Carbohydrate Polymers 102 (2014) 606-614

Contents lists available at ScienceDirect

Carbohydrate Polymers

journal homepage: www.elsevier.com/locate/carbpol

Morphology, structure and gelatinization properties of heterogeneous
starch granules from high-amylose maize

4 =
@ CrossMark

Canhui Cai?, Lingxiao Zhao?, Jun Huang?, Yifang ChenP, Cunxu Wei®*

a Key Laboratories of Crop Genetics and Physiology of the Jiangsu Province and Plant Functional Genomics of the Ministry of Education, Yangzhou
University, Yangzhou 225009, China
b Testing Center, Yangzhou University, Yangzhou 225009, China

ARTICLE INFO ABSTRACT

Article history:

Received 15 July 2013

Received in revised form 18 October 2013
Accepted 4 December 2013

Available online 12 December 2013

High-amylose cereal endosperm is rich in heterogeneous starch granules. In this paper, we investigated
the morphology, structure and gelatinization properties of high-amylose maize endosperm starch. Starch
had individual, aggregate and elongated heterogeneous granules. Most of individual granules were round
with small size and had one central hilum. Aggregate and elongated granules consisted of many subgran-
ules with central hila, and had irregular and rod/filamentous shapes, respectively. lodine stained starch
granules showed five types of polarization colors: blue, purple, fuchsia, dark red, and interior dark blue
and exterior brown. Most of individual and aggregate granules had the color of dark red, that of elongated
granules the color of interior dark blue and exterior brown. Amylose was mainly distributed in the hilum
region and the circumference of starch granules. Aggregate and elongated granules had higher amy-
lose content than individual granules. Elongated and individual granules had the highest and the lowest
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gelatinization resistance among high-amylose maize heterogeneous starch granules, respectively.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Starch is stored as discrete semicrystalline granules in higher
plants, and consists of two main components: linear amylose
and highly branched amylopectin. The amylose content has an
important effect on physicochemical properties and applications of
starch. For example, starch with high-amylose content has a high
resistance to gelatinization and hydrolysis (Man et al., 2012; Wei
et al.,, 2011). Most of the starch in the diets of humans is digested
rapidly in the small intestine. However, a variable proportion,
known as resistant starch (RS), cannot be hydrolyzed in the upper
gastrointestinal tract and functions as a substrate for bacterial fer-
mentation in the large intestine (Englyst, Kingman, & Cummings,
1992). RS has been reported to provide many health benefits for
humans, as RS-enriched food can lower the glycaemic and insulin
responses and reduce the risk for developing type II diabetes, obe-
sity and cardiovascular disease (Nugent, 2005). In general, the RS
content of granular starch is positively correlated with the level of
amylose (Sang, Bean, Seib, Pedersen, & Shi, 2008). Therefore, high-
amylose starches are of interest because of their potential health
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benefits. Many high-amylose cereal varieties have been developed
via mutation or transgenic breeding approaches. Some have been
shown to contain a high-level of RS and show potential health ben-
efits (Bird et al., 2004; Li, Jiang, Campbell, Blanco, & Jane, 2008;
Regina et al., 2006; Wei et al., 2010).

Cereal endosperm starch granules with high-amylose content
always show markedly different morphology, structure and phys-
icochemical properties compared with waxy and normal starches
(Chen et al., 2009; Jiang, Campbell, Blanco, & Jane, 2010; Kim et al.,
2005; Regina et al., 2006, 2010; Slade et al., 2012; Wei et al., 2010).
For examples, normal maize starch has starch granules with spheri-
cal and angular shapes, whereas starches from high-amylose maize
ae and GEMS-0067 mutants consist of about 7% and 32% elongated
granules, respectively (Jiang, Campbell, et al., 2010). Normal wheat
and barley endosperm starch granules consist of disk-shaped large
granules and globular small ones. Starch granules from wheat and
barley endosperms with inhibition of starch branching enzyme
increase amylose contents, and display significant morphological
alterations. These large granules appear to be sickle-shaped, and
their hila are hollow (Regina et al., 2006, 2010; Slade et al., 2012).
Starches from normal rice endosperm are homogeneous polygonal
granules with sizes of 3-5 pm. Starch granules from high-amylose
rice show significantly heterogeneous shapes, consist of aggregate
granules with large size, hollow granules and elongated granules
(Kim et al., 2005; Wei et al., 2010).

