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Abstract The effectiveness of the rice flour blends (RFB)
for improving the processing suitability of Dodamssal rice
flour (DD), a functional rice variety with a relatively high
amylose and resistance starch content, was investigated.
Physicochemical properties and freeze—thaw stability of
RFB composed of DD and four rice flour (RF) samples
with different amylose contents were measured at different
DD ratios. DD, which has low swelling power and low
pasting viscosity properties, has improved some quality in
terms of physicochemical properties by blending with other
RF. Especially, non-additive behavior was observed in the
blend with Geonyang No.2 RF (GY), a medium waxy
variety, due to water competition caused by the difference
in pasting temperature. The syneresis of DD was reduced
by blending with 75% Hanareum No. 4 RF, with a gradual
reduction effect observed following a repeated freeze—thaw
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cycle. GY significantly improved the low freeze—thaw
stability of DD with only a 25% blend.
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Introduction

Rice (Oryza sativa L.) is a staple food for more than 60%
of the global population and is a major source of calories
(60-70%), particularly in the Asian diet. It is a hypoaller-
genic material that is used and studied in food processing
as a gluten-free substitute for healthy food and convenience
food worldwide (e.g. bread, pasta, noodles and pudding,
and so forth), as well as being consumed as cooked rice at
home (Lin et al., 2011; Sivaramakrishnan et al., 2004).
Recently, functional rice varieties with various specific
nutritional purposes have been developed to match changes
in consumer demand due to increasing interest in health
and food preferences (Jobling, 2004). The rice cv.
Dodamssal is a functional rice developed in Korea that has
a high amylose (> 40%) and high resistance starch
(> 12%) content (Sim et al., 2015). In addition, Dodamssal
can be used as a functional ingredient as it contains more
than twice the dietary fiber content (approx. 4.2%) com-
pared to normal rice (Sim et al., 2015). Dodamssal has
been reported to have anti-obesity effects and can help
prevent cardiovascular disease as a source of resistant
starch (Kim et al.,, 2019). Resistance starch is a starch
fraction that is fermented in the large intestine without
being hydrolyzed to D-glucose in the small intestine within
120 min of ingestion, and is a prebiotic that suppresses
colon cancer (Fuentes-Zaragoza et al., 2011). For its
application, various studies have been conducted on the
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functionality, and dyslipidemia and obesity improvement
effects, of rice varieties containing high levels of resistance
starch and dietary fiber (Kim et al., 2019; Rivera-Piza et al.,
2020). However, high amylose rice has only a few potential
uses due to the limitations in its processing, such as its low
swelling and freeze—thaw stability and high gelatinization
temperature (Suwannaporn et al., 2007; Varavinit et al.,
2002). Even in the case of rice cv. Dodamssal, which has
potential value for health functions, its use has not been
fully determined due to a lack of research on its physico-
chemical properties and processing suitability (Park et al.,
2019).

One possible way to obtain novel processing properties
from starch-containing rice flour (RF) is to blend various
starches with different properties. The starch blends can be
used instead of natural starch to impart desired properties,
such as improved paste and textural properties and freeze—
thaw stability (Puncha-arnon et al., 2008). In addition,
starch blends are expected to have non-additive effects as
the different types of starch and the properties of the
samples result in certain interactions during blending
(Waterschoot et al., 2014). Since starch composition and
cooking quality are mainly related to starch, which con-
tains more than 90% of rice, the effect on the starch blend
is also expected to be revealed in the rice flour blends
(RFB) (Frei et al., 2003). In previous studies, RF has been
blended with other cereal flours for preceding (Park et al.,
2017; Sasaki et al., 2014). However, there has been little
research on the blending of RF varieties with different
amylose contents (Jeong et al., 2021). Moreover, few
studies have attempted to improve the processing suit-
ability of rice with a high resistant starch content, or assess
the physicochemical properties and freeze—thaw stability of
blends between RF with different amylose contents.

Therefore, the objective of this study was to investigate
the effects of blending RF, with different amylose content,
and Dodamssal rice flour (DD), with a high resistant starch
and amylose content, on their physicochemical properties
and freeze—thaw stability. This study is expected to
improve the processing suitability of DD, a functional RF,
through the blending technology, thereby contributing to
the diversification and utilizability of RF based processed
foods.

Materials and methods

Materials

The five kinds of Korean rice cultivar with different
amylose content, Dodamssal, Saemimyeon, Hanareum

No.4, Geonyang No.2, and Mirchal, were provided as rice
flour (RF) by Department of Central Area Crop Science of
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National Institute of Crop Science (Rural Development
Administration, Suwon, Republic of Korea). The RF in this
study was named using their rice varieties abbreviations
DD, SM, HA, GY, and MR, respectively. The amylose
contents of RF were in the order of DD (~ 43%) > SM
(~ 27%) > HA (= 18%) > GY (x 12%) > MR (~ 5%),
and their protein contents did not differ significantly (ap-
prox. 6.7-7.1%) (Rural Development Administration,
2021).

