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ABSTRACT: While the cooking of rice into porridge or similar foods is widely practiced, how microwave treatment, a rapid heating
technology, changes the structure of rice starch with excess water remains largely unexplored. This work describes the multiscale
structural changes of indica rice starch (IRS) with high water contents (70, 80, and 90 wt %, wet basis) subjected to microwave
treatment for 1−3 min. Microwave treatment destructed crystalline lamellae, changed the crystalline type from A to B+V, and
decreased crystallinity and double-helix content. While these changes depend on both water content and treatment time, the former
had a stronger effect due to combined effects of water and heat for starch gelatinization. Interestingly, a highly porous material can be
obtained simply upon microwave treatment of IRS for 3 min at a water content of 90 wt %. Thus, this work presents a simple
method for creating such material promising for encapsulation and delivery applications.

KEYWORDS: indica rice starch, starch microwave treatment, water content, starch multiscale structure

1. INTRODUCTION

Starch is one of the most important sources of carbohydrates
providing energy to humans.1 Considering that starch-based
products need to be cooked for consumption, it is
indispensable to understand how a heating process affects
the physicochemical and functional characteristics of starch−
water systems.2 The variations in starch hierarchical structures
play a crucial role in determining the changes in
physicochemical and functional properties.3,4 Therefore, it is
essential to understand starch structural alterations during
cooking from an application point of view.
Starch is mainly composed of two types of biomacromole-

cules, namely, amylopectin and amylose. Amylopectin is
generally considered to be the main component in starch
and responsible for its structural organization, while amylose
accounts for approximately 15−35% of the starch granule.5,6

The structure of starch is complex and considered to be
organized on different length scales, comprised of the whole
granule, growth rings, and semicrystalline lamellae (with a 9−
10 nm repeat distance), crystalline structure (the crystalline
regions within the lamellae), and double and single helices.7−9

The multiscale structural characteristics of starch, such as the
granule surface and molecular and crystalline structures,
significantly affect starch physicochemical and functional
properties such as pasting properties and digestibility.3,10,11

Thus, it is highly interesting to tailor starch properties by
manipulating the multiscale structures of starch.
Different methods have been used to modify starch

properties, including physical cooking, chemical cross-linking,
and enzymatic hydrolysis.12 Among different methods, micro-
wave treatment is considered to be a simple, cost-effective,
physical method without the use of chemical reagents.13

Microwave is a kind of non-ionizing radiation electromagnetic
wave and highly efficient at thermal processing.14 Therefore,

microwave treatment has been widely applied in food
engineering processes such as drying, heating, cooking, and
sterilization.13,15 Moreover, microwave is also an effective
method for physical modification, which can change the
structure and physicochemical and functional properties of
starch.16 The literature indicates that microwave treatment can
disrupt the original crystalline structure and helical order of
starch and induce starch chain rearrangement, changing
thermal and pasting properties, viscosity, swelling power, and
digestibility.4,11,17−19 The effect of microwave on starch is
determined by two main factors: microwave parameters and
starch characteristics. Microwave parameters include fre-
quency, power level, and irradiation time. Starch characteristics
include the type of starch, water content, and dielectric
properties.13,20 Only polar substances (e.g., sugar, salt, and
water) with suitable dielectric properties can be heated in a
microwave field.13,14 Among them, water is an important factor
affecting the dielectric properties of overall starch systems, and
the dielectric properties of starch−water systems determine the
degree of change in the starch structure.20

