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The effects of microwave heating on the molecular arrangements in potato starch, including single and
double helices and amorphous structures, were studied using a **C CP/MAS NMR method combined
with X-ray diffraction. Rapid heating in an oil bath and conventional slow heating were used as controls.
During the microwave heating process, the double helical structures, the V-single and the crystallinity of
potato starch exhibited similar changes to those observed when heated using conventional methods,

although there were some differences. The effects on the structures were most pronounced when using
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Accepted 27th February 2017 conventional slow heating, followed by microwave heating, then conventional rapid heating. Bo e

rapid heating and electromagnetic effects of microwaves on potato starch, influenced the nature of the

DOI: 10.1039/c6ra28048] amorphous and double helical structures; although the rapid heating effect was greater. Conventional
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Introduction

Starch is made of amylose and amylopectin, and is considered
to be a semicrystalline polymer, in which the crystalline regions
are composed of double helical structures of highly branched
amylopectin molecules. Amylopectin side chains with branch-
ing points and amylose are located in amorphous domains."”* X-
ray diffraction methods provide information on the long-range
molecular order (the degree of crystallinity). "*C CP/MAS NMR is
used to determine the shorter-range structures, including single
and double helices and amorphous structures, due to its high
sensitivity.**

Microwave radiation is an important method used to
physically modify the structure and properties of starch, with
lower shear than conventional heating methods. Lewandowicz
et al. studied the effects of different microwave energies on
various starches. They found that the molecular structure was
rearranged and properties such as water absorbing capacity,
solubility and swelling power were altered.” The granule
morphology of potato starch appeared to be unaffected by
microwave radiation, however, the relative crystallinity was
increased and the crystalline type changed from B-type to
A-type.® Luo et al. reported that microwave radiation did not
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slow heating resulted in the thorough gelatinisation of starch.

affect the external shape of normal and waxy corn starch.
However, cavities were formed in the structure of the granules,
and the crystalline type of high-amylose corn starch was
changed from A + B to B.” The chemical structure of starch and
its derivatives are similar. Derivatives differ only in the number
of repeating units or the order of atomic arrangement.
However, few studies have examined the changes to the
amorphous, single and double helix structures within starch
granules, during gelatinisation when heated with microwave
radiation.

Microwave heating differs from traditional convection heat-
ing: materials absorb microwave energy and this energy is
subsequently converted into heat through molecular vibration
and friction.® The mechanisms about how microwave heating
affects starch granules still remain unclear. There may be some
special microwave effects in addition to rapid heating effect
according to a series of phenomena found in the current study
of microwave reaction, and these two effects may also act on the
material and then influence physical and chemical properties
and structure of materials.” However, some researchers deny
the existence of special effect of microwave.*®

In this study, we evaluated the effect of different heating
methods on the amorphous, single and double helix structures
and the relative crystallinity of potato starch using **C CP/MAS
NMR and X-ray diffraction. The starch samples that underwent
rapid heating were compared with samples heated using
a conventional slow heating method to examine rapid heating
effect of microwave. Rapid heating in an oil bath was used to
simulate the special effect of a microwave, and thereby to
investigate the thermal and electromagnetic effects of micro-
wave heating on the structure of starch.

This journal is © The Royal Society of Chemistry 2017
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Materials and methods
Materials

Potato starch (protein content 0.23%, starch content 94.22%,
amylose content of 13.62%, water content 5.5%, particle size of
38.55 + 2.48 um, weight-average molar mass of 5.048 x 107 g
mol ') was from Fengning Shuangxin Agricultural Develop-
ment Co., Ltd. The onset gelatinization temperature (7,) of
potato starch was 57.16 + 0.11 °C.

The water content would affect the dielectric properties of
starch samples and further enhance the effect of microwave on
starch.™ The permittivity (¢') and dielectric loss factor (¢”) of
native starch with 5.5% water content is 3.04 and 0.23 respec-
tively and the ¢ and ¢” of 3% concentration of starch suspen-
sions (97% water content) is 70.76 and 9.75 respectively, which
indicates that the water significantly improves the dielectric
properties of the system.