Preparation of rice flour blends

Dry milled RF with 70-80 pm in a particle size were
passed through a 100-mesh standard sieve (Chunggye Inc.,
Seoul, Republic of Korea) in advance. The rice flour blends
(RFB) were prepared by mixing DD with other RF at
blending ratios of 100:0, 75:25, 50:50, 25:75, and 0:100
(dry weight basis, db), respectively, and then manually
stirred using a spatula.

Swelling power and water solubility

The swelling power (SP, g/g) and water solubility (WS, %)
of RFB were measured by the method of Schoch (1964),
with a slight modification. RFB (0.2 g, db, W;) was dis-
persed in 10 mL of deionized water, followed by heating
with stirring for 30 min in a water bath at 80 °C. The
resultant hot paste was cooled to room temperature and
centrifuged (15,000xg, 30 min). The supernatant was
decanted carefully in an aluminum pan and dried overnight
in a dry oven at 95 °C, followed by weighting the dried
solid (Wy). The dried precipitate was also weighed (W, ).
The SP and WS were calculated using following equations.

”g
SP = 1
(g/2) x (1 _‘1,0?) (1)

WS (% ) = (%) x 100 (2)

0

Thermal properties

The thermal properties of RFB were measured by a dif-
ferential scanning calorimeter (DSC, Perkin-Elmer DSC
4000, Norwalk, CT, USA). DSC was calibrated by indium
metal prior to measurement. The RFB samples (2.5 mg)
with an excess of water (7.5 mg) were weighed in a 40 uL.
aluminum pan and sealed. For gelatinization transition of
RFB, the pan with the sample was heated from 30 to
120 °C at a rate of 10 °C/min using an empty sealed pan as
reference. The onset temperature (T,), peak temperature
(Tp), conclusion temperature (T.), enthalpy of
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gelatinization (AH), and temperature range of gelatiniza-
tion (AT, T, — T,) were calculated via the measured peaks.

Pasting properties

The pasting properties of RFB were measured using a rapid
visco analyzer (RVA-3, Newport Scientific Pty Ltd., Syd-
ney, Australia) by the AACCI method (AACC, 2010). The
RFB solution (12%, w/w) was mixed at 960 rpm for 10 s
and held at 50 °C for 50 s, and then heated to 95 °C at the
rate of 10 °C/min. After holding at 95 °C for 3.5 min, the
paste samples were cooled to 50 °C at rate of 10 °C/min
and also kept at this temperature for 2 min. The pasting
temperature (PT), peak viscosity (PV), trough viscosity
(TV) and final viscosity (FV) were measured by RVA
curves and the parameter values of breakdown viscosity
(BD, PV-TV) and setback viscosity (SB, FV-TV) were
derived.

Textural properties

To prepare RFB gels, RFB (10%, w/w) dissolved in
deionized water was gelatinized in a water bath at 95 °C
for 10 min, and then transferred into a petri-dish
(30 x 10 mm). It was then sealed with parafilm to prevent
moisture evaporation and cooled at room temperature. The
sealed gel samples were kept at 4 °C for overnight and left
at room temperature for 1 h to be used for texture experi-
ments when the equilibrium temperature was reached. Gel
texture analysis were measured using a TA-HDi texture
analyzer (Stable Micro Systems Ltd., Surrey, UK) under a
two-cycle compression test (TPA). Each gel was pressed to
a 75% normal strain (trigger force = 0.05 N) with a 50 mm
cylinder probe at a test speed of 2.0 mm/s, to obtain
hardness (HD), adhesiveness (AD), and cohesiveness
(COR).

Freeze—thaw stability measurement
Freeze—thaw cycles

The freeze—thaw stability was determined by the modified
method of Charoenrein et al. (2008), with slighly modifi-
cation. RFB suspensions (10%, w/w, dry weight basis)
dissolved in distilled water was stirred continuously at
300 rpm for 1 h, followed by heating in a water bath at
95 °C for 30 min with moderate mechanical agitation. The
measured weight (wts) of hot paste was then loaded into a
custom-made sample holder (Fig. S1), steamed for 10 min,
and finally placed in an incubator at 25 °C for 2 h. The gel
samples were frozen in a freezer at -18 °C for 22 h and
then thawed in an incubator at 25 °C for 4 h. This freeze—
thaw cycle was repeated for up to five cycles.

Determination of syneresis

A 60 mesh standard sieve with a Whatman No. 1 filter
paper was attached to the bottom of the cylindrical plastic
tube, and then placed in a centrifuge tubes (Fig. S1). The
empty centrifuge tube was weighed without cylindrical
plastic tube (wty). Thawed RFB gels via a freeze—thaw
cycle inside the tube set was centrifuged at 100xg for
15 min. and the final weighing (wt;) of the cylindrical
plastic tube with the sample was weighted. The free water
separated from RFB gel was weighed and the syneresis (%)
was calculated using following equation.