Most research focused on the effect of microwave irradiation
on starch at low moisture contents (15−45%).18,19,21−23 For
example, it was reported that microwave treatment (0.5 W/g,
60 min) led to reduced crystallinity for wheat and normal
maize starches with 30% water content (wet basis), while not
affecting the crystallinity of waxy maize starch with the same
water content.23 Szepes et al.24 found that, for native potato
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starch (9.66% water content), microwave irradiation (450 W,
15 min) increased the degree of crystallinity and changed the
X-ray diffractogram pattern from B type to A type whereas,
under the same treatment, the crystalline fraction of native
maize starch (6.84% water content) decreased drastically with
its crystalline type unchanged.
There have been limited studies concerning the changes in

the structure and properties of rice starch with a high water
content (especially ≥90%) under microwave. Zhong et al.16

demonstrated that microwave pretreatment (540 W, 20 min)
significantly promoted the annealing of indica rice starch (IRS)
with a 90% water content (wet basis). However, Fan et al.25

revealed that microwave heating (800 W) did not significantly
affect the japonica rice starch structure (94% water content,
wet basis), unlike under oil-bath or hot-plate heating. In
addition, Fan et al.26 studied the change in dielectric properties
of rice starch (concentration of 6%, wet basis) by comparing
two different heating methods (e.g., microwave heating and
hot-plate heating). Their results indicated that at temperatures
below the gelatinization temperature, microwave-induced
dielectric rearrangement and changes in the polarization
characteristics of starch suspensions reduced the absorption
properties; at temperatures above the gelatinization temper-
ature, these characteristics became consistent with conven-
tional heating. Despite these previous efforts, the structural
changes of rice starch with a high water content (especially
70−90%) under short-time microwave treatment (within
minutes) have received only limited focus. Nonetheless, the
understanding of these changes has significant practical and
scientific importance, as such microwave treatment conditions
today represent a common situation of fast starch food
cooking, especially for producing porridge or similar foods.
As one of the most widely used staples, rice is an important

energy source for humans. Indica and japonica rice are two
main subspecies cultivated in Asia.27 Indica rice is far more
widely consumed, and its starch hydrolysis is slower than that
of japonica rice.27,28 Thus, indica rice was selected as the raw
material in this current study. We aim to understand the effect
of microwave cooking on the multiscale structural changes of
IRS for different lengths of time (1, 2, and 3 min) and with
high water contents (70%, 80%, and 90%, wet basis) by
specifically analyzing its granule morphology, crystalline,
lamellar, and helical structures, and short-range order.

2. MATERIALS AND METHODS
2.1. Materials and Equipment. Indica rice grains were

purchased from Xiangyang Saiya Rice Co., Ltd. (Xiangyang, China).
All other reagents were of analytical grade. An MKX-J1A microwave
instrument with a frequency of 2450 MHz and a maximum electric
power of 1000 W was supplied by Qingdao Microwave Creative
Technology Co., Ltd. (Qingdao, China).
2.2. Starch Isolation. Rice starch was isolated from indica rice

grains by an alkali method described previously.29 In brief, the rice
grains were soaked in distilled water at room temperature for 3 h,
which were then ground with a laboratory GM-WZ150 colloid mill
(Shishou, China) for 3 min. The ground sample was centrifuged (SF-
TDL-5A, Shanghai Feiqiaer Analytical Instrument Co., Ltd., Shanghai,
China) for 15 min at 3000g and then dried overnight at 35 °C to
afford dried crude starch. Purification was achieved by soaking and
stirring the crude starch with a 0.2% (w/v) NaOH solution (pH 11.7)
for 2 h and then centrifugation at 3000g for 5 min. The supernatant
and residue above the starch layer were discarded, and this process
was repeated three times. Afterward, the sediment was washed three
times by being resuspended in distilled water and adjusted to pH 7.0
with 0.1 mol/L HCl. After centrifugation at 3000g for 10 min, purified

starches were suspended in 95% ethanol and then transferred to an
open container after centrifugation (10 min at 3000g). The starch
obtained was dried at 35 °C for 48 h. The amylose content of indica
rice starch was 14.56 ± 0.39%, which was determined by the iodine
colorimetric method.30