Methods

Preparation of microwave-treated samples (MS)."> 3.00 g of
potato starch was dispersed in 97.00 g of deionised water, to
produce a 3% (w/w) starch solution. The solution was heated in
a mono mode microwave synthesiser (Milestone, Italy) set at
1000 W. An optical fibre temperature probe (FISO Technologies
Inc, Québec, Canada) was used to measure the temperature of
the starch sample during the heating process; and the change in
temperature over time was recorded.

Preparation of samples via rapid heating in an oil bath (RS).
The 3% (w/w) potato starch solution was heated in a Thermo
Scientific AC200 oil bath (Pierce, Illinois, USA). The change in
temperature over time was recorded using an optical fibre
temperature probe. The microwave power and oil temperature
were altered until their temperature curves coincided.

The starch samples were heated by microwave or oil bath to
45 °C, 55 °C, 60 °C, 65 °C and 75 °C in quartz reactor under
mechanical agitation with a stirrer to ensure uniform heating
before being cooled with ice bath and lyophilised. Each dried
starch sample was crushed, and then powdered by passing it
through a 75 pm sieve.

Preparation of samples via a traditional slow heating
method (SS)."* The 3% (w/w) potato starch solution was heated
on a hotplate (Xingshui Scientific Instrument Company, Tianj-
ing, China), and the change in temperature over time was
recorded using an optical fibre temperature probe. Completely
gelatinized starch samples were passed through a 75 pm m sieve
after freeze-drying.

Preparation of samples in an amorphous state. Amorphous
starch was prepared using a Rapid Visco-Analyzer (RVA) (New-
port Scientific, Australia). A 3% (w/v) potato starch solution was
heated from 25 °C to 95 °C at a rate of 0.25 °C s~ %, maintained at
95 °C for 15 minutes, then cooled to 50 °C at a rate of 0.25 °C
s~'. Completely gelatinised starch samples were freeze-dried,
then passed through a 75 pm sieve. The water content of the
dried samples was approximately 10%.

Water equilibration. A saturated NaCl solution was used to
equilibrate the water content of the samples for two weeks at
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25 °C, until the water activity of the samples (a,, = 0.887) was
constant and consistent.

Analytical methods

X-ray diffractometry. The relative crystallinity of the starch
samples was measured by an X-ray diffractometer (XRD)" (D8,
Bruker Co.) using copper Ko radiation. Powder samples, after
water equilibration, were exposed to the X-ray beam (40 kv, 40
mA). The scanning region of the diffraction angle, 26, was 3-36°,
and the scanning rate was 0.02° s~'. Relative crystallinity was
determined quantitatively according to Herman's method.**

3C CP/MAS NMR. The *C CP/MAS NMR spectra were
recorded at room temperature at 100 MHz using a Bruker AVIII-
400 equipped with a 7 mm CP/MAS detection probe (Bruker
Instrument, Inc., Billerica, MA). The samples were spun at 20
kHz, and 4096 scans were conducted for each spectrum. The
spectral width was 38 kHz, and the contact time was 13 ms. As
per the method described by Tan et al.,*® the Solver data analysis
tool in Excel was used to calculate the decomposition rate of the
spectra. Ordered subspectra were obtained by subtracting the
subspectrum of the amorphous component from the original
spectrum of the sample. PeakFit version 4 for Win 32 (Jandel
Scientific Software, CA) was used to fit the peaks of the spectra.
The proportions of double and single helical structures in the
starch samples were calculated using the method of Tan et al.

Results and discussion
Comparing the three heating methods

As shown in Fig. 1A, the temperature curve resulting from
microwave heating (1000 W) does not correlate with the
temperature curve obtained from rapid heating in a 200 °C oil
bath. A turning point was observed at 60 °C in the samples
heated in the oil bath, and above this temperature the heating
rate decreased. The microwave power level was altered such that
the temperature curves of both methods were identical. The final
temperature achieved through rapid heating in an oil bath was
200 °C. The microwave apparatus was set at 1000 W for 70 s, then
350 W for 50 s and 650 W for 125 s. The heating curves obtained
with the rapid oil bath and modified microwave methods are
shown in Fig. 1B. The correlation coefficient of the two curves
was calculated to be 0.9981, and the heating rate of both methods
was approximately 27.2 °C min~'. The temperature curve of the
samples treated with the conventional slow heating method (with
a heating rate of 4.68 °C min~") is shown in Fig. 1C.

