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Abstract: In this study, annealed glutinous rice flour treated under different conditions (ANN1,
ANN2 and ANN3) were prepared. The structure as well as physicochemical characteristics of the
flour and its dumpling products were investigated. The crystallinity of the annealed flour samples
increased, while the hydration ability decreased. The content of bound water raised, and immobilized
water as well as the freezing enthalpy value decreased for the fast-frozen dumplings made from
annealed flour samples. It showed that annealed treatment could reduce the formation of large
ice crystals, thus decrease the cracking of fast-frozen dumplings. The freezing enthalpy value of
annealed dumplings decreased which was conducive to protect the structure and quality of products.
The boiled dumplings made of annealed flour had better eating quality as demonstrated by the
increase in the transmittance of the soup. It indicated that moderate annealed glutinous rice flour
ANN2 had optimal physicochemical properties to make high quality dumplings. This study would
pave the way for further study of the annealing glutinous rice flour and provide theoretical guidance
for the application of annealing treatment in starchy food product.
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1. Introduction

Glutinous rice, is considered to be the great material for thickening soups, staple foods,
and desserts due to its characteristic stickiness and opaque appearance [1,2]. Glutinous
dumplings as a kind of popular traditional foods, is the specific food at the Lantern Festival
in China [3,4]. The dumplings are usually made from glutinous rice flour, which are
sticky and soft with round shape. After preparation, the dumplings need to be placed
in the refrigerator at −20 ◦C and be frozen for more than 6 months. The quality of fast-
frozen dumplings is affected by many factors such as raw material quality, production
process, storage method and so on. Unfavorable factors could cause problems such as
freezing cracks, poor appearance, and poor taste of fast-frozen dumplings [5]. The quality
of the product could be greatly enhanced by improving the physicochemical properties
of glutinous rice flour itself, such as hydration ability, rheological properties, thermal
properties and so on [6].

Annealing treatment is a kind of hydrothermal treatments, and often used to modify
physicochemical properties of starch, and its chemical safety, low-cost and environment-
friendliness attracted much attention [7,8]. Annealing is a method that treat starch in excess
water (>60%) at temperatures below gelatinization but above the glass transition tempera-
ture, and it influences hydration ability, thermal properties, swelling power, solubility of
starch [9]. Tsutsui et al. [10] prepared annealed sample at 62 ◦C for 15 min, and observed
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that the annealing tended to prevent starch sample from shear thinning. Wang et al. [11]
reported that annealing treatment changed the gel texture of rice starch and the qualities of
the rice starch noodles were improved. Ghani et al. [12] found an increased gelatinization
temperature and enthalpy of sago starch after annealing treatment.

Studies on the annealing effects on properties of glutinous rice flour and its products
are relatively limited. In order to improve the quality of fast-frozen dumplings, annealing
treatment on the glutinous rice flour is considered as a desirable way, because it could
improve the fast-frozen rate and the transmittance of the food [10]. In our previous study,
it was found that annealing treatment decreased digestibility of glutinous rice four, and
improved the sensory properties of fast-frozen dumplings [3].

In this study, investigation was carried out to evaluate the effects of annealing treat-
ment on the structure and physicochemical characteristics of glutinous rice flour and its
fast-frozen rice dumpling products. Average molecular weight of glutinous rice starch,
crystalline structure, hydration, and thixotropic properties of glutinous rice flour as well
as the water distribution, thermal property and soup transmittance of the fast-frozen rice
dumpling products were evaluated. This work would provide theoretical guidance for the
application of annealing treatment in starchy food product.

2. Materials and Methods
2.1. Materials

The glutinous rice (Nongken Rice Co., Ltd., Nanjing, China) was soaked for 4 h, then
drained and ground. The sample was placed in an oven at 50 ◦C for 6 h. After drying, the
samples passed through a 120 µm mesh sieve and were stored at 4 ◦C.

