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Abstract:

In this study, high-amylose starches were hydrothermally-treated and the structural changes were
monitored with time (up to 12 h) using scanning electron microscopy (SEM), confocal laser scanning
microscopy (CLSM), small-angle X-ray scattering (SAXS), X-ray diffraction (XRD), and differential
scanning calorimetry (DSC). When high-amylose starches were treated in boiling water, half-shell-like
granules were observed by SEM, which could be due to the first hydrolysis of the granule inner region
(CLSM). This initial hydrolysis could also immediately (0.5 h) disrupt the semi-crystalline lamellar
regularity (SAXS) and dramatically reduce the crystallinity (XRD); but with prolonged time of
hydrothermal treatment (> 2 h), might allow the perfection or formation of amylose single helices,
resulting in slightly increased crystallinity (XRD and DSC). These results show that the inner region of
granules is composed of mainly loosely-packed amylopectin growth rings with semi-crystalline
lamellae, which are vulnerable under gelatinization or hydrolysis. In contrast, the periphery is
demonstrated to be more compact, possibly composed of amylose and amylopectin helices intertwined

with amylose molecules, which require greater energy input (higher temperature) for disintegration.

Keywords: High-amylose starch / Granule structure / Hydrothermal treatment



1. Introduction

Starch is a biopolymer that naturally exists in the form of granules in plants; and the granule is
structured in a highly complex way, which has not been fully understood so far [1-3]. Starch has great
potentials in a diversity of applications, with some new applications in foods (resistant starch,
microporous starch, etc.) [4-5], pharmaceutical materials (drug delivery systems) [6-8], and
biodegradable plastics (starch-based materials) [9-11]. A clear understanding of starch structures and
how its structures change under different treatments is indispensable for the utilization of starch with
desired properties.

It is worth noting that in many applications like those abovementioned, high-amylose starch (a type
of starch by genetic modification) is preferably used. High-amylose starch has some special properties,
such as its heat resistance [12], which is reflected by high gelatinization temperature and the retainment
of granules in boiling water [13-15], and its digestion resistibility [16-17], due to which this starch has
been used as resistant starch and in drug delivery systems. In addition, high-amylose starch is especially
suitable for producing thermoplastic materials [18-19], because amylose as a linear molecule can
provide better mechanical properties resulting from easier formation of crystallites and entanglements.
However, when preparing materials, a significant problem would be just the resistance to processing or
treatment, because the complete destruction of original starch supramolecular structures is required to
form a continuous integrated phase [12-15]. In other words, due to its special structural organization,
native high-amylose starch is more resistant to hydrolysis or disintegration by small molecules such as

water, enzymes, etc., which negatively impacts on its application.



These particular behaviors of high-amylose starch can hardly be explained by the theories obtained
from waxy and regular starches, of which the structural features have been more intensively studied
[1-3]. Despite the lower crystallinity, high-amylose starches have a rather compact structure without
weak points or voids, which may explain those behaviors to some degree [16-17, 20-21]. Nevertheless,
the reason for such a compact granule organization, and how this compact structure is altered during
hydrolysis by e.g. water, are not well understood.

There have already been many studies on the compact granule organization of native high-amylose
starches [22-27]. Leach and Schoch [25] found that different types of starches showed different degrees
of enzyme susceptibility, with waxy maize starch granules being the most susceptible and high-amylose
maize starch the least susceptible. It has been proposed that amylose concentrated at the periphery of
starch granules could interacts with amylopectin to form a hard shell [28-30], and that amylose could
form crystalline structure especially in high-amylose starch granules [31-32], both of which could make
the starch granules more compact. In addition, some researchers [33-34] showed that there was no
correlation between crystallinity and enzyme susceptibility, and the hydrolysis residues were composed
of both amorphous material and B-type crystallites; therefore, they proposed that the distribution of
B-type crystallites within the granule and their influence on local granule organization is important.
However, to the best of our knowledge, there has been no further exploration on the structural

organization of native high-amylose starch granules which account for its compactness.



The current study aims to further explore the structural features of native high-amylose starch,
which was done by monitoring the structural changes of high-amylose starch during hydrothermal

treatment.

