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Twelve starches were isolated from the tuberous root of sweet potato, the rhizomes of lotus and yam,
the tuber of potato, the corm of water chestnut, and the seeds of pea, bean, barley, wheat, lotus, water
caltrop, and ginkgo. Their gelatinization processes were in situ viewed using a polarizing microscope in
combination with a hot stage. Four patterns of crystallinity disruption during heating were proposed.

The crystallinity disruption initially occurred on the proximal surface of the eccentric hilum, on the distal
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surface of the eccentric hilum, from the central hilum, or on the surface of the central hilum starch
granule. The patterns of initial disruption on the distal surface of the eccentric hilum and on the surface
of the central hilum starch were reported for the first time. The heterogeneous distribution of amylose in
starch granule might partly explain the different patterns of crystallinity disruption and swelling during

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Starch is produced by plants where it is stored as discrete
semicrystalline granules, and consists of two main components:
mainly linear amylose and highly branched amylopectin (Gallant,
Bouchet, & Baldwin, 1997). Previous researches from electron
microscopy show that the alternating semicrystalline and amor-
phous growth rings and the central amorphous starch region
represent three distinct inner structural features of starch gran-
ules (Gallant et al., 1997; Li, Vasanthan, Hoover, & Rossnagel, 2003).
Recently, Parker, Kirby, and Morris (2008) view the internal struc-
ture of starch granules using atomic force microscopy. Their results
suggest that the granules contain alternating rings with different
levels of crystallinity and different amylose/amylopectin ratios.
Starches isolated from different botanical sources display char-
acteristic granule morphologies. Starch granules vary in shape,
including spherical, oval, polygonal, disk (lenticular), elongated and
kidney shapes, and in size from <1 pm to 100 wm in diameter (Jane,
2009). The hilum, which is the core of the granule and the starting
point from which the granule grows, is usually less organized than
the rest of the granule. Most commonly it is situated near the mid-
dle of the granule, but it can be eccentric, i.e. towards one end of
the granule (Gott, Barton, Samuel, & Torrence, 2006). According to
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the position of the hilum, starch granules have two types of central
hilum granule and eccentric hilum granule.

Starch granules are insoluble in cold water. When starch is
heated in the presence of enough water, granules absorb water and
swell. The absorption of water by amorphous regions within the
granules destabilizes their crystalline structure, results in the loss
of birefringence, which is one definition of gelatinization (Parker
& Ring, 2001). Gelatinization is an important factor contributing to
starch functionality and is widely exploited in the food industry
(Ratnayake & Jackson, 2007). Starch gelatinization and associated
properties can be determined by various methods, including optical
microscopy, electron microscopy, differential scanning calorime-
try, X-ray diffraction, nuclear magnetic resonance spectroscopy,
Fourier transform infrared spectroscopy, viscosity measurement,
enzymatic digestibility, light extinction, and solubility or sedi-
mentation of swollen granule (Liu, Charlet, Yelle, & Arul, 2002;
Ratnayake & Jackson, 2006). All these methods measure slightly
different physicochemical properties and have unique and inherent
advantages and disadvantages.

The gelatinization behavior of individual starch granule can be
examined using polarizing microscope with a hot stage. With the
procedure, the disruption of crystalline structure and the swelling
of disrupted areas can be clearly seen. For example, the sizes and
distributions of potato and rice starch granules are determined
using this procedure during gelatinization (Liu et al., 2002; Yeh &
Li, 1996). The effect of heating rate on the morphology and size
of wheat starch granule is also investigated using this procedure
(Patel & Seetharaman, 2006). The disruption of crystalline struc-
ture during pea and potato starch gelatinization begins from the
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hilum area, is propagated along the granule and accompanied by
swelling of disrupted areas (Bogracheva, Meares, & Hedley, 2006;
Bogracheva, Morris, Ring, & Hedley, 1998; Tahir, Ellis, Bogracheva,
Meares-Taylor, & Butterworth, 2011).