2.2. Annealing Treatment of Glutinous Rice Flour

Annealed glutinous rice flour was prepared in various condition including different
moisture content, temperature and time following our previous study [3]. Our preliminary
studies found that glutinous rice flour annealed with 55% moisture, 50 ◦C, 4 h (ANN1);
55% moisture, 50 ◦C, 6 h (ANN2) and 50% moisture, 55 ◦C, 6 h (ANN3) showed relatively
good freeze-thaw stability. Thus, these three samples were prepared for further analysis.

2.3. The Extraction of Glutinous Rice Starch

Glutinous rice flour and 0.2% NaOH solution were blended in a ratio of 1:5 and stirred
for 4 h at 37 ◦C. Then the sample was centrifuged at room temperature (10,000× g, 10 min),
and the precipitation was washed many times until the pH value was neutral. The sample
was dried in an oven at 50 ◦C. After drying, the glutinous rice starch was obtained by
grinding and sieving through 120 mesh.

2.4. Determination of Average Molecular Weight of Glutinous Rice Starch

The average molecular weight (Mw) and the radius of gyration (Rz) of glutinous rice
starch samples were analyzed using high-performance size exclusion chromatography
coupled with multi-angle laser light scattering and refractive index detectors (HPSEC-
MALLS-RI, Shimadzu, Kyoto, Japan) following the method by Chang et al. with some
modifications [13]. The samples (10 mg) were thoroughly dissolved in 10 mL dimethyl
sulfoxide (DMSO) with 50 mmol/L NaNO3 in a 90 ◦C water bath for 30 min with stirring
for 24 h. The starch solution was centrifuged (10,000× g, 3 min) and the supernatant was
diluted, filtered (0.45 µm water phase nylon syringe filter) and injected into HPSEC system.

The HPSEC system consisted of an HP 1050 series pump and an autoinjector injector
(Hewlett Packard, Valley Forge, PA, USA) fitted with a 100 µL injection loop. The system
also employed a multi-angle laser light scattering detector (MALLS) (Dawn DSP-F, Wyatt
Tech., Santa Barbara, CA, USA) and a differential refractometer detector (RI) (model ERC-
7512, ERMA Inc., Tokyo, Japan). The chromatographic column consisted of Styragel HMW
6E DMF and HMW 2 MF in tandem for separation of samples. The temperature of the
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columns was maintained 45 ◦C. The samples were eluted at a flow rate of 0.6 mL/min with
50 mmol/L NaNO3 in DMSO as a mobile phase.

The data were analyzed by the Astra software (version 5.3.4, Wyatt Technology), and
the heavy mean molecular weight (Mw) and mean radius of rotation (Rz) of starch were
calculated by using the second order Berry model.

2.5. Determination of Crystallinity

X-ray diffraction (XRD) patterns of glutinous rice flour were performed with an X-ray
diffractometer (Bruker D2, AXS Co., Ltd., Karlsruhe, Germany). The voltage was 40 kV, the
current was 40 mA, diffractograms were obtained by scanning from 5◦ to 60◦ at a speed of
4◦/s. The crystallinity was calculated by Software Jade 9.0.

2.6. Determination of Hydration Ability

The water solubility (WS), water absorption index (WAI) and swelling power (SP)
of the samples were measured following the method by Abebe et al. [14] with slight
modifications. The sample of glutinous rice flour (0.5 g) was dispersed in 30 mL of distilled
water and placed in pre-weighed 50 mL centrifuged tube (m0) with continuously stirring for
30 min at room temperature. Then the sample was centrifuged at 3000× g for 20 min and the
supernatant (m1) was dried in the oven at 105 ◦C, then weighed. The residual precipitation
(m2) was weighed. WS, WAI and SP were calculated using the following equations:

WS (%) = m1/m× 100 (1)

WAI = (m2 −m0)/m (2)

SP = (m2 −m0)/[m× (1−WS)] (3)

WS is the water solubility (%), WAI is the water absorption index, and SP is the
swelling power. m0 is the weight of centrifuge tube (g), m1 is the weight of supernatant
after drying (g), m2 is the weight of centrifuge tube and precipitate (g), m is the weight
(dry base) of the sample (g).