2. Experimental
2.1. Materialsand Chemicals

Two varieties of commercially-available maize starches used in this work, Gelose 50 (G50), and
Gelose 80 (G80), were supplied by National Starch Pty Ltd. (Lane Cove NSW 2066, Australia). Both of
the two starches were chemically unmodified; and their amylose contents were 56.3% and 82.9%,
respectively, and their degrees of crystallinity were 31.3% and 28.3%, respectively [35-36], both as
measured previously. 8-Aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS) and sodium

cyanoborohydride were purchased from Sigma-Aldrich China (Mainland) (Shanghai, China).

2.2. Hydrothermal treatment of starch

10 g (dry basis) of starch (either G50 or G80) was weighed into distilled water to form 5%
suspensions. In a closed environment, these starch suspensions were heated using an oil bath (102 °C)
with stirring. Once the suspension reached 50 °C, the time counting was started from zero. From 50 °C
(time zero), the temperature could rapidly increase to ca. 98 °C within 5 min; afterwards with
prolonged time, the temperature could be maintained at ca. 98 °C. After specific times (0.5 h, 1 h, 2 h,

4 h, 12 h), one suspension was taken out and immediately quenched in an ice bath for stopping any



further changes. After that, the samples were centrifuged at 5000 rpm for 10 min. The sediments were

washed with distilled water for five times, and then freeze-dried for further examinations.

2.3. Scanning electron microscopy (SEM)

The freeze-dried starch samples were adhered to specimen holders using a silver adhesive, and then
coated with gold in a vacuum evaporator. The obtained specimens were viewed for their morphologies
by a scanning electron microscope (JSM-7001F, Japan Electronics Corporation) at an accelerating

voltage of 15 kV.

2.4. Confocal laser scanning microscopy (CL SM)

The starch samples used for CLSM observation were only washed and centrifuged without
freeze-drying. APTS was used as the stain and sodium cyanoborohydride were used as the reducing
agent. Specifically, 2 mg of the sample was added into a 3 pL freshly-prepared APTS solution (10 mM,
with 15% acetic acid solution as the solvent), which was mixed with 3 pL of 1 M sodium
cyanoborohydride solution. The mixtures with the starch samples were sealed and kept in a dark place
for 15 h at room temperature. Then, the samples were washed with distilled water for five times, and
dispersed in a 1:1 water/glycerol solution, before CLSM observation.

Detection of the fluorescence signals from the dye-stained starch samples was carried out using a
confocal laser scanning microscope equipped with He/Ne/Ar laser (Nikon Digital Eclipse C1-Plus,

Nikon Instruments Inc., Melville, NY, U.S.A.). The detail of objective lens used was Plan Apo VC



60x/1.40 oil. The excitation wavelength was 488 nm. And the emitted light was detected between 500
and 535 nm [37]. The resolution of generated images was 512x512 pixels. The magnification of photos
was determined by the product of eye lens and objective lens (10x60). During image acquisition, each

line was scanned for four times and averaged in order to reduce noise.

2.5. Small-angle X-ray scattering (SAXS) analysis

SAXS experiments were performed using an SAXSess system (Anton-Paar GmbH, Austria)
equipped with a PW3830 X-ray generator (PANalytical B.V., Netherlands), operated at 50 mA and
40 kV, using Cu Ko radiation with a wavelength of 0.1542 nm as the X-ray source. The moisture content
of freeze-dried starch samples were adjusted to 50% by adding a certain amount of water, and
equilibrated at 20 °C for 24 h, before the detection. The sample was filled into a sample cell and
measured for 10 min. The data, recorded using an image plate, were collected by the IP Reader software
program with a PerkinElmer® Storage Phosphor System. All data were normalized, and the background
intensity and smeared intensity were removed using the SAXS Quant 3.0 software program for further

analysis.

2.6. X-ray diffraction (XRD) analysis
XRD analysis was performed with an Xpert PRO diffractometer (PANalytical B.V., Netherlands),
operated at 40 mA and 40 kV, using Cu Ka radiation with a wavelength of 0.1542 nm as the X-ray

source. The scanning was carried out with the diffraction angle (26) from 5° to 50° with a scanning speed



of 10°/min and a scanning step of 0.033°. The samples were equilibrated at 40 °C for 24 h and the
moisture content of all the samples was about 10% before analysis.