Starches from high-amylose cereal endosperms consist of highly
heterogeneous granules. The mixture of heterogeneous granules
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shows significantly different physicochemical properties from nor-
mal starches (Bird et al., 2004; Jiang, Campbell, et al., 2010;
Kim et al., 2005; Li et al., 2008; Man et al., 2012; Regina et al.,
2006, 2010; Slade et al., 2012; Wei et al., 2010, 2011). For ae
high-amylose mutant maize, the heterogeneity in chemical and
physical structure is observed within individual granule, between
granules within cells, and spatially within the kernel (Liu et al.,
2013; Wellner, Georget, Parker, & Morris, 2011). However, the
differences in morphology, structure and properties are not clear
among heterogeneous starch granules. In this paper, morphology,
structure and gelatinization properties of heterogeneous starch
granules from high-amylose maize were investigated with sev-
eral microscopy techniques, including normal light microscopy,
polarized light microscopy, hot stage microscopy, confocal laser
scanning microscopy (CLSM), and scanning electron microscopy
(SEM). This research could add to our understanding of heteroge-
neous starch granules, and would be useful for various applications
of high-amylose cereal starches in the food and nonfood industries.

2. Materials and methods
2.1. Starch

Normal and high-amylose (HYLON VII) maize starches were
obtained from National Starch LLC (Bridgewater, NJ, USA), and
HYLON VII is a corn hybrid. The amylose contents determined by
the potentiometric iodine method were about 27% and 71% for nor-
mal and high-amylose maize starches, respectively (Brewer, Cai, &
Shi, 2012).

2.2. Light microscopy

A starch suspension (1%, w/v) was prepared with 50% glycerol.
10 pL of starch suspension was placed on the microscope slide and
covered with coverslip. The starch granule shape and Maltese cross
were viewed with an Olympus BX53 polarized light microscope
equipped with a CCD camera. lodine-stained starches were pre-
pared and observed according to the method of Evans, McNish,
and Thompson (2003) with some modifications. 5 mg starches were
stained in 0.5 mL of iodine solution (0.5% NaAc buffer, pH4.5, 25%
glycerol, 0.04% I, 0.06% KI) for 30 min in darkness. 10 pL of iodine-
stained starch suspension was firstly viewed under normal light,
and then the same field was viewed under polarized light. All
the iodine-stained starch granules were photographed with the
same condition in order to compare the polarization colors. lodine
stained starches had five kinds of polarization colors: blue, pur-
ple, fuchsia, dark red, and interior dark blue and exterior brown.
For one type of heterogeneous starch granules, over fifty granules
were randomly chosen to be analyzed for polarization color for one
experiment. The experiments were performed in triplicate.

2.3. Scanning electron microscopy

Starches were suspended in anhydrous ethanol. One drop of the
starch-ethanol suspension was applied to an aluminum stub using
double-sided adhesive tape. The starch was coated with gold before
viewing with an environmental SEM (Philips XL-30).

2.4. Confocal laser scanning microscopy

Starch granules were stained with the fluorophore APTS
(8-amino-1,3,6-pyrenetrisulfonic acid) and prepared for CLSM
essentially as previously described by Blennow et al. (2003). Images
were recorded ona CLSM (LSM 710, Carl Zeiss Microlmaging GmbH,
Jena, Germany) using a488 nm laser line for excitation and light was
detected in the interval from 500 nm to 535 nm. For morphology

observation, laser power capacity and master gain were adjusted
to maximum saturation. To compare the fluorescence intensity in
all images of starch granules, the laser power was kept constant at
1%, and images were recorded at the master gain of 570 for all the
starch granules. The condition allowed all granules to have no sat-
uration of the detector for every dot in all granules. For every type
of heterogeneous starch granules, over thirty granules were ran-
domly chosen to be recorded. Image analysis was performed using
the Carl Zeiss ZEN 2010 software.

2.5. Hot stage microscopy

Starch suspensions were prepared by suspending about 10 mg
starch in 1.0 mL of double distilled water by using a vortex mixer.
The suspension was transferred onto a slide, covered with a cover-
slip, 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 objective (20x, 50x magnification) using an Olympus
polarized microscope equipped with cross polarizers during heat-
ing. The hot stage was heated from 25°C to 50°C at a heating rate
of 5°C/min and from 50°C to 100 °C at a heating rate of 1°C/min.