In this paper, 12 starches were isolated from a wide variety of
plant sources, consisting of tuberous root, tuber, corm, rhizome and
seeds. Their morphologies, amylose contents and crystalline prop-
erties were investigated. The gelatinization processes of granules
were in situ viewed using a polarizing microscope in combination
with a hot stage. Four patterns of crystallinity initial disruption
and swelling during heating were proposed. The amylose distri-
butions in native starch granules were also investigated using a
confocal laser scanning microscope (CLSM) to explain the different
gelatinization processes of starch granules. This study would be
very useful for the understanding of the gelatinization processes of
different starches and for further utilization of these starches.

2. Materials and methods
2.1. Plant material

The tuberous root of sweet potato (Ipomoea batatas L.), the
rhizomes of lotus (Nelumbo nucifera Gaertn.) and yam (Dioscorea
opposita Thunb.), the tuber of potato (Solanum tuberosum L.), the
corm of water chestnut (Eleocharis dulcis (Burm. F.) Trin. ex Hen-
sch.), and the seeds of pea (Pisum sativum L.), bean (Vicia faba L.),
barley (Hordeum valgare L.), wheat (Triticum aestivum L.), lotus (N.
nucifera Gaertn.), water caltrop (Trapa bispinosa Roxb.), and ginkgo
(Ginkgo biloba L.) were used to isolate native starch. Freshly har-
vested sweet potato tuberous root, lotus and yam rhizomes, potato
tuber, water chestnut corm, water caltrop seed, and mature dry
seeds of pea, bean, lotus and ginkgo were obtained from a local nat-
ural food market (Yangzhou City, China). Barley and wheat mature
seeds were harvested in the experiment field of Yangzhou Univer-
sity, Yangzhou, China.

2.2. Isolation of native starches

Native starches were isolated following a method described by
Man et al. (2012). Briefly, the seeds of pea, bean, barley, wheat
and lotus were steeped overnight in double-distilled water at 4°C.
Sweet potato tuberous root, lotus and yam rhizomes, potato tuber
and water chestnut corm were peeled and sliced into small pieces.
The hard seed coats of ginkgo and water caltrop were removed
with the help of a sharp and clean stainless steel knife and the
edible portions were used to isolate starches. These above materi-
als were homogenized with ice-cold water in a home blender. The
homogenate was filtered with 100-, 200-, and 300-mesh sieves,
successively. The starch suspension was centrifuged at 3000 x g for
10 min. The yellow gel-like layer on top of the packed white starch
granule pellet was carefully scraped off and discarded. The process
of centrifugation separation was repeated several times until no
dirty material existed. The precipitated starch was further washed
two times with anhydrous ethanol, dried at 40 °C for 2 days, ground
into powders, and passed through a 100-mesh sieve. The starch
samples were stored at —20°C for analysis.

2.3. Morphology observation of starches

A starch suspension (1%) was prepared with 50% glycerol. A
small drop of starch suspension was placed on the microscope slide
and covered with a coverslip. The granule shape and Maltese cross
were viewed under the Olympus BX53 polarizing light microscope
equipped with a CCD camera.

2.4. Light microscope with hot stage

Starch suspensions were prepared by suspending about 10 mg
starch in 1.0 ml of water by using a vortex mixer. The suspension
was transferred onto a slide, covered with a coverslip, and sealed
with nail polish to prevent moisture loss during heating. The sealed
specimen was then mounted on a Kitazato hot stage apparatus
and observed under a long focus M Plan Semi Apochromat objec-
tive (50x magnification) using the Olympus polarizing microscope
equipped with cross polarizers and A-plate during heating. The hot
stage was heated from 25 to 50°C at a heating rate of 5°C/min
and from 50 to 90°C at a heating rate of 1°C/min. The behavior of
individual starch granule during heating was viewed under normal
and polarizing light and photographed using an Olympus DP72 CCD
camera.