2.3. Microwave Treatment. The powder starch (moisture
content of 7 wt %) was adjusted to different water levels (70, 80,
and 90 wt %, wet basis, the original moisture content considered) by
the addition of distilled water. The mixtures were stirred well in
conical flasks and kept at room temperature for 10 min to allow the
starch to absorb water sufficiently. Before microwave treatment, the
starch slurry was stirred again until there was no sediment at the
bottom and then placed into a triangle bottle. The mouth of the bottle
was covered with kitchen cling film, which was pierced to create holes.
Microwave cooking was carried out for 1, 2, or 3 min, and the
microwave power was fixed at 8 W/g. The obtained samples were
denoted as MC-70%-1 min, where “MC” is the abbreviation for
microwave cooking, 70% is the water content, and 1 min indicates the
heating time. Microwave cooking was carried out for 1, 2, or 3 min,
and the end temperatures of the samples were approximately 30−40,
60−70, and 95−100 °C, respectively.

After microwave treatment, the samples were immediately
transferred to plastic dishes, frozen by liquid nitrogen, and vacuum
freeze-dried. The lyophilized sample was crushed and sieved through
an 80-mesh screen.

2.4. Scanning Electron Microscopy (SEM). Micrographs of
native and microwaved starches were obtained with a scanning
electron microscope (JSM-6390, NTC). Starch samples were
scattered on double-sided carbon adhesive tape and sputter-coated
with gold. An acceleration voltage of 15 kV and a magnification of
5000× were used for imaging.

2.5. X-ray Powder Diffraction (XRD). The crystalline features of
native and microwaved starches were analyzed by an X-ray
diffractometer (JDX-10P3A, JEOL) at 40 kV and 40 mA with Cu
Kα radiation (λ = 0.154 nm). Measurements were carried out from 5°
to 40° 2θ values at a speed of 0.5°/s and a step size of 0.02° following
our previous method.4

2.6. Small-Angle X-ray Scattering (SAXS). Lamellar structures
of native and microwaved starches were studied using SAXS at a
wavelength (λ) of 1.03 Å on the BL19U2 BioSAXS beamline at the
Shanghai Synchrotron Radiation Facility (Shanghai, China). Distilled
water was added to obtain a starch slurry with a water content of 80
wt% and equilibrated for 2 h at room temperature before SAXS tests.
A Pilatus 1 M detector (effective area of 169 mm × 179 mm; pixels of
172 μm × 172 μm) was used to collect the two-dimensional scattering
patterns of the sample, and the RAW software was used to obtain the
one-dimensional small-angle scattering curve. The scattering vector q
was defined as q = 4π sin θ/λ, where 2θ is the scattering angle and λ is
the wavelength of the X-ray source.29 All data were recorded in a q
range of 0.09−5.5 nm−1, subject to background subtraction, and
normalized.

2.7. Solid-State 13C Cross-Polarization Magic-Angle Spin-
ning Nuclear Magnetic Resonance (13C CP/MAS NMR) Spec-
troscopy. Solid-state 13C cross-polarization magic-angle spinning
nuclear magnetic resonance (13C CP/MAS NMR) spectroscopy was
conducted using an Advance AV spectrometer (Bruker) at a 13C
frequency of 100.613 MHz and 295.6 K. NMR spectra were obtained
with a cross-polarization (CP) accessory and a 4 mm broad-band
double-resonance MAS probe. Approximately 400 mg of the starch
sample was placed into the sample rotor with tight push-fitting caps.
At least 3000 scans were recorded for each spectrum with a recycle
delay of 2 s to obtain a satisfactory signal:noise ratio.31 The spectra of
amorphous starch and the starch samples were recorded. The spectra
were fitted using PeakFit version 4.12. The percentages of amorphous,
single helices, and double helices in starch were calculated according
to a previous method.32

2.8. Fourier-Transform Raman Spectroscopy (FT-Raman).
Raman spectra were recorded using an iS50 FT-Raman spectrometer
(Thermo Fisher Scientific) with a λNd/YAG = 1064 nm laser source.33