The gelatinization temperatures were measured according to
the method of Konik-Rose et al. (2001) with some modifications.
The starch granules were photographed under polarized light using
an Olympus DP72 CCD camera during heating from 50°C to 100°C
at 1°C intervals. More than one hundred starch granules of every
type of heterogeneous starch granules were analyzed for one exper-
iment. The initial, middle and end gelatinization temperatures
recorded, that was, from the point when 5%, 50% and 95% of starch
granules had lost their birefringence. The experiments were per-
formed in triplicate.

The swelling of individual starch granule during heating was
viewed under normal light and photographed using an Olym-
pus DP72 CCD camera from 40°C to 95°C at 5°C intervals. The
area of starch granule was analyzed from the micrograph with
JEDA 801D morphological image analysis system (Jiangsu JEDA
Science-Technology Development Co., Ltd, Nanjing, China). Over
fifty starch granules were measured for every type of heteroge-
neous starch granules. The starch granule swelling was presented
as area swelling percentage (ASP) from ungelatinized granule at
40°C, and calculated by the equation: ASP (%)=A;/A; x 100, where
A;j and A; represented the area of starch granule at initial (40 °C) and
specific testing temperature, respectively.

2.6. Statistical analysis

Analysis of variance (ANOVA) by Tukey’s test (p < 0.05) was eval-
uated using the SPSS 16.0 Statistical Software Program.

3. Results and discussion
3.1. Morphology of heterogeneous starch granules

Isolated starch granules were viewed under normal and polar-
ized light (Fig. 1). Most of normal maize starch granules were
polygonal with large size. Some granules were spherical with small
size (Fig. 1A and C). They all showed central hila with typical
Maltese-crosses. One granule had only one hilum though starch
granules had different sizes (Fig. 1a and c). Therefore, normal maize
starch granules were called as individual granules and showed
homogeneity. High-amylose maize starch granules showed signif-
icantly heterogeneity under normal and polarized light (Fig. 1B
and b). These heterogeneous granules could be divided into three
types: individual, aggregate, and elongated granules according to
morphology and Maltese-cross (Fig. 1D-F and d-f). High-amylose
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Fig. 1. Microphotographs of starch granules under normal and polarized light. (A)-(F) Under normal light; (a)-(f) under polarized light. (A), (C), (a) and (c) Normal maize;
(B), (D)-(F), (b) and (d)—(f) high-amylose maize; (C), (D), (c) and (d) individual granule; (E) and (e) aggregate granule; (F) and (f) elongated granule. Scale bar=10 pm.

individual granules were mainly spherical and had smaller size
than normal individual granules. Similar to normal individual gran-
ules, every high-amylose individual granule had one central hilum
with typical Maltese-cross (Fig. 1D and d). High-amylose aggre-
gate granules were irregular in shape, and had two or many hila
in one granule (Fig. 1E and e). One granule had two or many
typical Maltese-crosses (Fig. 1e), which indicated that granule
was composed of two or many subgranules. These subgranules
aggregated together and were fused to each other with adja-
cent ones forming one granule. Therefore, they were called as
aggregate granules. This phenomenon was also reported in high-
amylose rice TRS line (Wei et al., 2010). All the individual and
aggregated starch granules had the birefringence. High-amylose
elongated granules were significantly different from individual
and aggregate granules in shape. They were rod/filamentous in
shape and could be further classified into three types: full bire-
fringence, partial birefringence, and no birefringence according
to birefringence patterns (Fig. 1F and f). The elongated granules
with full birefringence had two or many clear Maltese-crosses
(Fig. 1f1). The elongated granules with partial birefringence had

only weak birefringence along the edge of granules (Fig. 1f2).
Type 3 of elongated granules exhibited no birefringence (Fig. 1f3).
This phenomenon had also been reported in high-amylose maize
GEMS-0067 line (Jiang, Horner, et al.,, 2010). The proportion of
elongated starch granules increased with the increase in amy-
lose content in high-amylose maize (Jiang, Campbell, et al.,
2010).

Birefringence patterns are results of orderly aligned polymers or
crystallites. The birefringence patterns of starch granules indicate
that the starch molecules are aligned in a radial order centered at
the hilum and are perpendicular to the granule surface (French,
1984; Jiang, Horner, et al., 2010). In this paper, normal maize
starch granules showed a strong birefringence pattern; however,
birefringence was significantly reduced in high-amylose maize
heterogeneous granules, especially for elongated granules. On aver-
age, ~9.4% of the elongated starch granules had full birefringence,
~35.8% of the elongated granules had partial birefringence, and
~54.7% of the elongated granules had no birefringence. Over 90% of
starch granules were nonbirefringent in high-amylose wheat and
barley with reduced starch branching enzyme expression (Regina
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et al,, 2006, 2010). The different birefringence patterns of high-
amylose maize heterogeneous starch granules indicated that the
arrangement of starch molecules varied between granules and
within a granule.