2.5. Confocal laser scanning microscope

Starch granules were prepared for CLSM essentially as previ-
ously described (Blennow et al., 2003). Briefly, starch granules
(about 2 mg) were stained in 3 .l of APTS solution (20 mM 8-amino-
1,3,6-pyrenetrisulfonic acid (molecular probes, Sigma-Aldrich)
dissolved in 15% acetic acid) and 3 .l of 1 M sodium cyanoborohy-
dride. Samples were incubated at 30°C for 15 h, washed five times
in double-distilled water and suspended in 20 .l of 50% glycerol.
2 pl of the starch granule suspension was added to 8 wl of a highly
viscous mixture containing 2% agar and 85% glycerol in water. The
sample thoroughly mixed using a plastic pipette tip. The sample
was immediately mounted on a glass plate for microscopy. Images
were recorded on a CLSM (LSM 710, Carl Zeiss Microlmaging GmbH,
Jena, Germany) using a 488 nm laser line for excitation and light
was detected in the interval from 500 to 535 nm. Image analysis
was performed using the Carl Zeiss ZEN 2010 software and granules
were viewed using the channels from red to white.

2.6. Amylose content determination of starches

Amylose content was determined following a modified method
(Man et al., 2012) according to the iodine adsorption method of
Konik-Rose et al. (2007). The experiments were performed thrice.

2.7. Crystalline property of starches

Crystalline property of starches was analyzed on an X-ray pow-
der diffraction (XRD) (D8, Bruker, Germany) following the method
described by Wei et al. (2010).

3. Results and discussion
3.1. Morphology of starches

Photomicrographs of starch granules taken from polarizing light
microscope under normal light and polarizing light are presented
in Fig. 1. Potato starch had large and small granules, they showed
the oval and spherical shapes, respectively (Fig. 1A). The hilum
positions of potato oval and spherical starches were at one end
of granules (Fig. 1a). Lotus rhizome starch showed significantly
heterogeneous shapes, including elongated, oval, spherical and
irregular shapes. The elongated and oval granules were larger than
the spherical and irregular ones (Fig. 1B). The hilum positions were
at one end of granules (Fig. 1b). Yam starch was slightly oval with
the hilum at one end of granules (Fig. 1C and c). Pea and bean
starches were oval with the hilum in the center of granules (Fig. 1D,
d, E and e). Barley and wheat starches had bimodal size distri-
butions, the large granules had disk shapes, whereas the small
granules had spherical shapes. Their hilum positions were all in the



C. Cai, C. Wei / Carbohydrate Polymers 92 (2013) 469-478 471

O

S
)[0)
o |

\J

}8?) .
22050
iS5

Fig. 1. Morphology of starch granule. (A-L) Normal light microscope graphs; (a-1) polarizing light microscope graphs; (A, a) potato; (B, b) lotus rhizome; (C, ¢) yam; (D, d)
pea; (E, e) bean; (F, f) barley; (G, g) wheat; (H, h) lotus seed; (I, i) water chestnut; (], j) water caltrop; (K, k) ginkgo; (L, 1) sweet potato. Scale bar =20 pm.

center of granules (Fig. 1F, f, G, and g). Lotus seed, water chestnut
and water caltrop starches were mostly oval with the central hila
(Fig. 1H-J and h-j). Ginkgo starch had large oval and small spherical
granules, their hila were in the center of granules (Fig. 1K and k).
Most of sweet potato starch was spherical granules with central hila
and significantly different sizes, some of sweet potato starch was
oval granules with hila at one end of granules (Fig. 1L and 1). Among
these starches, potato, lotus rhizome, barley and wheat starches
were the most heterogeneous in shape and size. The differences in

granule shape and hilum position might be attributed to the bio-
logical origin, biochemistry of the amyloplast and physiology of the
plant (Sandhu, Singh, & Kaur, 2004).

3.2. Different patterns of starch granule disruption on heating
The behaviors of starch granules during gelatinization were

viewed by observing granular birefringence using polarizing micro-
scope with a A plate in combination with a hot stage (Figs. 2-6).
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Fig. 2. Micrographs of potato starch granules viewed under normal and polarizing light in conjunction with a A plate during heating. (A) Large starch granule; (B) small
starch granule. The number in the top left corner of each micrograph represents the corresponding heating temperature (°C). Scale bar = 20 wm. (For interpretation of the

references to color in text, the reader is referred to the web version of this article.)