2.7. Determination of Gel Consistency

Gel consistency of rice flour was measured following the method by Tran et al. [15]
with slight modifications. Glutinous rice flour samples (100 ± 1 mg, 12% moisture) were
added into 0.2 mL of 0.025% bromothymol blue ethanol solution and placed in tubes with
constant stirring, and then 2.0 mL of 0.2 mol/L KOH was added into it. The tubes were
incubated in a boiling water bath for 8 min then put at room temperature for 5 min. At the
last, the tubes were put in an ice-water bath about 0 ◦C for 15 min. The tubes were placed
horizontally on a ruled scale workbench and the flow length of the gels in the test tubes
were measured after setting for 1 h at 25 ± 2 ◦C.

2.8. Determination of Thixotropic Properties

The thixotropic properties of gelatinized glutinous rice flour (12% w/w) were con-
ducted using a DHR-3 rheometer (TA Instrument, New Castle, DE, USA) in the Flow model
with a 40 mm diameter plate. The parameters were as follows: the shear rate was increased
from 0.01 to 200 s−1 at 50 ◦C and then decreased from 200 to 0.01 s−1 within 2 min. The gap
was set at 1 mm. To ensure that the sample would not dry out, dimethicone was added to
the dough surface, and a thermal jacket was used for insulated.

2.9. Methods of Making Fresh and Fast-Frozen Glutinous Dumplings

The fast-frozen dumplings were prepared following the method by Li et al. [3]. The
dough was prepared by mixing the weighed flour and 95% weight of water, and kneading,
then kept it in a rest for 20 min. The dough (10 g) was made round, and the fresh glutinous
dumplings were obtained. Then the fresh dumplings were frozen at −30 ◦C for 30 min.
The fast-frozen dumplings were obtained and stored at −18 ◦C.



Processes 2021, 9, 2248 4 of 11

2.10. Determination of Water Distribution in Fresh Glutinous Dumplings

Water distribution in fresh glutinous dumpling was measured using low field NMR
(LF-NMR) imaging analyzer (Shanghai Niumag Co., Ltd., Shanghai, China). The spin-
spin relaxation time (T2) was measured using CPMG sequence (carr-purcell-meiboom-gill
sequence). The parameters followed as: magnetic field strength was 0.5 T, the temperature
was 32 ◦C, sampling frequency was 200 kHz, repeat sampling latency was 100 ms, echo
time was 0.2 ms, echo number was 1000, accumulated number was 4. After the scan, the
water distribution was obtained from cumulative integration.

2.11. Determination of Freezing Point of Fresh Glutinous Dumplings

The freezing point of fresh glutinous dumpling was measured with differential scan-
ning calorimetry (DSC) (DSC 8500, PERKIN ELMER, Wellesley, MA, USA). The temperature
of dumplings was decreased from 20 ◦C to−20 ◦C at the rate of 5 ◦C/min. Then the sample
temperature was increased from −20 ◦C to 20 ◦C at the rising rate of 5 ◦C/min. The results
obtained by this analysis comprised onset freezing (Tfo), peak freezing (Tfp) and conclusion
freezing temperature (Tfc).

2.12. Determination of the Transmittance of Soup of Fast-Frozen Dumpling after Cooking

Five dumplings passed accelerated experiment as a group were put into 500 mL
distilled water and heated to boiling, covered the lid and kept the boiling for 5 min in
1200 W, followed open the lid for 2 min in 800 W, then removed the dumplings from the
pan and kept the soup cool for 20 min to make up to 500 mL. The light transmittance of the
soup was measured at the wavelength of 650 nm using distilled water as a blank reference.

2.13. Statistical Methods

Results are shown as mean value and average standard deviation of at least triplicate
measurements. Statistical analyses were carried out using the software SPSS 19.0 (SPSS,
Inc., Chicago, IL, USA) and Origin 9.0 (Origin-Lab, Inc., Northampton, MA, USA) for
Windows. The analysis of variance (ANOVA) and Tukey’s test were used to analyze the
significance difference among samples, and the level of confidence was 95% (p < 0.05).