SEM was used to complement the light microscope images in
an effort to reveal details about the granule surface that could
not be distinguished by light microscopy. SEM images of starches
are shown in Fig. 2. Normal maize starch consisted of homoge-
neous polygonal granules (Fig. 2A). High-magnification SEM images
showed frequent pores at the surface (Fig. 2C). High-amylose
maize starches showed significant heterogeneity, and consisted
of three types of starch granules: individual granules, aggregated
granules and elongated granules (Fig. 2B). The individual starch
granules from high-amylose maize were smoother in surfaces,
smaller in size, and more rounded in shape than normal maize
(Fig. 2D). Aggregate and elongated starch granules from high-
amylose maize were significantly different from the individual
granules, and showed rough, lumpy shapes (Fig. 2E-G). No pores
were observed on the surface of all the high-amylose maize het-
erogeneous starch granules (Fig. 2D-G). The present SEM results of
normal and high-amylose maize starches were in agreement with
the reports of Glaring, Koch, and Blennow (2006).

3.2. Structure of heterogeneous starch granules

lodine staining has been used to investigate the heterogeneity
of starch granules (Evans et al., 2003). Seckinger and Wolf (1966)
studied iodine-stained granules using polarized light microscopy.
With an appropriate (but not defined) iodine concentration, they
observed a phenomenon, which they termed “polarization colors”.
Although the polarization colors for normal and waxy starches
were similar to the color by iodine staining observed by bright
field microscopy, the polarization colors of some starches were
different from the color by normal light. An ae-type high-amylose
starch appeared pink by polarized light, not blue as under normal
light (Evans et al., 2003; Seckinger & Wolf, 1966). In this study,
heterogeneous starch granules were clearly viewed at concentra-
tions of 0.04% I, and 0.06% KI under polarized light (Fig. 3). Normal
maize starch showed homogeneous blue color at the Maltese-cross
(Fig. 3A2 and a). High-amylose starch granules showed signifi-
cantly heterogeneous polarization colors. There were five types
of polarization colors for high-amylose individual granules: blue
(Fig. 3b1), purple (Fig. 3b2), fuchsia (Fig. 3b3), dark red (Fig. 3b4),
and interior dark blue and exterior brown (Fig. 3b5). High-amylose
aggregate granules showed three types of polarization colors: fuch-
sia (Fig. 3c1), darkred (Fig. 3c2), and interior dark blue and exterior
brown (Fig. 3c3). High-amylose elongated granules had two types
of polarization colors: dark red (Fig. 3d1) and interior dark blue and
exterior brown (Fig. 3d2). The percentages of iodine stained starch
granules with different polarization colors were shown in Table 1.
The high-amylose heterogeneous starch granules showed signifi-
cant heterogeneity in polarization colors. The most of high-amylose
individual and aggregate granules showed dark red polarization
colors, and that of elongated granules showed the polarization col-
ors of interior dark blue and exterior brown.

Starch contains both amylose and amylopectin. A radially
ordered alignment of starch molecules results in birefringence, and
a random orientation nonbirefringence (French, 1984). Although a
quantitative measurement of relative birefringence was not per-
formed, visual observation allowed qualitative comparison of the
birefringence of the samples. The birefringent intensity is not pro-
portional to amylopectin content but is positively relative with the
proportion of amylopectin molecules that have a radial orientation
(Evans et al., 2003). The polarization colors are based on absorption
effects of starch-iodine complexes in combination with birefrin-
gence (Evans & Thompson, 2004). The color of the amylose-iodine