Native and microwaved starches were placed on an aluminum holder,
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and 256 scans were accumulated and co-added. The spectra were
recorded over a wavenumber range of 200−1600 cm−1 with a 4 cm−1

spectral resolution. All FT-Raman measurements were analyzed using
OMNIC version 8.2. Values of the full width at half-maximum
(FWHM) of the 480 cm−1 characteristic peak were calculated using
PeakFit version 4.12 to study the short-range molecular order of
starch.34

2.9. Statistical Analysis. All data were expressed as means ± the
standard deviation. The significant differences were determined using
one-way analysis of variance (ANOVA) performed by Duncan’s test
(p < 0.05) with SPSS 19.0 statistical software (SPSS Inc., Chicago,
IL).

3. RESULTS AND DISCUSSION

3.1. Microscopic Morphology. SEM micrographs of
native and different microwaved starch samples are shown in
Figure 1. Native IRS granules are polyhedral with sharp edges
and smooth surfaces, consistent with previous findings.29,35

Microwave cooking caused starch granule edges to become
blunt and even disappear. After treatment for 2 min, the starch
granules were destroyed and covered by a molten polymer
film.16,36 The change in granule morphology could be mainly
caused by microwave-induced gelatinization.16,26 The dielectric
properties and microwave absorption capability of starch could
change significantly during gelatinization due to the migration
of water into starch granules.14,26 However, Zhong et al.16

found that the edges and angles of IRS granules without added
water were also destructed to some extent with increasing
microwave treatment time.

SEM images show that a higher water content significantly
increased the degree of gelatinization (as reflected by granule
damage). At a 90% water content, IRS starch granules were
swollen significantly with the original granule morphology
destroyed, leading to a highly porous material. Xie et al.19

observed that microwave treatment caused fracturing and
collapse of potato starch granules (water content of 67%, wet
basis) under 700 W for 20 s, but no porous structure was
formed. Here, the porous structure formation probably
resulted from bubbles due to the continuous boiling of starch
slurry under excessive water. In comparison, no such porous
structure was found for rice starch samples with 70−90%
moisture content subjected to conventional heating (boiling
water bath for 30 min) still immediately followed by liquid
nitrogen freezing and vacuum freeze-drying (Figure S1). Thus,
we found a simple method based on microwave treatment to
impart IRS with a porous network structure, while elsewhere,
porous starch is usually prepared by enzyme/acid hydrolysis,
freezing and thawing, cross-linking, and solvent exchange.37

This porous IRS prepared by microwave treatment could be
promising for the encapsulation and delivery of flavors,
bioactives, and drugs.

3.2. Crystalline Structure. The crystalline structures of
native rice starch and the different microwaved rice starch
samples were studied by XRD with results shown in Figure 2.
Native IRS presents the typical A-type crystalline pattern, with
strong diffraction peaks at 2θ values of 15.6° and 23.5° and a
doublet at 17.5° and 18.0°.13,38 Microwaved starch samples

Figure 1. SEM images of native rice starch and the different microwaved rice starch samples immediately followed by liquid nitrogen freezing and
vacuum freeze-drying.

ACS Food Science & Technology pubs.acs.org/acsfoodscitech Article

https://dx.doi.org/10.1021/acsfoodscitech.0c00080
ACS Food Sci. Technol. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acsfoodscitech.0c00080/suppl_file/fs0c00080_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.0c00080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.0c00080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.0c00080?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.0c00080?fig=fig1&ref=pdf
pubs.acs.org/acsfoodscitech?ref=pdf
https://dx.doi.org/10.1021/acsfoodscitech.0c00080?ref=pdf


displayed peaks at 2θ values of 17°, 20°, and 22°, indicative of
a B+V-type polymorph.4 In all cases, microwave treatment
reduced the relative crystallinity of IRS. This means that under

microwave irradiation, the vibrations of polar water molecules
and the rapid temperature increase destroyed the original
starch crystalline structure and led to chain re-arrangement and

Figure 2. X-ray diffractograms for native rice starch and the different microwaved rice starch samples.