3. Results and Discussion
3.1. Average Molecular Weight of Glutinous Rice Starch

HPSEC-MALLS-RI is a widely used method for determining the molecular weight
distribution of macromolecules. It is possible to observe the light intensity in all directions
when a beam of light irradiates on a starch molecule, and the intensity is related with the
shape, size and intermolecular interaction of the starch molecules in the solution [16,17].
As shown in Table 1, Mw of the native glutinous starch was 5.985 × 108, and the radius
of gyration was 84.6 nm. After annealing, the Mw decreased, and the result obtained in
our study was consistent with that reported by Zeng et al. [18]. It was because of the
starch molecules degradation and rearrangement. The Mw of sample ANN3 had the most
significant change due to the strong treatment. α-1,6 branched links crossing point in the
non-crystalline region was destroyed easily and the molecular structure was damaged,
leading to the decrease of molecular weight. It was reported that Rz increased with the
proportion of long branch-chains of amylopectin of the waxy rice starch increased [19].
After annealing, Rz of the ANN1, ANN2 and ANN3 decreased from 84.6 nm to 79.2 nm,
80.8 nm and 84 nm, respectively. It was possible that the proportion of branch-chains of
amylopectin of the samples changed during annealing.

3.2. Crystalline Structure of Glutinous Rice Flour

The native and annealed glutinous rice flour displayed strong characteristic diffraction
single peaks at 15◦, 23.5◦ and dual peaks at 17–18◦ (Figure 1), indicating the samples were
A-type patterns, and annealing treatment did not change the type of glutinous rice flour.
However, the crystallinity increased slightly for ANN1 and ANN2, from 20.86 to 20.90
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and 22.63 respectively. The result was consistent with Wang et al. [20] who reported that
annealing treatment did not alter the XRD patterns of pea starch granules, but slightly
increased the relative crystallinity of pea starch granules. The starch granules were partially
rearranged, the structure was more orderly, and spiral structure arrangement was closer
during annealing treatment. In addition, crystallite perfection and size increased, the
new crystallites were formed or the ordering of amylose-lipid complex was enhanced [21].
However, the crystallinity of sample ANN3 decreased slightly, because of the strong
treatment, which may damage some crystalline area of starch granules.

Table 1. Average molecular weight (Mw) and radius of rotation (Rz) of native and annealed glutinous
rice flour.

Samples Mw (×108) Rz (nm)

Native 5.985 ± 0.023 a 84.6 ± 0.3 a

ANN1 2.709 ± 0.044 b 79.2 ± 0.7 b

ANN2 2.685 ± 0.033 b 80.8 ± 0.1 b

ANN3 1.873 ± 0.012 c 84.0 ± 1.6 a

Note: Abbreviations: ANN1, 55% moisture, 50 ◦C, 4 h; ANN2, 55% moisture, 50 ◦C, 6 h; ANN3, 50% moisture, 55 ◦C,
6 h. Mw, the average molecular weight; Rz, the radius of gyration. Results are expressed as mean ± standard
deviation. The letters a, b, and c indicated significant differences (p < 0.05) among the groups.
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3.3. Hydration Ability of Glutinous Rice Flour

The WS, WAI and SP are the parameters of the hydration ability of the samples, which
are influenced by the interaction between amylose and amylopectin chains [11,22,23]. The
WS was used to represent the degree of glutinous rice flour dispersion. SP was used
to evaluate the ability of glutinous rice flour to swell freely during heating in water [1].
The hydration ability of native and annealed glutinous rice flour is shown in Figure 2.
The WS, WSI and SP of glutinous rice flour samples after annealing (ANN1 and ANN2)
were lower as compared to native glutinous rice flour. The result was consistent with
Wang et al. [11], who reported that the swelling power and solubility of rice starch decreased
significantly after annealing. Low hydration or solubility of glutinous rice flour is important
to make high quality glutinous rice dumplings. The annealing treatment of glutinous rice
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flour could lead to produce the new crystallization in the amorphous region with the
interaction of heat and moisture. Crystal integrity and the ordered structure resulted
in opening and melting of the double helix structure were difficult during the swelling
process [24,25]. Meanwhile, there was lipid in the glutinous rice flour, which was beneficial
for the formation of starch-lipid complex during heat treatment, that limited the hydration
of the amorphous domains of starch [26]. In addition, it was possible that a part of the
branched chain structure was broken, which led to the decrease of its hydration ability.
However, the WS, WSI and SP of ANN3 increased significantly (Figure 2). It was because of
the strong treatment damaged some starch granules as well as the interaction of hydrogen
bonds between starch amylose and amylopectin molecules, resulting in the increase of
hydration ability.
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3.4. Gel Consistency and Thixotropic Properties of Glutinous Rice Flour