complex changes depending on the degree of polymerization (DP)
of the amylose helix range from brown (DP 21-24) to red (DP
25-29), red-violet (DP30-38), blue-violet (DP37-46), and finally
blue (DP>47). The linear branches of amylopectin that form helix
can also develop a red complex with iodine in the same manner of
amylose (John, Schmidt, & Kneifel, 1983; Knutson, 1999; Saibene
& Seetharaman, 2006). If both amylose and amylopectin radially
orient, the polarization color of blue will be observed in the pres-
ence of iodine because the iodine complex generate a stronger color
with amylose than with amylopectin. If only the amylopectin is ori-
ented radially, then the brightness will be slightly diminished, and
the polarization color of pink from the amylopectin-iodine com-
plexes will be apparent. If only the amylose is oriented radially, then
the brightness will be greatly diminished, and the color observed
will be blue (Evans et al., 2003). The different polarization colors of
high-amylose starch granules in the present study indicated that
the different orientations and contents of amylopectin and amylose
existed in high-amylose maize heterogeneous starch granules. The
normal maize starch and some high-amylose individual granules
showed the polarization color of blue, indicating that these gran-
ules contained radially oriented amylose and amylopectin. Some
high-amylose maize starch granules had the polarization color of
purple and fuchsia, indicating that amylose and amylopectin were
partly oriented radially. The dark red polarization color observed in
some high-amylose granules was due to the random oriented amy-
lose and the less symmetrical radial orientation of amylopectin.
The dark reddish polarization color has also been reported in
high-amylose maize starch granules (Evans et al., 2003). For the
high-amylose granules with dark blue center and brown exterior
by polarized light microscope (Fig. 3b5, c3 and d2), the interior dark
blue coloration was most likely due to absorbance by complexes of
iodine and amylose (DP>47), and the exterior brown coloration
might be due to the iodine absorbance by the short amylose and
the long external chains of amylopectin. The polarization color of
interior dark blue and exterior brown indicated that the struc-
ture was heterogeneous within a granule, and the granule interior
and exterior were mainly composed of amylose and amylopectin,
respectively. This result was consistent with the only weak birefrin-
gence along the edge of starch granule without iodine (Fig. 1f2). The
structural heterogeneity within a granule has also been reported in
ae and ae su2 maize starches (Evans et al., 2003; Liu et al., 2013;
Wellner et al., 2011).

A method for visualizing the distribution of amylose and amy-
lopectin in starch granules is developed using the APTS (Blennow
et al., 2003). APTS specifically reacts with the reducing end of
starch molecules leading to a 1:1 stoichiometric ratio of starch
molecule labeling. Because of its smaller size, amylose contains
a much higher molar ratio of reducing ends per glucose residue
than amylopectin. This results in a higher by-weight labeling of
amylose, enabling the distinction of the two molecules by CLSM
(Blennow et al., 2003). The CLSM optical sections of normal and
high-amylose maize starch granules stained with APTS are shown
in Fig. 4. The normal maize starch granules showed an intense
approximately 2 wm fluorescence dot in the central hilum, indi-
cating a high concentration of amylose in the center of the granule.
Channels were visible as dark lines running from the surface toward
the hilum (Fig. 4A). This result was in agreement with normal cereal
starch granules (Glaring et al., 2006). High-amylose maize starch
granules revealed strong staining due to high amylose content at
the same viewing condition of laser power and master gain as
normal maize starch. The fluorescent intensity was too strong to
observe the microstructure of high-amylose maize starches (data
not shown). Fig. 4B-1shows the microstructure and fluorescent dis-
tribution of high-amylose maize starch granules with a lower laser
power. High-amylose maize individual granules had significantly
smaller size and larger central intense fluorescence dot in the hilum
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Fig. 2. SEM photographs of starch granules. (A) and (C) Normal maize; (B) and (D)-(G) high-amylose maize. (C) Individual granule showing many pores on the granule
surface. (D), (E), (F) and (G) The morphologies of individual, aggregate and elongated granules, respectively. Scale bar=10 pm.

than normal maize starch granules. The circumference of granule
also had strong fluorescence (Fig. 4B). This result indicated that
amylose content was mainly distributed around the central hilum
and in the circumference of granule. It has previously been reported
that the outer layer of high-amylose starch granule consisted of
more amylose (Jiang, Campbell, et al., 2010). The different area pro-
portion of strong fluorescence in high-amylose individual granule
indicated the significantly different amylose content, which might
partly explain the different polarization colors (Fig. 3b1-5).