Changes in crystallinity of starch samples measured by XRD

As shown in Fig. 2, the crystallinity of each sample declined as
soon as the heating processes were initiated. At temperatures
below the gelatinisation temperature, the heat absorbed by the
starch had little effect on the crystalline regions, as indicted by
the slow decline in crystallinity below 60 °C. Furthermore, when
the gelatinisation temperature was reached the mobility of the
amorphous segments was increased, leading to instability in
the starch granules. As heating continued, microcrystalline
starch melted and the starch granules broke up, accompanied

RSC Adv., 2017, 7, 14348-14353 | 14349
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Fig.1 (A) Temperature curves of the samples heated using a microwave (1000 W) and an oil bath (200 °C); (B) temperature curves of the samples

heated using a microwave (1000 W for 70 s; 350 W for 50 s; 650 W for 125 s) and an oil bath (200 °C); (C) temperature curve of the heated with the

slow heating method.
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Fig. 2 Changes in the relative crystallinity of three potato starch
samples with different heat treatment (RS, conventional rapid heating
(®); SS, conventional slow heating (l); MS, microwave heating (A))
were determined by X-ray diffractometry.

by amylose leaching and double helices being opened, leading
to amorphous paste formation.'® The gelatinisation tempera-
ture of potato starch is 60-65 °C, which was confirmed by the
significant reduction in crystallinity at this temperature, as
shown in Fig. 2. Beyond this temperature the crystallinity
declined far more slowly.

The SS exhibited a maximum decreases in crystallisation of
31.0%, the MS showed a decrease of 30.8% and the minimum
relative changes in crystallinity of RS decreased by 30.6%.

€235

Structural changes determined by **C CP/MAS NMR

Total analysis of the ">*C CP/MAS NMR spectra. Fig. 3A-C
show the '>C CP/MAS NMR spectra of raw and amorphous
starch samples, and starch samples subjected to microwave
heating, rapid heating in an oil bath and conventional slow
heating, at 45, 55, 60, 65 and 75 °C. The chemical shifts of each
major peak are presented in Table 1. The chemical shifts were
consistent with the results of previous studies.” The signal at
94-105 ppm was assigned with C1, the signal at 58-65 ppm was
assigned to C6 and the overlapping signal at 68-78 ppm was
associated with C2, C3 and C5. The C1 signals in the NMR
spectra contained information related to the crystalline and
amorphous structures in the starch.

Morrison et al. reported the **C CP/MAS NMR signal data of
several C regions. The signals at 99-102 ppm in the C1 region
(90-110 ppm) were found to contain information on the double
helices, and the signals at 93-99 ppm were found to be several
signals originating from the amorphous regions. The broad
peak at 103 ppm contained information on the amorphous state
of the starch. The C2, C3 and C5 regions (70-79 ppm) mainly
originated from B-type double helices, whereas the C4 region
(80-84 ppm) contained information on the amorphous regions
and a small proportion of left-handed single-stranded V-type
single helices.*

In A-type starch, maltotriose is the smallest repeating unit,
and double helical structures are formed from two-fold
axisymmetric helical structures, which produce a triplet in the
C1 peak. In B-type starch, maltose is the smallest repeating unit,
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Fig.3 *C CP/MAS NMR spectra of potato starch samples at different temperatures ((A) MS; (B) RS; (C) SS). Spectra of amorphous and raw starch

(NS) samples included for comparison.
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Table 1 *C CP/MAS NMR chemical shifts of starch samples heated using three different heating methods
Chemical shift (ppm)

