
t al., 2009; Kozlov et al., 2007). Detailed analysis of the CLSM
nd SEM photographs reveal that the average thickness of semi-
rystalline growth rings of waxy maize are slightly higher than
ormal maize starch (see Table 1), whilst no growth rings can be
bserved in high amylose starch (G50 and G80). This phenomenon
s different from the observation for wheat starches (Yuryev et al.,
004), which showed that the average thickness of semi-crystalline
rowth rings increased with increasing amylose content.

Figs. 2–5 show the morphological variations of different starches
uring heating, as observed under CLSM, and mainly represent the
ritical points in structural change. For each sample, a stack of
orizontal optical sections was obtained, encompassing the whole
tarch granule in three dimensions. The first column shows the
ross-section of starch granules. The second and third column
how the three-dimensional images based on volume and surface
ections, respectively. The 3D images of starch granules and in par-
icular the images based on surface sections, are similar to those
bserved from SEM. The advantage of 3D images from CLSM is that
t can observe the phase transition during gelatinization. In com-
arison, SEM cannot be used to view a sample of starch suspended

n water, whilst other optical microscope techniques are not able
o “slice” the object and construct such a instructive 3D image.

It can be seen that the diameter of granules increased with
ncreasing temperature for all starches, whilst brightness of all
tarches decreased, and the decreasing started from centre of gran-
le. It is expected that since the central area of the granule around
he hilum is the least organized region, modification due to both
cid hydrolysis and (in particular) gelatinization will commence
rom this point. It was observed that fluorescence remained at gran-
le surface for low amylose starch (waxy maize and normal maize
tarch), whilst bright cores were observed for high amylose starch
G50 and G80) during gelatinization.

The temperatures at which the bright granules disappeared are
ignificantly different for the different starches, disappearing at
ower temperatures for the amylopectin richer starches. The dis-
ppearance of bright starch structures occurs at temperatures of
bout 70 and 73 ◦C for waxy maize and normal maize starch, whilst
he bright granule of high amylose starches (G50 and G80) are still
learly observed at 100 ◦C – the highest temperature attainable in
his work. These phenomena are similar to imaging, which make
se of the birefringence variation of starch granules observed under
olarized light (Chen et al., 2006). It needs to be noted that gener-
lly the APTS stains equimolar, i.e. mostly, if not entirely amylose
s detected, which did not affect the compression results.

Corresponding to the disappearance of brightness, the process of
ranule breaking and disappearance can be observed by 3D images.

he granules of waxy maize and normal maize disappeared the
avity and channels when the granules became swollen during
elatinization, whilst the granules of G50 and G80 remain in a gran-
lar form. Indeed, the granules of the waxy maize and normal maize
tarch start to break into small pieces at temperature at about 55
mers 83 (2011) 1975–1983

and 60 ◦C, respectively, and are totally destroyed at about 73 and
75 ◦C. The granules of G50 and G80 remained in spherulitic form up
to 100 ◦C – the maximum temperature investigated in this work.

4. Conclusions

Different microscopic techniques were used to study the
internal structural characteristics of corn starches with different
amylose/amylopectin contents, both in terms of internal struc-
ture and morphology. CLSM proved to be an effect research tool
for the exploration of the internal structure of starch granules.
Sharp growth ring structures were clearly revealed in low-amylose
starches (waxy maize and normal maize), when modified by acid
hydrolysis. Conversely, no growth rings were found in high amylose
starches (G50 and G80), even following such treatment.

The change in morphology of the different starches during heat-
ing was studied using CLSM. For each sample, a stack of horizontal
optical sections was obtained, encompassing the whole starch
granule in three dimensions. Brightness of starch granule indi-
cates the degree of gelatinization. The brightness of all the starches
decreased with increasing temperature, this change being initiated
at the centre of granule. Thus it is clear that the gelatinization pro-
cess starts at the hilum of the granules. The central area of the
granule around the hilum is believed to be the least organized
region, since both gelatinization and acid hydrolysis initiate at this
region. The granules of waxy maize and normal maize starch sub-
sequently break through at their cavity and channels, when the
granules became swollen during gelatinization, whilst the gran-
ules of G50 and G80 remain granular and break down to smaller
pieces.
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