Figure 3. SAXS curves for native rice starch and the different microwaved rice starch samples.
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the formation of new crystallites (recrystallization).36 The time
of microwave treatment had a great impact on the major peak
intensities. Specifically, with prolonged (2−3 min) microwave
treatment, the peak intensities were significantly suppressed,
indicating a predominantly amorphous structure. Previous

studies19,21 showed that the crystallinity of microwaved starch
increased with water content (≤40%, wet basis), suggesting
that starch molecular chains rearranged to form crystallites
under a low water content. However, when the water content
was >45% (wet basis), increasing the water content resulted in

Figure 4. 13C CP/MAS NMR curves for native rice starch and the different microwaved rice starch samples.
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a progressive decrease in crystallinity for microwaved starch.
With regard to this, likely, excess water could hinder
recrystallization.19,21 With regard to our results here, the
higher content of water facilitates heating, enhances the effect
of microwave on starch, and results in reduced crystallinity or
increased amorphous content.13

3.3. Lamellar Structure. SAXS is an efficient method for
investigating the semicrystalline lamellar structure of starch.4,39

Figure 3 shows the double-logarithmic SAXS curves for native
and different microwaved rice starch samples. Native IRS
displayed a strong scattering peak around q = 0.07 Å−1,
corresponding to the 9 nm repeat distance of the starch
semicrystalline lamellar structure, based on Bragg’s law (d =
2π/q).1,40 With a longer duration microwave treatment, this
peak gradually weakened and became a shoulder peak at ∼0.03
Å−1, indicating a significant disruption of the lamellar structure
during starch gelatinization.
The electron density (Δρ = ρc − ρa) represents the

difference between crystalline lamellae (ρc) and amorphous
lamellae (ρa). For microwaved rice starch, an increase in
scattering intensity of the lamellar peak at low q was observed
after heating for 1−2 min. This suggests that in the early stage
of gelatinization, water molecules enter amorphous lamellae,
allowing crystalline regions to evolve from a nematic phase to a
smectic phase, resulting in increased electron density.39,41,42

With a 3 min microwave treatment, combined effects of heat
and water destructed crystalline lamellae, as reflected by the
reduced SAXS peak intensity and thus the decreased electron
density between crystalline and amorphous lamellae.
One can see in Figure 3 that for microwaved starch samples,

there was a second 100 interhelix peak at ∼0.39 Å−1, which
represents the hexagonal units of the B-type starch crystalline
structure.29,43 With a longer treatment time and a higher water
content, this lamellar peak gradually disappeared. This result is
consistent with the XRD data (see Figure 2).
3.4. Helical Structure. NMR is a useful tool for studying

the short-range ordered structures of starch (i.e., single and
double helices).32 Figure 4 shows the 13C NMR spectra for
native and different microwaved rice starch samples. All
samples showed C1−C6 resonance signals. The C1 signals in
the NMR spectra reflected the crystalline and amorphous
structures in starch.44 For native IRS, there was an unresolved
triplet peak at approximately 100, 101, and 102 ppm in the C1
signal region for the double helix, characteristic of A-type
crystallites,8,33,44 which is consistent with the XRD results.
After microwave treatment, the shapes of the peaks
representing C1−C3 and C5 were altered largely, while the
shapes of the peaks associated with C4 and C6 remained
unchanged. With microwave heating from 1 to 3 min, the
triplet peak signal gradually weakened and then disappeared,
and only a single peak at 102 ppm in the C1 region was left,
indicating that IRS was gradually gelatinized.44