With this procedure, the effect of heating on granular struc-
ture and swelling could be seen in the micrographs. The blue
and yellow areas represented regions of the granules containing
crystallites. These colors disappeared as the crystallites were dis-
rupted during heating. The swelling of disrupted areas could be
clearly seen in the micrographs (Tahir et al., 2011). Generally,
starch granules showed their intact shapes before gelatinization
as observed under normal light, were birefringent and showed
the characteristic “Maltese cross” pattern under polarizing light.
Birefringence patterns indicated a radial alignment of crystallites
within starch granules, and the loss of birefringence on heating,
indicative of disordering processes, suggested the loss of radially
aligned crystallites (Pérez, Baldwin, & Gallant, 2009). During gela-
tinization, swelling was accompanied by the rupture of granule
(loss of birefringence). When the loss of birefringence began, most
of the granules were partially swollen. The regular orientation
of D-glucosyl units in amorphous and crystalline regions disap-
peared, the swelling became irreversible and the characteristic

“Maltese cross” pattern disappeared under polarizing light with
increase in heating temperature. Finally, the birefringence of starch
granules disappeared completely, the disrupted parts of the gran-
ules became the same color as the background, and gelatinization
process was over. During starch gelatinization, the disruption
of crystallinity in a particular area of the granule increased the
swelling capacity of this area. The swollen disrupted parts of the
granule had much higher water content than the amorphous part
of undisturbed areas. It was evident that the swelling of disturbed
areas accelerated the process of disruption of neighboring crys-
tallinities, and that this process was rapidly propagated along the
granule (Bogracheva et al., 1998). In this paper, the gelatiniza-
tion processes of more than 100 starch granules with different
sizes and shapes from each sample were in situ observed. Apart
from sweet potato starch, granules from the same sample showed
the same disruption pattern though they had different sizes and
shapes. The gelatinization process was more evident for large gran-
ule than small granule. Therefore, only a typical micrograph of
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Fig. 3. Micrographs of lotus (A and B) and yam (C) rhizome starch granules viewed under normal and polarizing light in conjunction with a A plate during heating. (A) Large
starch granule; (B) small starch granule. The number in the top left corner of each micrograph represents the corresponding heating temperature (°C). Scale bar = 20 wm. (For
interpretation of the references to color in text, the reader is referred to the web version of this article.)

large granule from most samples was shown to stand for the
disruption pattern of each granule type. According to the initial
position of birefringence disappearance and granule swelling dur-
ing heating, four patterns of crystallinity initial disruption and
swelling were proposed during gelatinization.

Fig. 2 shows the gelatinization processes of potato large and
small starch granules. Before gelatinization, starch granules kept
intact morphology. Under normal light, potato large starch gran-
ule had a clear eccentric hilum and many growth rings. Under
polarizing light, potato starch granules had the “Maltese cross”
with bright birefringence. When gelatinization began, the disrup-
tion of crystalline structure firstly occurred on the proximal surface
of the eccentric hilum. The disruption of crystalline structure was
almost simultaneous with the granule swelling. It was clear that
the disruption of crystalline structure, accompanied by swelling,
was propagated along the granules from the proximal surface to
the distal surface of the eccentric hilum. Potato large and small
starch granules showed the same disruption pattern though they
had different shapes and sizes. The gelatinization process of potato
starch was similar to that observation of Bogracheva et al. (2006).
Therefore, the first pattern of starch gelatinization indicated that

crystallinity disruption initially occurred on the proximal surface
of the eccentric hilum.

Fig. 3 shows the micrographs of lotus and yam rhizome starch
granules during heating. Before gelatinization, lotus and yam rhi-
zome starches also presented the eccentric hila and bright “Maltese
crosses”, which was similar to that of potato starch granule.
However, the gelatinization processes of lotus and yam rhizome
starches were wholly contrary to that of potato starch granule.
When gelatinization began, the disruption of crystalline struc-
ture firstly occurred on the distal surface of the eccentric hilum.
The disruption of crystalline structure and granule swelling were
propagated along the granules from the distal surface to the prox-
imal surface of the eccentric hilum. Though lotus rhizome starch
granules had significantly different shapes and sizes, their hilum
positions were all at one end of granules, and their disruption pat-
terns were all the same. This pattern of gelatinization processes for
lotus and yam rhizome starches was never reported, which was the
second pattern of starch gelatinization.