The degrees of crystallinity of the samples were quantitatively estimated according to a previous
study [36]. Specifically, a smooth curve connected with the peak baseline was computer-plotted on the
diffraction. The area above the smooth curve was regarded as the crystalline portion, while the lower
area between the smooth curve and a linear baseline that connected the three points at 4°, 6°, and 28°
was taken as the amorphous portion. The upper diffraction peak area and the total diffraction area were
integrated by MDI Jade 6. The ratio of upper area to total diffraction area was taken as the degree of

crystallinity.

2.7. Differential scanning calorimetry (DSC)

A PerkinElmer® Diamond DSC with an internal coolant (Intercooler IP) and nitrogen purge gas was
used in the experimental work. The melting points and enthalpies of indium and zinc were used for
temperature and heat capacity calibration. A high-pressure stainless steel pan (PE No. B0182901) with a
gold-plated copper seal (PE No. 042-191758) was used to keep the moisture content constant during
DSC measurements. The starch samples, with a moisture content of ca. 50%, were prepared in sealed
glass vials, which were kept at 20 °C for 24 h before measurement. With this moisture content, the DSC
endothermic features could be clearly illustrated containing separated characteristic peaks of
gelatinization (G) and the phase transition of amylose-lipid complexes (M2) [13]). For each

measurement, about 10 mg of the sample in the pan was used, which was scanned from 30 to 140 °C. A



slow heating rate of 5 °C/min was used for minimizing any temperature lag due to the large mass of the
steel pan [38]. The onset temperature (7o), peak temperature (7p) and the enthalpy (AH) of starch thermal
transitions were recorded. The enthalpy was calculated based on the weight of dry starch. The results

were presented as the average of three replicates.

3. Resultsand discussions
3.1. Morphological changes of high-amylose star ch after hydrothermal treatment

Fig. 1 shows the morphological images of G50 and G80 before and after hydrothermal treatment for
30 min by SEM. Both native G50 and G80 granules displayed a nearly spherical shape with smooth
surface. For some of the granules, a small depression on the surface could be clearly identified. After
hydrothermal treatment for 30 min, hollowed or half-shell-like granules could be formed for both G50
and G80, and almost all granules turned into this morphology. The diameter of the pit was about
4~5 um for G50 starch, nearly a half of the whole granule; and 2~3 pm for G80 starch, approximately
1/3 of the whole granule. These hollowed or half-shell-like granules have also been observed before for
other types of high-amylose starch under enzymatic treatment conditions [32].

As these hollowed or half-shell-like granules might be formed by the drying and grinding process
before the SEM measurement, CLSM was further used for morphological observation. For the CLSM
measurements, the samples were dyed directly after hydrothermal treatment, and the images are shown
in Fig. 2. It could be seen that both G50 and G80 samples dyed with APTS showed strong fluorescence.

Previous studies have shown that starch with higher amylose content could display stronger fluorescent



intensity [20-21]. This is because amylose has a lower molecular weight than amylopectin and contains a
much higher mole ratio of reducing ends per anhydrous glucose residues, resulting in a higher by-weight
labeling of amylose [39].

It can be seen from Fig. 2 that, for some granules, the periphery showed strong fluorescence
whereas the inner region was predominantly dark. This could also be verified by the CLSM images of
these granules viewed at gradually varied focusing depth (images not shown here). Taking into
consideration of the SEM results previously discussed, the dark inner region of granule under CLSM
could be due to the less compact structure in the granule, which might have been gelatinized or
hydrolyzed to some degree. It is plausible that starch molecules around the hilum were promptly
gelatinized and hydrolyzed because the starch molecules around the hilum were loosely packed and had
less amylose [29, 30, 32]. The remaining structure, after 0.5 h of hydrothermal treatment, looked intact
and smooth without showing any growth rings and channels, suggesting its stronger resistance to
hydrothermal treatment. However, as the half-shell-like granules (shown in SEM) could not be seen
from CLSM images, they were proposed to be formed by the drying process (for SEM observation)

after the initial hydrolysis of the inner region (which made the outer layer partly collapse, forming a pit).