Starch sample C1 C2,3,5 C4 Cc6
Raw (NS) 94.42, 98.18, 100.94, 102.87 71.3, 72.5, 73.9 82.6 61.9
Amorphous 103.13 72.4,74.3 82.3 61.5
MS45 °C 94.39, 98.68, 101.57, 103.55 71.2, 72.4, 73.9 82.6 61.5
MS55 °C 94.33, 98.65, 99.37, 100.95, 103.67 71.1, 72.4, 74.0 82.0 61.2
MS60 °C 94.35, 98.57, 99.32, 100.57, 103.52 71.1, 72.4, 74.0 82.3 61.2
MS65 °C 103.55 71.2,72.5,73.9 82.2 61.8
MS75 °C 103.51 71.4,72.5, 74.0 82.4 61.5
RS45 °C 94.39, 98.68, 101.57, 103.55 72.4,74.1 81.9 61.4
RS55 °C 94.31, 98.45, 99.57, 100.98, 103.62 72.4, 74.0 82.6 61.5
RS60 °C 94.57, 98.17, 99.49, 100.47, 103.54 71.4,72.5,73.6 82.7 61.5
RS65 °C 102.78 71.2,72.5,73.9 82.5 61.7
RS75 °C 103.17 71.1, 72.5, 74.2 82.5 61.6
$S45 °C 94.52, 98.68, 101.67, 103.41 71.2, 72.4, 74.0 82.5 61.5
SS55 °C 94.28, 98.48, 99.39, 100.20, 103.64 71.2,72.4, 74.0 82.0 61.9
$S60 °C 94.76, 98.20, 99.47, 100.71, 103.57 72.4, 74.1 82.1 61.5
SS65 °C 102.95 72.4,74.0 82.6 61.8
SS75 °C 103.37 71.1, 72.4, 74.0 82.5 61.5

and double helical structures are formed from three-fold screw
axes, which produce a doublet in the C1 peak.” As shown in
Fig. 3, double peaks were observed in the C1 region, indicating
that the double helical structures in potato starch are B-type
double helices. This was consistent with the results of previ-
ously reported studies.”®** As the heating duration increased,
the crystalline type of potato starch transformed gradually from
A-type to B-type, which is consistent with previous reports.*

The signal from the triplet peak gradually diminished with
heating, and only a single peak around 103 ppm in the C1
region was observed in the spectrum of the highest temperature
sample, suggesting that potato starch had started the gelatini-
sation process. With all three heating methods, at temperatures
above 65 °C the spectra were similar to the spectrum of fully
gelatinised amorphous starch. This finding indicated that the
gelatinisation temperature range of the potato starch was
consistent between all three heating methods. The relative
intensities of the signals in the C4 region increased with
increasing temperature. These data suggest that the amorphous
content in the starch granules substantially increased with
temperature, which resulted in a higher level of gelatinisation.

We found that the temperature points at which the triplet
peaks changed into doublet peaks, the weak signal intensity of
the triplet peaks and the increase in the signal strength in the
C4 region were the same in all three sets of samples.

Changes in the single and double helical and amorphous
structures of the starch samples

Ihwa et al. improved the *C NMR method, and used it to
determine the proportion of double helices, amorphous struc-
tures and V-type single helices.” In this study, the Solver data
analysis tool was used to obtain the subspectra of the amor-
phous content in the samples at different temperatures, based
on the *C NMR spectra. An ordered subspectrum was obtained
by subtracting the subspectrum of the amorphous component

This journal is © The Royal Society of Chemistry 2017

from the original spectrum of the sample. For example, Fig. 4
shows the three subspectra of the MS sample at different
temperatures. Sub-peak fitting of ordered and disordered
structures was performed on the subspectra, using PeakFit
software. A combination (50/50) of Lorentzian and Gaussian
profiles produced acceptable curve fitting (* = 0.9990).

As shown in Fig. 4, the intensity and area of the spectra of the
amorphous structures gradually increased with temperature,
while the intensity and area of the spectra of the ordered
structures declined. The subspectra of the ordered structures
were weak and highly unstable at temperatures higher than
65 °C.

The peak fitting results for the ordered subspectra of MS are
shown in Fig. 5, and the calculated proportions of amorphous,
single and double helix structures are summarised in Table 2.