The relative proportions of amorphous, single-helical, and
double-helical conformations of native and microwaved
starches calculated are listed in Table 1. The percentages of
single helices, double helices, and amorphous content of native
IRS were 2.2%, 62.3%, and 35.5%, respectively. These data,
especially the high content of double helices, indicate that
native IRS possesses a highly ordered molecular structure.
Some researchers45,46 used 13C NMR spectra to investigate
whether the changes in long-range crystalline order were
consistent with that in short-range molecular order. They
found that the amount of double helices was higher than the

degree of crystallinity in native starches, which is in agreement
with the results here. This indicates that not all double helices
are involved in the crystalline structure of starch.45,46

Irrespective of starch water content, with the microwave
treatment time increasing from 1 to 3 min, the fraction of
double helices decreased gradually while more amorphous
content appeared, indicating that microwave hydrothermal
treatment destroyed the intermolecular hydrogen bonds in
starch.4,7 Water was found to be the most important factor
affecting the dielectric properties of starch.20 With a higher
water content, the double-helix fraction of microwaved starch
samples was lower while the percentage of amorphous starch
was higher. In this case, more water contained in starch means
more microwave energy can be converted into heat through
the vibrations of polar water molecules, and thus, the double-
helix ordered structure can be disrupted more easily.
Compared with native starch, MC-80%-1 min even showed
higher proportions of double and single helices and a lower
amorphous content. For this phenomenon, with microwave
treatment for 1 min at an 80% water content, the starch
underwent mainly annealing effects (temperature of starch
slurry, <40 °C) that facilitate the alignment of amorphous
chains into double- and single-helical components. With
prolonged microwave treatment, the content of single helices
decreased gradually.

3.5. Short-Range Order Structure. Raman spectroscopy
is an effective method to study the vibrations of starch
molecules. The full width at half-maximum (FWHM) of the
Raman band at 480 cm−1 is sensitive to the degree of structural
order in starch while being less affected by the amount of
sample and other experimental variables and thus can be an
ideal parameter for spectral evaluation.33 A smaller FWHM
value indicates a higher degree of short-range molecular
order.47 Figure 5 shows the Raman spectra for native and
microwaved rice starches, and the values of FWHM of the
Raman band at 480 cm−1 (FWHMλ480) are listed in Table 1.
Native IRS showed an intense band at 480 cm−1, indicating a

Table 1. 13C CP/MAS NMR and FT-Raman Characteristic
Parameters for Native Rice Starch and the Different
Microwaved Rice Starch Samples

sample
single

helices (%)
double

helices (%)
amorphous
content (%) FWHMλ480

a

IRS 2.2 62.3 35.5 14.7 ± 0.1 cd

MC-70%-
1 min

12.0 58.0 30.1 14.5 ± 0.0 cd

MC-70%-
2 min

7.7 46.3 46.0 16.7 ± 0.6 a

MC-70%-
3 min

4.8 30.7 64.6 15.6 ± 0.2 acd

MC-80%-
1 min

11.5 65.0 23.45 14.2 ± 0.4 d

MC-80%-
2 min

6.8 42.3 50.9 16.2 ± 0.1 acd

MC-80%-
3 min

4.9 32.1 63.0 16.7 ± 0.9 a

MC-90%-
1 min

9.6 49.2 41.3 16.0 ± 0.1 acd

MC-90%-
2 min

5.4 37.9 56.6 16.6 ± 0.7 ac

MC-90%-
3 min

4.4 3.7 58.4 17.4 ± 1.3 a

aValues of the mean ± standard deviation with different superscript
letters are significantly different (P < 0.05).
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high degree of starch structural order, which is positively
correlated with its crystallinity.48 As shown in Table 1,
irrespective of the starch water content, with an increasing
microwave treatment time, the FWHMλ480 values increased,
indicating the loss of molecular order during starch
gelatinization. This change in FWHMλ480 corresponds to the
reduced starch crystallinity (see Figure 2). In this regard,
extending the microwave treatment time allows starch to
absorb more microwave energy, which facilitates the motion
between chains and promotes the destruction of molecular
order.33,49 Compared with MC-70% and MC-80% samples,
MC-90% samples had a higher FWHMλ480 value, suggesting a
lower degree of structural order at a short-range scale. This is
consistent with the 13C NMR spectroscopy results representing
double helices. A higher water content means more intense
vibration of water molecules in starch crystalline regions under
microwave treatment, which causes more intense destruction
to the lamellar structure and a reduced level of molecular
order.20,36 However, MC-80%-1 min had the lowest FWHMλ480