Fig. 4 shows the micrographs of pea, bean, barley, wheat and
lotus seed starches and water chestnut corm starch during heating.
Though their morphologies were significantly different, but they all
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Fig. 4. Micrographs of pea (A), bean (B), barley (C and D), wheat (E and F), lotus seed (G) and water chestnut (H) starch granules viewed under normal and polarizing light
in conjunction with a A plate during heating. (C and E) Large starch granule; (D and F) small starch granule. The number in the top left corner of each micrograph represents
the corresponding heating temperature (°C). Scale bar =20 pm. (For interpretation of the references to color in text, the reader is referred to the web version of this article.)

showed the central hila. Their gelatinization processes were also
similar. The crystallinity disruption during gelatinization began
from the hilum area and was propagated along the central part
of the granule, accompanied by a small amount of swelling. As the
temperature increased, the crystallinity continued to disrupt and

swell from the inner to the outer of starch granule. During this stage,
the crystalline structure of the outer part of the granule remained
undisrupted. The last stage of the gelatinization process was the
crystallinity disruption of the granule surface. The completely
disrupted granule rapidly became highly swollen along the surface.
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Fig. 5. Micrographs of water caltrop (A) and ginkgo (B) starch granules viewed under normal and polarizing light in conjunction with a A plate during heating. The number
in the top left corner of each micrograph represents the corresponding heating temperature (°C). Scale bar =20 wm. (For interpretation of the references to color in text, the

reader is referred to the web version of this article.)
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Fig. 6. Micrographs of sweet potato starch granules viewed under normal and polarizing light in conjunction with a X plate during heating. The number in the top left corner
of each micrograph represents the corresponding heating temperature (°C). Scale bar =20 wm. (For interpretation of the references to color in text, the reader is referred to

the web version of this article.)

Barley and wheat large and small starch granules with significantly
different shapes and sizes showed the same disruption pattern. This
pattern of crystallinity disruption and swelling was in agreement
with previous reports of pea starch (Bogracheva et al., 1998; Tahir
et al., 2011), which was the third pattern of starch gelatinization.
Fig. 5 shows the micrographs of water caltrop and ginkgo starch
granules during heating. Water caltrop and ginkgo starches also
showed the central hila, the crystallinity disruption during gela-
tinization began from the hilum area, which was similar to that of
Fig. 4, but the subsequent process was significantly different from
that of Fig. 4. With heating temperature increasing, the crystallinity
disruption and swelling was propagated from the central hilum

to one side surface of the granule, and then from the disrupted
side surface to the undisrupted side surface of the granule. Though
starch granules in Fig. 5 shows some differences from that of Fig. 4
in crystallinity disruption and swelling, their initial disruption and
swelling also occurred from the central hilum area, which belonged
to the third pattern of starch gelatinization.

Fig. 6 shows the gelatinization processes of sweet potato starch
granules. Sweet potato starch granules had many gelatinization
patterns. Before gelatinization, some sweet potato starch granules
showed spherical shape with the central hila, other starch granules
showed oval shape with eccentric hila. The gelatinization processes
of some spherical starch granules with central hilum indicated
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that the crystallinity disruption and swelling initially occurred on
the outer surface of the granule, then the subsequent disruption
and swelling was propagated from the outer to the inner of the
granule, and the crystallinity around the central hilum was finally
disrupted and swelled (Fig. 6A-C). This pattern of gelatinization
process was reported for the first time, we defined it as the fourth
pattern of starch gelatinization. There were some spherical sweet
potato starch granules with central hila, they showed that the crys-
tallinity disruption and swelling initially occurred from the hilum
area and was propagated from the inner to the outer of the granule
(Fig. 6D). This pattern of gelatinization process was similar to that
of pea starch, and belonged to the third pattern of starch gelatiniza-
tion. The oval sweet potato starch granule with the eccentric hilum
showed that crystallinity disruption and swelling firstly occurred
on the distal surface of the eccentric hilum and was propagated
along the granules from the distal surface to the proximal surface
of the eccentric hilum (Fig. 6E). This pattern of gelatinization pro-
cess was similar to that of lotus and yam rhizome starches, and
belonged to the second pattern of starch gelatinization.