Gel consistency, reflecting the softness and ductility of the gel, is an important index
in evaluating the gel property of pasted glutinous rice flour. Gel consistency could be
classified into different types based on the length of the gel: the length of gel < 40 mm,
41–60 mm and >61 mm represented hard gel, medium gel, and soft gel, respectively. The
food made of soft gel was soft and palatable, and it could remain soft even after cooling.
However, the food made of hard gel was stiff, dry and easy to crack [3]. As shown in
Figure 3, the gel consistency of all the samples was relatively large, which indicated that the
samples were soft gel. Gel consistency of the samples after annealing treatment decreased
slightly compared with the native sample. While the length of all the samples was around
125 mm, which had no effect on the taste quality of glutinous rice flour. Thus, all the
annealed samples were suitable for making dumpling.

Thixotropy is the process that the liquid inner friction is reduced on shear after the
destruction of the inner structure [27]. The most common method to determine thixotropy
of the pastes is the test of the hysteresis loop [28,29]. As shown in Figure 4a, native and
annealed gelatinized glutinous rice flour samples could form a thixotropic ring, and the
areas of thixotropic ring of different samples were shown in Figure 4b. Compared with the
native glutinous rice flour, the area of thixotropic ring of ANN2 was the largest, indicating
that it had the strongest thixotropic property. The area of thixotropic ring of the sample
ANN1 was slightly reduced compared with ANN2. However, the thixotropic property of
the sample ANN3 reduced dramatically as compared with native sample. It confirmed that
the annealing treatment conditions had a significant impact on the rheological property of
glutinous rice flour [10]. The thixotropic property of sample ANN3 decreased, because the
network structure of the pasted starch was damaged under the strong treatment condition.
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However, the gel systems formed by sample ANN1 and ANN2 were more stable, and more
energy was required to destroy the network.
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3.5. Freezing Point of Dumplings Made from Glutinous Rice Flour

The freezing point of glutinous rice fast-frozen dumplings was determined by DSC.
The water of fast-frozen dumplings would freeze into solid ice and form an exothermal
peak on the curve during the cooling process, and the Tfo, Tfp and Tfc was obtained
from the curve. Table 2 showed that the fast-frozen dumplings made from annealed
glutinous rice flour started freezing at a lower temperature, but the temperature range
was narrowed, indicating that the dumpling would freeze quickly, which facilitated the
formation of fine ice crystals. The freezing enthalpy (4Hf) value of fast-frozen dumplings
made from annealed glutinous rice flour was lower, which was conducive to reduce energy
consumption in the process of industrial production. Meanwhile, the decrease of freezing
point could inhibit the recrystallization of ice crystals, and reduce the formation of large ice
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crystals, which was conducive to protect the structure and quality of products and reduce
the freezing cracking rate of fast-frozen dumplings.

Table 2. Freezing point of fast-fresh glutinous dumplings made from native and annealed glutinous
rice flour.

Samples Tfo (◦C) Tfp (◦C) Tfc (◦C) Tfc-Tfo (◦C) 4Hf (J/g)

Native −8.90 ± 0.01 a −8.96 ± 0.00 a −10.03 ± 0.01 a 1.13 ± 0.02 a −94.54 ± 0.02 b

ANN1 −17.85 ± 0.01 d −17.72 ± 0.01 d −18.39 ± 0.03 d 0.54 ± 0.04 b −92.36 ± 0.03 a

ANN2 −13.80 ± 0.02 b −13.87 ± 0.02 b −14.40 ± 0.01 b 0.60 ± 0.03 b −92.75 ± 0.05 a

ANN3 −16.97 ± 0.01 c −16.98 ± 0.02 c −17.55 ± 0.01 c 0.58 ± 0.02 b −93.01 ± 0.03 a

Note: Abbreviations: ANN1, 55% moisture, 50 ◦C, 4 h; ANN2, 55% moisture, 50 ◦C, 6 h; ANN3, 50% moisture,
55 ◦C, 6 h. Tfo, the freezing onset temperature; Tfp, the freezing peak temperature; Tfc, the freezing conclu-
sion temperature; Tfc-Tfo, the freezing temperature range; 4Hf, freezing enthalpy. Results are expressed as
mean ± standard deviation. The letters a, b, c and d indicated significant differences (p < 0.05) among the groups.