value, followed by MC-70%-1 min and native IRS, indicating
that the former had a higher degree of structural order. This
phenomenon could be attributed to the rearrangement of
gelatinized starch chains during sample preparation.
3.6. Mechanism Regarding Starch Gelatinization

during Microwave Treatment. According to the discussions
described above, it is evident that the effect of microwave
treatment strongly depends on treatment time and water
content. The differences could be attributed to the dielectric
properties of starch−water systems, which affect the heat
generation or increase in temperature in the systems and, thus,
gelatinization. Under microwave irradiation, original hydrogen
bonds are broken, leading to hydration, swelling or breakage of
rice starch. Regardless of the starch water content, with

microwave treatment for only a short time (1 min), there may
be not enough energy to swell starch granules significantly, and
in this case, the morphology of starch granules is largely
maintained (Figure 1). A longer time of microwave treatment
leads to a greater extent of starch gelatinization, along with
which the granule surface is damaged, the mobility of water
molecules in crystalline and amorphous regions is increased,
the content of double helices is reduced, and crystallites are
destroyed.
Our results show that the damage to the starch structure

under microwave was more intensive with a higher water
content. It was indicated previously that the heating rate for
starch suspensions under microwave treatment was positively
correlated with water content.50 Water is the main substance
that transforms microwave energy into heat due to its high
molecular polarity and the matching of dielectric properties to
microwave frequency. Water is also indispensable for starch
gelatinization under heat treatment. The highest water content
(90%) resulted in the greatest extent of starch gelatinization,
and in this case, the microwave-induced vibrations of the
largest amount of water molecules led to the greatest extent of
input of energy to the starch−water system. We can conclude
that a higher water content provides dual effects of heating and
hydration, benefiting starch granule swelling, the hydration of
amorphous regions, the destruction of crystalline regions, and
the disaggregation of double helices, all leading to a more
disordered structure.
In conclusion, this work shows that the multiscale structural

changes of IRS under microwave treatment depend on
treatment time (1, 2, and 3 min), which can be apparently
influenced by water content (70, 80, and 90 wt %). All treated
starch samples displayed a reduction in crystallinity and
double-helix content and a change in crystalline type from A to
B+V. With a prolonged treatment time, microwave disrupted

Figure 5. FT-Raman patterns for native rice starch and the different microwaved rice starch samples.

ACS Food Science & Technology pubs.acs.org/acsfoodscitech Article

https://dx.doi.org/10.1021/acsfoodscitech.0c00080
ACS Food Sci. Technol. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acsfoodscitech.0c00080?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.0c00080?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.0c00080?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsfoodscitech.0c00080?fig=fig5&ref=pdf
pubs.acs.org/acsfoodscitech?ref=pdf
https://dx.doi.org/10.1021/acsfoodscitech.0c00080?ref=pdf


the hydrogen bonds between starch chains, resulting in a
reduced degree of molecular order and fewer double helices. In
addition, the original microscopic morphology of rice starch
granules disappeared gradually and large gel blocks with a
porous structure formed. The water content had a stronger
effect than treatment time to disrupt the starch structure as
water could enhance the effect of microwave on starch based
on dual effects of heating and hydration. The knowledge from
this work could guide our design of microwave processes for
treating IRS especially at a high water content (≥70%).
Moreover, we present a simple and rapid process based on

microwave treatment to create a highly porous starch material
based on IRS, which could be used for encapsulation and
delivery applications (e.g., flavors, bioactives, and drugs).
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