3.3. Amylose content and distribution in starch granules

Starch consisted of two main components: amylose and amy-
lopectin, the amylose content plays an important role in starch
internal quality and its property (Gallant et al, 1997). In this
paper, the amylose contents of starches are listed in Table 1.
These starches were all normal starches rather than waxy or high-
amylose starches. Among them, lotus rhizome and barley starches
showed the lowest amylose content (23.9%), and pea starch showed
the highest amylose content (44.4%).

During starch gelatinization, amylopectin was considered to
contribute to water absorption and swelling and pasting of starch
granules, whereas amylose tended to retard these processes (Tester
& Morrison, 1990). The linear amylose diffused out of the swollen
granules and made up the continuous phase outside the granules
as a restraint to swelling. So, an inverse correlation was found
between amylose content and swelling power (Hermansson &
Svegmark, 1996). Tester and Morrison (1990) reported that starch
granular swelling was primarily a property of amylopectin and that
amylose appeared to act as a diluent. The method for visualizing
the distribution of amylose and amylopectin in starch granules was
developed using the fluorophore ATPS, which specifically reacted
with the reducing end of starch molecules leading to a 1:1 stoi-
chiometric ratio of starch molecule labeling. Because of its smaller
size, amylose contained a much higher molar ratio of reducing ends

Table 1

Amylose content, crystalline type, morphology and gelatinization pattern of starch.

per glucose residue than amylopectin. This resulted in a higher by-
weight labeling of amylose and enabled the distinction of amylose
and amylopectin by CLSM (Blennow et al., 2003; Glaring, Koch,
& Blennow, 2006). In order to explain the different patterns of
crystallinity disruption and swelling, equimolar labeling of starch
molecules with APTS was used to construct a detailed map of the
distribution of amylose and amylopectin within the granule by
CLSM analysis in this paper.

The distributions of amylose in native starch granules were
shown in Fig. 7. Many starch granules with different sizes and
shapes from each sample were viewed for the amylose distribution.
Apart from sweet potato starch, granules from the same sample
showed the similar distribution of amylose though they had dif-
ferent sizes and shapes. Therefore, only a typical micrograph of
granule was shown to stand for the amylose distribution of each
granule type (apart from sweet potato starch). Apart from sweet
potato starch, the CLSM image of each granule type corresponded
to its polarizing microscope image. The color from black to red,
orange, yellow and white represented the fluorescence intensity
(i.e. amylose content) from low to high according to the analysis
software. CLSM optical section of potato starch granule showed
clear growth rings around an eccentric hilum. An intense fluores-
cence in the amorphous growth rings between the hilum and its
distal surface indicated that a high concentration of amylose in this
region (Fig. 7A). CLSM optical sections of yam and lotus rhizome
starches also showed clear growth rings around an eccentric hilum.
However, the high concentration of amylose was distributed in the
amorphous growth rings between the hilum and its proximal sur-
face, which was wholly contrary to that of potato starch (Fig. 7B and
C). Compared the distribution of amylose with the initial disruption
and swelling of crystalline structure in potato tuber and lotus and
yam rhizome starches, we could conclude that the amylose in the
amorphous growth rings might restrain crystallinity disruption and
swelling. Furthermore, lipid-complexed amylose chains restricted
both granular swelling and amylose leaching (Tester & Morrison,
1992). Therefore, the crystallinity disruption and swelling began
from the surface of low amylose concentration in eccentric hilum
starches.