For high-amylose maize aggregate granules, the irregular gran-
ule shapes could be observed. Multiple highly fluorescent round
dots made up the interior of granules. The band, which encircled
the entire circumference of aggregated granules, had strong fluo-
rescence (Fig. 4C-E). The observation revealed that the granule was
consisted of many subgranules with intensely stained centered hila.
The central strong fluorescence dots were larger and more obvious
in aggregate granules with two or three subgranules (Fig. 4D and
E). Fig. 41 showed the CLSM serial optical sections of high-amylose
maize aggregate granule, which presented more clearly the inter-
nal structure and amylose distribution. These results showed that
amylose was mainly distributed in the central hilum regions of sub-
granules and the circumference of aggregate granules. The internal
structure and amylose distribution of high-amylose maize aggre-
gate granules was in agreement with that of the large voluminous
starch granules of high-amylose rice TRS line (Wei et al., 2010).
The large area proportion and strong intensity of fluorescence in

Table 1
Percentages (%) of iodine stained starch granules with different polarization colors 2.

some aggregate granules indicated that the amylose distribution
was wide and the amylose content was high in the granule, which
resulted in a dark red polarization color (Fig. 3¢2) or a interior dark
blue and exterior brown polarization color (Fig. 3¢3).

For high-amylose maize elongated granules, there were three
types of amylose distribution (Fig. 4F-H). Some high-amylose
maize elongated granules had multiple highly fluorescent round
dots, which appeared to make up the interior of subgranules.
The brightly stained band encircled the entire circumference
of the elongated granules (Fig. 4F). This observation suggested
that the elongated granules consisted of many subgranules
arranged in a line, and amylose was mainly distributed in the
central hilum region of subgranules and the circumference of the
granules. This type of elongated granule had two or many clear
Maltese-crosses (Fig. 1f1) and showed a dark red polarization color
(Fig. 3d1). The result was in agreement with the elongated starch
granules of high-amylose rice TRS line (Wei et al.,2010). Some high-
amylose maize elongated granules had strong fluorescent interior,
which did not consisted of typical subgranules (Fig. 4G). This type
of elongated granule had only weak birefringence along the edge of
granule (Fig. 1f2) and showed a dark blue interior and brown exte-
rior by polarized light microscope (Fig. 3d2). The result suggested
that the aberrant formation of subgranules could be the cause of
this phenomenon. Some high-amylose maize elongated granules
had high fluorescence distribution in whole granules (Fig. 4H),
indicating that the granule was mainly composed of amylose.

Starch Blue Purple Fuchsia Dark red Interior dark blue and exterior brown
Normal maize 100.0+0.0 b -b - - -
High-amylose maize

Individual granule 42+1.1a 424+1.0 2424+04a 56.1+2.1c¢c 113+15a

Aggregate granule - - 275+25a 43.1+43Db 294+40b

Elongated granule - - - 114+20a 88.6+2.0c

@ Data (mean +SD) in the same column with different letters were significantly different (n=3, p<0.05).

b Data were not detected.
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Fig. 3. Microphotographs of iodine stained starch granules under normal and polarized light. (A) and (a) Normal maize; (B) and (b)-(d) high-amylose maize; (A1) and (B1)
under normal light; (A2), (B2) and (a)-(d) under polarized light. (a) and (b) Individual granules; (c) and (d) aggregate and elongated granules, respectively. (a) and (b1)
Showing the blue color; (b2) showing the purple color; (b3) and (c1) showing the fuchsia color; (b4), (c2) and (d1) showing the dark red color; (b5), (c¢3) and (d2) showing
the interior dark blue and exterior brown. Scale bar =10 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

This type of elongated granule had no birefringence (Fig. 1f3).
The result was consistent with the amylose-only starch granules
produced through concerted suppression of all starch branching
enzyme genes in barley. The amylose-only granules do not show
any birefringence, indicating no main molecular direction of the
glucose-chains (Carciofi et al., 2012).

The APTS fluorescence intensity as imaged by CLSM was pos-
itively correlated to amylose content (Blennow et al., 2003). In
order to compare the difference in structure, we investigated the
fluorescence intensity of images photographed at the same con-
dition that provided no saturation of the detector for every dot
in all starch granules in the present study (Table 2). Compared to
high-amylose maize starches, normal maize starches showed sig-
nificantly lower fluorescence intensity, which was in agreement
with lower amylose content. For high-amylose maize heteroge-
neous starch granules, aggregate and elongated granules had higher
fluorescence intensity than individual granules, indicating that
aggregate and elongated granules had higher amylose content than
individual granules.