3.6. Water Distribution in Dumplings Made from Glutinous Rice Flour

LF-NMRis a rapid non-destructive detection technique used to analyze the distribution
of water in food system [30,31]. The T2 could be used to reflect the different degree in the
water, because it was very sensitive to molecular mobility changes [30,32]. LF-NMR was
used to determine the water distribution in fast-frozen dumplings made from the native
and annealed glutinous rice flour, and the results are shown in Figure 5a. There were
3 peaks from left to right in each sample in 0.02–0.3 ms, 0.3–3 ms and 3–40 ms, respectively,
and the corresponding T2 was at 0.1 ms, 1 ms and 10 ms, respectively. According to T2,
the water is mainly divided into bound water of 0.01 to 10 ms, immobilized water of 10
to 100 ms, and free water of 100 to 1000 ms [33]. In Figure 5a, the first and second peak
represented bound water while the third peak represented immobilized water. It indicated
that the water in fast-frozen dumplings was mainly bound water and immobilized water,
and the content of immobilized water was significantly higher than that of bound water.
In general, the bound water is resulted from intra-granular water, immobilized water is
resulted from the overlapping populations of starch extra-granular water and the water
in the starch matrix [33]. For glutinous rice flour, the lower T2 indicated that the bound
of water and starch was tight, and the mobility of water molecules was weakened, which
lead to the restriction in swelling of starch granules [30].

Figure 5b,c showed that the bound water increased, and the immobilized water
decreased for fast-frozen dumplings made from annealed glutinous rice flour as compared
with the control group, especially for ANN1 and ANN2. Compared with the dumplings
made from annealed glutinous rice flour, the dumplings made from native glutinous
rice flour had higher free water, and large ice crystals would be formed during freezing.
Wang et al. [31] found that the more freedom water, the larger ice crystals that lead to the
cracking. It was reported that the content of bound water increased and immobilized water
decreased, which improved the quality of frozen dumplings [34].

3.7. Paste Soup Ratio of Fast-Frozen Dumpling after Cooking

The weak hydrogen bonds in the crystalline micellar area were destroyed by heating
during cooking process. The starch granules were ruptured after hydration and swelling
by water absorption, thus most of the amylose leached from the starch granule to the
soup, that make the light transmittance decreasing. Paste soup ratio of different dumpling
samples after cooking was shown in Figure 6. The light transmittance of the soup from
the dumplings made of annealed rice flour increased, so the paste soup ratio was reduced,
indicating the quality of fast-frozen dumplings was improved. The glutinous rice flour
after annealing had less surface powder loss. During the freeze-thaw cycle, the dumplings
had a good water-holding ability. The dumplings made from ANN2 sample showed the
highest light transmittance.
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4. Conclusions

The physicochemical and structure characteristics of the glutinous rice flour and its
fast-frozen dumpling product were affected by annealing treatment. The crystallinity
of annealed glutinous rice flour increased, and the structure was more orderly, which
reduced the hydration ability of the flour. The thixotropic properties improved, indicating
the improvement of flour network structure. The content of bound water increased, and
immobilized water reduced for the annealed glutinous rice flour. The freezing point
and enthalpy decreased, but the temperature range narrowed, which was facilitated to
protect the structure and quality of product. The soup from boiled dumplings made of
annealed flour showed high transmittance. Overall, annealed glutinous rice flour ANN2
had optimal physicochemical properties to make dumplings. It indicated that moderate
annealing treatment of glutinous rice flour was conducive to produce high quality glutinous
rice dumplings.
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