CLSM optical sections of pea and bean starches showed clear
growth rings around a central hilum that was irregular. The amy-
lose was mainly distributed in the hilum area and the amorphous
growth rings (Fig. 7D and E). The amylose distribution in the
amorphous growth rings was even and symmetrical in pea and
bean starches, which was different from that in potato, lotus
and yam rhizome starches with regional distribution. Though the

Starch Amylose content (%) Crystalline type Morphology Gelatinization pattern?
Shape Hilum position
Potato 347 £ 1.7 B Oval, spherical Terminal P1
Lotus rhizome 239+ 04 C Elongated, oval, spherical Terminal P2
Yam 34.7 £ 0.9 C Oval Terminal P2
Pea 444 +1.3 C Oval Central P3
Bean 40.0 + 0.5 Cpb Oval Central P3
Water chestnut 279+1.2 Cpb Oval Central P3
Barley 239+ 1.1 A Disk, spherical Central P3
Wheat 289 +£1.0 A Disk, spherical Central P3
Lotus seed 392 +15 A Oval Central P3
Water caltrop 257 £ 0.5 A Oval Central P3
Ginkgo 299 + 09 A Oval, spherical Central P3
Sweet potato 25,6 £ 0.9 A Spherical Central P3
Oval Terminal P2
Spherical Central P4

2 P represent the gelatinization pattern that the crystallinity disruption initially occurs on the proximal surface of the eccentric hilum (P1), on the distal surface of the
eccentric hilum (P2), from the central hilum (P3), and on the surface of the central hilum granule (P4).

b Ca-type starch is the C-type starch closer to A-type.
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Fig. 7. Representative CLSM optical slices of APTS-stained starch granules from potato (A), lotus rhizome (B), yam (C), pea (D), bean (E), barley (F), wheat (G), lotus seed (H),
water chestnut (I), water caltrop (J), ginkgo (K), and sweet potato (L-N). The blue asterisk indicates the hilum of starch granule. Scale bar =10 pwm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

barley and wheat endosperm had large (A-type) and small (B-type)
starch granules, our attention was focused mainly on large gran-
ules, because they represented the majority of the granule weight
population of whole starch. In addition, it was easy to focus the
large starch granules with high resolution using CLSM. CLSM opti-
cal sections of barley and wheat large starch granules showed
clearly visible concentric growth rings around the central hilum,
the amylose was mainly distributed in the central hilum and con-
centric growth rings, which was basically similar to that of pea and
bean (Fig. 7F and G). CLSM optical sections of lotus seed and water
chestnut corm starches revealed that the amylose distribution was
similar to that of barley and wheat starches, though their sizes
were significantly small (Fig. 7H and I). The amylose was mainly
distributed around the central hilum and in amorphous growth
rings in pea, bean, barley, wheat, and lotus seed starches and water
chestnut corm starch (Fig. 7D-I). The crystallinity disruption and
swelling of these starch granules began from the central hilum
(Fig. 4). We thought that the structure and property of the amy-
lose in hilum might be different from that of in amorphous growth
rings. The amylose from hilum was released before crystallinity
disruption, which resulted in a void in the hilum area and enabled
crystallinity around the hilum area disrupt and swell.

CLSM optical sections of water caltrop and ginkgo seed starches
showed the central hilum, the amylose was mainly distributed
in amorphous growth rings (Fig. 7] and K). Though the crys-
tallinity disruption and swelling initially occurred in the hilum,
the local distribution of amylose resulted in crystallinity disrup-
tion and swelling in one direction. CLSM optical sections of sweet
potato starch granules showed some different internal structures
(Fig. 7L-N). For eccentric hilum sweet potato starch granules, amy-
lose was mainly distributed in amorphous growth rings between
hilum and its proximal surface (Fig. 7L), which was similar to that
of yam starch. This distribution of amylose resulted in the pattern

of crystallinity disruption and swelling (Fig. 6E) which was similar
to that of lotus and yam rhizome starches (Fig. 3). For some central
hilum starch granules, the amylose distribution was similar to that
of water caltrop (Fig. 7M). Its disruption pattern (Fig. 6D) was also
similar to that of water caltrop (Fig. 5A). For other central hilum
starch granules, the amylose distribution was mainly in the hilum
and in amorphous growth rings (Fig. 7N), which was similar to that
of bean, barley and wheat starches, but the disruption and swelling
pattern (Fig. 6A-C) was wholly contrary to that of bean, barley and
wheat starches. The reason was worth further investigating.