As shown in Table 2, the samples exhibited similar trends in
the changing proportions of amorphous, double helices and V-
type single helices, regardless of the heating method and all
changed with the rising temperature, especially when the
temperature was near the gelatinization point. At temperatures
below 60 °C, the proportions of amorphous regions and double
helices changed very slowly; however, the changes in the SS
samples were 6% and 10%, respectively, slightly greater than
those in the MS (around 4% and 7%) and RS (around 1% and
3.5%) samples. In all of the samples, when the temperature rose
above 60 °C the proportion of double helices decreased rapidly,
while the proportion of amorphous regions increased rapidly
and the proportion of V-type single helices decreased to zero
before the end of the experiment. At 75 °C, the proportion of
double helices in the RS, MS and SS samples decreased by 20%,
22% and 24%, respectively. The amorphous content of RS, MS
and SS increased by 27%, 29% and 30%, respectively.

Using these results, we can predict both the thermal and
special effects of microwaves on the proportion of amorphous
region, double helices and V-type single helices in potato starch.

RSC Adv., 2017, 7, 14348-14353 | 14351
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Fig. 4 Deconvolution of the MS ™C CP/MAS NMR spectra (—) into the amorphous (- - -) and ordered (—) phases. The Solver data analysis tool in

Excel was used to calculate the deconvolution. An ordered subspectrum was obtained by subtracting the subspectrum of the amorphous
component from the original spectrum of the sample. The spectra of the other two samples are contained in the ESI.{
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Fig.5 Peak fitting results of the subspectra of ordered structures in MS
samples. The number following ‘MS’ indicates the temperature that the
samples were heated to. PeakFit version 4 for Win 32 (Jandel Scientific
Software, CA) was used to fit the peaks of the ordered spectra shown in
Fig. 4. The proportions of double and single helical structures in the
starch samples were calculated using the method of Tan et al. The
spectra of the other two samples are in the ESI.

At the beginning of the microwave treatment, the destruction of
the internal structure of the starch had not commenced, and
thus the structure was relatively stable. When the temperature
exceeded 60 °C, the hydration and particle swelling rates of the
starch rapidly increased, as a large quantity of water molecules
entered the starch granules. During this period, the heating
rates of the MS and RS samples slowed down, but remained
greater than the heating rate of the SS sample. The heating time
of the MS and RS samples were correspondingly short. This may
be the cause of the lower degrees gelatinisation in the MS and
RS samples.

14352 | RSC Adv., 2017, 7, 14348-14353

Table 2 Proportions of amorphous, double helical and V-type single
helical structures in starch samples treated with three different heating
methods

Amorphous Single helix Double helix

Sample content (%) content (%) content (%)
Raw starch 58.71 7.08 34.21
MS45 °C 61.82 5.93 32.25
MS55 °C 65.67 3.40 30.93
MS60 °C 77.94 1.30 20.76
MS65 °C 85.81 0 14.19
MS75 °C 87.99 0 12.01
RS45 °C 58.06 6.27 35.67
RS55 °C 62.83 3.70 33.47
RS60 °C 74.47 1.83 23.70
RS65 °C 83.96 0 16.04
RS75 °C 85.57 0 14.43
SS45 °C 65.43 5.54 29.03
SS55 °C 68.22 2.13 29.65
SS60 °C 84.77 0.87 14.36
SS65 °C 87.45 0 12.55
SS75 °C 89.93 0 10.07

Conclusions

Three heating methods were established as a model to study the
effects of microwaves on molecular arrangements. We carried
out *C CP/MAS NMR combined with X-ray to detect the
proportions of amorphous structures, double helices and V-type
single helix structures changes in potato starch. Compared with
native potato starch, the amorphous content of microwave
heating samples increased 29%, the double helix structure
decreased by 22%, and the relative crystallinity of potato starch
after microwave heating decreased by 30.8%, which were all
between rapid heating and slow heating sample. From these

This journal is © The Royal Society of Chemistry 2017
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results, we determined that both the rapid heating and elec-
tromagnetic effects of microwaves influenced the proportion of
amorphous and double helical structures, and that rapid heat-
ing had a greater effect than the electromagnetic effects. Addi-
tionally, microwave special effects may strengthen and
accelerate the change from ordered to disordered structures.
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