3.2. Structural changes of high-amylose star ch after hydrother mal treatment

Fig. 3 shows the SAXS results of G50 and G80 before and after hydrothermal treatment for 30 min.
It is apparent that there was a peak positioned at around ¢ = 0.6 nm™!, which corresponds to the average
repeat distance (d = 2n/q) of the semi-crystalline lamellae in native high-amylose starch granules being

10



10 nm [40]. The semi-crystalline lamellae in 10 nm are important information, as they are formed by
the periodic appearance of the branched points and the branched chains of amylopectin, and contribute
to the structures of blocklets and growth rings [41]. This SAXS characteristic peak did not exist for the
samples after treatment for 0.5 h. This suggested that the first 0.5 h of treatment was enough to disrupt
the starch lamellar structure (regularity).

Fig. 4(a) and (b) show the XRD curves of G50 and G80 before and after hydrothermal treatment for
different time periods. It can be seen that native G50 showed the strongest diffraction peaks at 26 of
around 17°, with a few smaller peaks at 26 of around 5°, 14.5°, 15°, 20°, 22°, 23°, 26°, 30.5°, and 34°,
which were indicative of B-type crystalline structure [42-43]. After treatment for 0.5 h, these peaks
were largely depressed, with some peaks (5° and 14.5°) becoming invisible. However, with a longer
time (> 2 h), the peaks at 20° and 22° were seen to be strengthened. Specifically, the peak became
much sharper at 12 h than at 0.5 h; while the peak at 22°, which almost disappeared after 0.5 h of
hydrothermal treatment, emerged again on the curves for 4 h and 12 h. These peaks at 20° and 22° are
characteristics of Vu-type crystalline structure, a single-helical amylose structure (similar to that formed
by amylose—lipid helical complexes) [44]. On the other hand, native G80 also displayed B-type
crystalline structure and very similar evolution of the XRD pattern as a result of hydrothermal
treatment could be seen. The changes in crystallinity for G50 and G80 can be better illustrated in Fig.
4(c). It can be seen that after 0.5 h of treatment, the crystallinity for both G50 and G80 rapidly
decreased, which maintained at a similar low value until 2 h. Along with the results of SEM (Fig. 1),
CLMS (Fig. 2), and SAXS (Fig. 3), the crystallinity change here suggested that hydrothermal treatment

11



firstly disrupted the granule inner region, which was mostly crystalline. After that, the crystallinity
increased slightly with time (2—12 h), which could be considered as an annealing process.

Fig. 5 and Table 1 show the DSC endothermic results of the two starches before and after
hydrothermal treatment for different time periods. It can be seen that both native G50 and G80 had a
major transition between 70 °C and 90 °C, immediately followed by a gentler peak between 100 °C and
120 °C. According to previous studies, the first peak, normally considered as the gelatinization peak,
represents the transition from smectic to nematic phase regarding the alignment of amylopectin double
helices (G peak) [13-14], which is usually along with the helix-coil transition associated with the
unwinding of amylopectin double helices (M1 peak) when abundant water exists; and the second peak is
considered as the thermal transition associated with the unwinding of amylose single helices (M2 peak)
[45-48].

For G50 after hydrothermal treatment for 0.5-2 h, only the M2 peak at the higher temperature was
shown, which corresponds to the SAXS results showing the disappearance of semi-crystalline lamellae
after hydrothermal treatment (so the absence of the smectic-to-nematic transition (G) in DSC). Besides,
both T, and 7p of the M peak became gradually higher, and so did AH. For G80, the similar evolution
of thermal transitions with time of hydrothermal treatment was also observed. The increasing in AH
suggested an increase in the relative portion of amylose helices in the granule remains; and the higher
temperature of M peak could be due to an annealing process (for greater perfection of amylose single

helices) induced by hydrothermal treatment. These results are in agreement with the XRD analysis.