3.3. Gelatinization properties of heterogeneous starch granules

The gelatinization behavior of individual starch granule can be
in situ viewed by observing the changes of granular morphology

and birefringence using polarized microscope with a hot stage (Cai
& Wei, 2013). With the procedure, the disruption of crystallinity,
the temperature of gelatinization and the swelling of granule can
simultaneously be investigated (Cai & Wei, 2013; Konik-Rose et al.,
2001; Patel & Seetharaman, 2006). The gelatinization processes
of maize starch granules are presented in Fig. 5. Starch granules
showed their intact shapes before gelatinization as observed under
normal light, were birefringent and showed the characteristic
Maltese-cross pattern under polarized light. During gelatinization,
the intensity of birefringence faded away with increase in heat-
ing temperature after initiation of gelatinization, and swelling was
accompanied by the loss of birefringence. When the loss of birefrin-
gence began, the granule was partially swollen. The morphologies
of normal and high-amylose maize starches were significantly dif-
ferent, but the crystallinity disruption patterns were similar. The
crystallinity disruption during gelatinization began from the hilum
area and was accompanied by a small amount of swelling. As the
temperature increased, the crystallinity continued to disrupt and
swell from the hila 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. This crystallinity dis-
ruption pattern of normal and high-amylose maize starches was
similar to that of many starches with central hila (Cai & Wei, 2013).
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Fig. 4. CLSM optical sections of starch granules stained with APTS. (A) Normal maize; (B)-(I) high-amylose maize. (A) and (B) Individual granule; (C)-(E) aggregate granule;
(F)-(H) elongated granule; (I) serial optical sections of representative aggregate granule. Scale bar=10 pwm.

Table 2
Fluorescence intensities and gelatinization temperatures of starch granules “.

Starch Fluorescence intensity (arbitrary units) Gelatinization temperature (°C) ©
Ti Tm Te
Normal maize 328+7.1a 66.4+05a 704+0.5a 732+03a
High-amylose maize
Individual granule 404+10.2b 72.1+£09b 853+05b 983+0.1b
Aggregate granule 53.7+17.0c 76.7+0.8 c 89.0+0.3c 98.8+0.1¢c
Elongated granule 48.7+14.8 ¢ -d - -

2 Data (mean + SD) in the same column with different letters were significantly different (n=30 for fluorescence intensity and 3 for gelatinization temperature, p <0.05).
b The intensity of fluorescence was measured in optical sections of CLSM images of starch granules

¢ Gelatinization temperatures (T;, initial temperature; Tp, middle temperature; T,, end temperature) were measured by hot stage microscopy.

d Data were not detected.

The gelatinization temperatures of starch granules are shown
in Table 2 according to the disappearance of birefringence
(Konik-Rose et al,, 2001). Normal maize starch showed signifi-
cantly lower gelatinization temperatures than high-amylose maize

40°C 40°C 65°C 70°C 75°C

o2 HHH““--

o - B I S T R RS RS

starches. The gelatinization temperatures of high-amylose indi-
vidual starch granules were significantly lower than that of
aggregate starch granules. The most of high-amylose maize elon-
gated granules had no birefringence, therefore their gelatinization

Fig. 5. The gelatinization process of starch granules. (A) Individual starch granule from normal maize; (B), (C) and (D) individual, aggregate and elongated granules from
high-amylose maize, respectively. The first column showed the micromorphologies of granules under normal light before gelatinization. The other columns showed the
micromorphologies of granules under polarized light at different temperatures. Scale bar=10 pm.
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Table 3

Area swelling percentages (%) of starch granules measured by hot stage microscopy at different temperatures 2.

Temperature (°C) Normal maize

High-amylose maize

Individual granule

Aggregate granule Elongated granule

60 108.5+5.4b 1023+34a 101.6+4.2a 101.0+3.8a
65 110.8+104b 102.1+45a 102.5+6.6a 103.6+49a
70 213.8+119.1b 107.9+15.0a 107.1+89a 1043 +6.1a
75 635.4+£135.0c 1240+38.8b 1144+204b 106.5+5.2a
80 902.5+1773 ¢ 152.2+80.3b 133.6+37.3b 1122+59a
85 1022.9+236.4 ¢ 184.3+1124b 158.5+58.8b 123.4+96a
90 1040.5+237.4d 236.0+1419¢c¢ 1885+77.5b 1283+119a
95 1060.1 +256.0d 284.5+160.2 ¢ 2182+91.2b 143.5+142a