3.4. Crystalline property of starches

Starch has A-, B- and C-type crystallinities according to XRD pat-
tern. A-type crystal starches have strong diffraction peaks at about
15° and 23° 26, and an unresolved doublet at around 17° and 18°
20. B-type crystal starches give the strongest diffraction peak at
around 17° 26, a few small peaks at around 15°, 20°, 22°, and 24°
260, and a characteristic peak at about 5.6° 26. C-type crystal starch
is a mixture of both A- and B-type crystallinities, and can be further
classified to Ca-type (closer to A-type), C-type and Cg-type (closer
to B-type) according to the proportion of A-type and B-type poly-
morphs. The typical C-type crystal starches show strong diffraction
peaks at about 17° and 23° 26, and a few small peaks at around
5.6° and 15° 20. Ca-type crystal starches show a shoulder peak at
about 18° 26 and strong peaks at about 15° and 23° 26, which are
indicative of the A-type pattern. Cg-type crystal starches show two
shoulder peaks at about 22° and 24° 260 and a weak peak at about
15° 20, which are indicative of the B-type pattern (Cheetham & Tao,
1998).In this paper, the XRD patterns (data not shown) showed that
barley, wheat, lotus seed, water caltrop, ginkgo and sweet potato
starches were A-type crystallinities, potato starch was B-type
crystallinity, lotus and yam rhizome starches and pea seed starch
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were C-type crystallinites, and bean and water chestnut starches
were Cp-type crystallinities (Table 1).

3.5. Amylose content, crystalline type, morphology and
gelatinization pattern of starches

Starches had many disruption patterns during heating. Table 1
summarizes the amylose content, crystalline type, morphology and
gelatinization pattern of starches. Amylose content had no effect
on the disruption pattern. Starch granules were heterogeneous in
shapes and sizes. The sizes of elongated, oval and disk granules
were usual larger than that of spherical and irregular granules.
Apart from sweet potato starch, granules from the same botanical
source always showed the same disruption pattern though they
had different shapes and sizes. The hilum position had a significant
effect on the disruption pattern. The disruption initially occurred
on the proximal or distal surface of the eccentric hilum. For the
central hilum starches, the disruption occurred from the central
hilum apart from sweet potato starch. The heterogeneous distribu-
tion of amylose in the eccentric starch granules might determine
the disruption pattern. C-type starch was a mixture of A- and B-
type allomorphs. For the C-type pea starch, the B-type polymorph
was in the center of the granule and surrounded by the A-type poly-
morph. The arrangement of A- and B-type polymorphs played an
important role in the swelling of the granules (Bogracheva et al.,
1998). In this paper, C-type bean and water chestnut starches with
central hila showed the similar disruption pattern with that of pea
starch. However, the C-type lotus and yam rhizome starches with
eccentric hila showed different disruption pattern from that of pea
starch, which might result from the heterogeneous distribution of
amylose in granule and the eccentric hila. It was not at present clear
whether there were some effects of the allomorph distribution on
crystallinity disruption pattern in C-type lotus and yam rhizome
starches. The main reason was that lotus and yam rhizome starches
were eccentric hilum granules which was different from the central
hilum pea starch.

4. Conclusion

Morphology, amylose content and crystalline property of
starches were investigated. The gelatinization processes of differ-
ent starches were in situ viewed using a polarizing microscope in
combination with a hot stage. There were four disruption patterns
of crystalline structure during starch heating. For eccentric hilum
starches, the crystallinity disruption and swelling initially occurred
either on the proximal surface or on the distal surface of hilum. For
central hilum starches, the crystallinity disruption and swelling
began from the central hilum or on the whole surface of starch
granule. Equimolar labeling of native starch molecules with APTS
was used to construct a detailed map of the distribution of amylose
and amylopectin within the granule by CLSM analysis. The het-
erogeneous distribution of amylose in starch granule might partly
explain the different crystallinity disruption and swelling patterns
of gelatinization starches.
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