12



3.3. Further discussion regarding the structural features of high-amylose star ch

While the structures of other types of starch have been intensively studies, much less understanding
of the structure of high-amylose starch has been acquired. Native high-amylose starch has a compact
granule structure and behaves distinctly. It shows greater resistance to thermal [13-14], mechanical [15,
19], acidic [20-21], and enzymatic treatments [25]. While the reason for this was normally ascribed to the
more compact structure of high-amylose starch granules, why the granule is compact and maintains a
better integrity has not been well elaborated. It is widely accepted that amylopectin is responsible for the
supramolecular structure of granules [1-3]. And the most accepted model of amylose location in starch
granules is as individual, radially oriented chains randomly distributed and could disrupt the structural
order within the amylopectin crystallites [1]. Research has also suggested that amylose could form
double helical crystallites in high-amylose starch [31-32]. Therefore, it could be rather considered here
that the more compact periphery is composed by both amylopectin and amylose helical crystallites
(with the amylose helices longer than amylopectin helices [32]) intertwined with amylose molecules.
This is proposed considering that amylose is more flexible and has a much greater length than that of
double helices (5—6 nm) formed by amylopectin branches [3], and that amylose is more concentrated at
the periphery in maize starch [2]. Fig. 6 is a speculated schematic regarding the supramolecular
structure at the periphery of maize starch granule.

In contrast, in the starch granule center, the parts adjacent to the hilum are more crystalline with

regular lamellar periodicity, but have a loosely packed structure [2], probably because there is weak
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tangential (regarding the granule) force for the association of parallel helices. Therefore, gelatinization

or hydrolysis starts from the granule inner region, creating hollowed granules.

4. Conclusions

By hydrothermal treatment, the current study further explores the special structural organization of
high-amylose starch granules responsible for their resistance to gelatinization or hydrolysis. SEM and
CLSM images show that the hydrolysis mostly started from the inner region, generating hollowed
granules. This initial hydrolysis could disrupt the semi-crystalline lamellar structure as shown by SAXS
and dramatically reduce the crystallinity as demonstrated by DSC and XRD. According to the literature
and the observation here, it is proposed that while the inner region of granules is composed of mainly
loosely-packed amylopectin growth rings with semicrystalline lamella, which are susceptible to
hydrolysis or gelatinization, the more compact periphery is composed by both amylopectin and
amylose helical crystallites intertwined with amylose molecules. We hope the speculated model of the
granule periphery here could attract further research for high-amylose starch structure, which is highly
important in understanding the mechanisms of different treatment processes for high-amylase starch,

for the preparation of materials and resistant starch for example.
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Figure captions

Fig. 1
Yang et al.

International Journal of Biological Macromolecules

Fig. 1.  Morphology of high-amylose starch granules by SEM. (A) and (B) were native G50 and G80
starch granules respectively (magnification: x2000); (C) and (E) were G50 and G80 after
hydrothermal treatment for 0.5 h, respectively (magnification: x1000); (D) and (F) were part
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of (C) and (E) magnified respectively (magnification: x3000). The arrows indicate the small
depressions on the granule surfaces of native starches.
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Fig. 2

Yang et al.
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Fig. 2. CLSM images of high-amylose starch granules (A: G50; B: G80) after hydrothermal

treatment for 0.5 h (magnification: x600).
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Fig. 3.  SAXS results of G50 and G80 after hydrothermal treatment for O h and 0.5 h. The arrow
pointed to the peaks of g, which is for calculating the repeat distance of starch

semi-crystalline lamellar structure.
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Fig. 4.  XRD results of G50 and G80 samples after hydrothermal treatment for different time periods.
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Fig. 5. DSC results of G50 (upper) and G80 (lower) hydrothermally treated for different time
periods. G (gelatinization) represents the transition from smectic to nematic phase of

amylopectin double helical structure, usually overlapped with the helix-coil transition
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associated with the unwinding of amylopectin double helices; M2 denotes the thermal

transition associated with the unwinding of amylose single helices.
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Fig. 6.  Speculated model of the periphery organization of high-amylose maize starch.
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Table 1 DSC results of G50 and G80 hydrothermally treated for different time periods

Starch type Time (h) Peak type T, (°C) T, (°C) AH (J/g)
G50 0 G 69.28 77.93 3.065
M2 98.51 113.73 1.629
0.5 M2 104.54 114.65 2.913
1.5 M2 105.24 113.57 3.485
2 M2 107.06 113.73 4.247
G80 0 G 70.76 79.27 3.051
M2 98.93 109.1 0.955
0.5 M2 102.37 114.15 2.322
1.5 M2 102.99 114.15 2.412
2 M2 103.43 116.81 2.702

Peak G and M2 correspond to the peaks in Fig. 5. T, T, and AH are the onset temperature, peak temperature,

and enthalpy of the thermal transition.
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