3 Data (mean + SD) in the same line with different letters were significantly different (n=50, p <0.05).

temperatures were not detected. The onset gelatinization tem-
perature represents the melting of the weakest crystallites
(Naguleswaran, Vasanthan, Hoover, & Bressler, 2013). The present
results showed that the initial gelatinization temperature of nor-
mal maize starch was significantly lower than that of high-amylose
starch and that of high-amylose individual granule was signifi-
cantly lower than that of high-amylose aggregate granule. The
result indicated that the crystallite of normal maize starch was
much weaker (reflected in lower initial gelatinization temperature
value) than that of high-amylose starch and that of high-amylose
individual granule was much weaker than that of aggregate gran-
ule. Gelatinization temperature of starch is related to a variety of
factors including amylose content, crystallinity type, granule size
and morphology (Lindeboom, Chang, & Tyler, 2004; Richardson,
Jeffcoat, & Shi, 2000). The negative correlation between gelatiniza-
tion temperature and amylose content has also been reported by
Fredriksson, Silverio, Andersson, Eliasson, and Aman (1998). In
high-amylose starches, the amylose double helices require high
temperature and energy to disorder and therefore result in a high
gelatinization temperature (Shi, Capitani, Trzasko, & Jeffcoat, 1998).
The high-amylose maize starch consists of aggregate and elongated
granules. The amylose molecules interact and form anti-parallel
double helices between the adjacent two sub-granules, and the
continuous outer layers of these fused granules are composed of
more amylose (Jiang, Campbell, et al., 2010). The long-chain amy-
lose double helices can hold the granular shape and maintain the
semi-crystalline structure above the boiling-water temperature
(Jiang, Horner, et al., 2010). In this study, the aggregate granules
had higher gelatinization temperatures than the individual gran-
ules in high-amylose maize (Table 2), indicating that the aggregate
granules had higher amylose content and gelatinization resistance
than the individual granules.

During heating, the granule swelling was investigated at 5°C
intervals from 40°C to 95°C (Fig. 5), and was presented as area
swelling percentage from ungelatinized granules at 40 °C (Table 3).
The size of normal maize starch did not significantly change at 65 °C,
and then markedly increased from 70°C. The granule swelling
of normal maize was markedly higher than that of high-amylose
maize at the same heating temperature. For high-amylose maize
starches, the granule swelling showed significantly different among
heterogeneous starch granules. The individual and aggregate gran-
ules significantly swelled from 75°C, and the elongated granules
from 80 °C. The area swelling percentage of individual granule was
higher than that of aggregate granule at the same heating tem-
perature. The elongated granules showed the lowest area swelling
percentage among maize starches. Amylopectin is considered to
contribute to water absorption and swelling of starch granules,
whereas amylose tends to retard the processes. Among high-
amylose maize starches, the starch with highest amylose has the
highest level of low-molecular weight amylose fraction, the low-
est level of high-molecular weight amylopectin, and the largest
percentage of linear components. With the lack of amylopectin,

a small amount of amylose forms the double helical structure. The
swelling of high-amylose starch is strongly inhibited by amylose
double helices and lipid-complexed amylose that only disintegrate
at high temperature (Shi et al., 1998). During heating, the chains
of starch associate within the amorphous and crystalline regions
of the starch granule. The associations involving amylose chains
(amylose-amylose and amylose-lipid) may lead to the formation
of new crystallites with different stabilities within the amorphous
regions of the granule. However, the interactions involving amy-
lopectin chains do not result in the formation of new crystallites
(Hoover & Manuel, 1996). An inverse correlation is found between
amylose content and swelling power (Hermansson & Svegmark,
1996; Tester & Morrison, 1990). The present results of granule
swelling showed that the elongated and individual granules had the
lowest and highest granule swelling among high-amylose maize
starch, respectively, indicating that they might have the highest
and lowest amylose contents among high-amylose heterogeneous
granules, respectively.

4. Conclusion

A range of microscopic methods has been used to view the
granule morphology, structure and gelatinization properties of
maize starches. Normal maize starch granules showed homo-
geneity in morphology, structure and gelatinization properties,
however, high-amylose maize starch granules showed significant
heterogeneity. High-amylose maize starch consisted of individual,
aggregate and elongated heterogeneous granules. The individ-
ual, aggregate and elongated granules were round, irregular and
rod/filamentous in shape, consisted of one and many subgranules,
and presented different polarization colors after iodine staining,
respectively. Amylose was mainly distributed in the hilum region
and the circumference of heterogeneous starch granules. Amylose
content was higher in aggregate and elongated granules than in
individual granules. The individual granules had significantly lower
gelatinization temperatures than aggregate granules, and the elon-
gated granules had the highest gelatinization resistance among
heterogeneous starch granules.
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