1 — Wr
Syneresis (% ) = PR 100 (3)

s

Statistical analysis

All experiments were repeated at least in triplicate, except
of textural properties (n =5). Statistical analyses were
carried out using SPSS (IBM SPSS Statistics for windows,
Version 25.0, Armonk, NY, USA). One-way ANOVA was
used for comparison of group means, followed by Tukey’s
HSD multiple range test for determination of the signifi-
cance of individual comparisons (p < 0.05).

Results and discussion

Swelling power and water solubility of rice flour
blends

After blending DD with different varieties of RF, the SP
and WS were measured at 80 °C to investigate the effects
of blending on each parameter. As shown in Fig. 1, the SP
of DD was lower than that of other RF due to very high
amylose content (> 40%) and a relatively high resistant
starch (> 12%), whereas MR had the highest SP (Park
et al., 2017). Amylopectin is generally the main cause of
starch swelling, whereas amylose inhibits its swelling and
maintains the integrity of swollen granules (Tester and
Morrison, 1990).

The SP of RFB significantly increased when other RF
was blended with DD at the ratio of 75:25 (p < 0.05). This
phenomenon could be caused by the blending of other RFs
with a higher SP than DD. At the other ratio (25:75 and
50:50), SP was decreased, with a non-additive effect that
could occur in starch blending. The non-additive effect
meant that the predicted average value that was mathe-
matically calculated from the characteristic values of
individual materials before blending and the value mea-
sured in the actual experiment did not match (Waterschoot
et al., 2015b). Differences in the swelling properties of RF
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Fig. 1 Swelling power and water solubility (at 80 °C) of DD and SM
blends (A), DD and HA blends (B), DD and GY blends (C), and DD
and MR blends (D) at various blending ratios. Each data is the mean
of three replicates. Bars with the different letter (a—d for swelling

with different amylose contents resulted in water compe-
tition in the RFB (Lin et al., 2013). In particular, in the
DD50MRS50, the non-additive effect was remarkable, and
the SP value was much lower than that of the individual
DD. This was similar to the results of a previous study, in
which the SP was significantly reduced when high amylose
and waxy varieties were blended in a similar ratio (Frei
et al.,, 2003). The physicochemical properties of starch
blends are affected by the blending ratio and tend to follow
the characteristics of the high blending ratio samples
(Puncha-arnon et al., 2008). In this study, when DD was
blended in excess (more than 50%), the SP values of most
of the RFB were dominated by the DD sample, although
trend was not linear due to the non-additive effect. This
suggests that to improve the low swelling capacity of DD,
the optimal effect will be attained when the blended
amount of the other RF is in excess of the proportion of
DD.

Except for MR, there were no significant differences in
WS among the blends of RF, and therefore there were no
significant effects of blending on WS. The WS of MR was
significantly higher than that of DD, and it increased with
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(p < 0.05). The dotted line in graph means predicted value of
swelling power in theory calculated from those of individual rice
flours, assuming additive behaviors.

an additive effect that was different to the pattern observed
for the SP values.

Thermal properties of rice flour blends

The thermal properties associated with gelatinization are
summarized in Table 1. Among the individual RF, peak
temperature (T,,) was highest in DD (approx. 76.1 °C) and
lowest in GY (~ 66.4 °C). This is consistent with a pre-
vious study that found that s high amylose starch with a
longer average chain length exhibited a higher transition
temperature (Hagenimana et al., 2005). The same study
reported that the T, had a strong correlation with the long
chain length of amylopectin, and the linear amylose chains
were entangled with each other, limiting the hydration in
the amorphous region of the granule, thereby impeding the
swelling and gelatinization. DD is a cultivar with a higher
amylose and long chain length of amylopectin content than
the other RF varieties (Sim et al., 2015). The gelatinization
enthalpy value (AH) decreased as the amylose content of
the RF increased. That is, DD had the lowest AH of
~ 4.5 J/g, which means that the energy required for
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rTii‘:lgoir Ef:;al properties of g, ples! T, (°C)> T, (°C) T, (°C) AH (J/g) AT (°C)
DD 69.6 £+ 0.3%3 76.1 £ 0.3 85.5 + 0.2° 45 +02° 15.9 + 0.5*°
DD75SM25 68.6 + 0.4° 76.8 + 0.1* 85.3 + 0.1° 6.4 £+ 0.5° 17.1 £ 0.3*
DD50SM50 68.1 +0.1° 76.1 + 0.2*° 85.1 £ 1.2° 7.0 + 0.1*° 17.0 + 1.3*
DD25SM75 67.8 + 0.0° 754 + 0.4° 82.7 + 0.3° 9.5 4+ 2.0 149 4+ 0.4*
SM 66.9 £ 0.1° 73.9 £+ 0.2° 81.7 £ 0.2° 7.1 + 0.1% 14.7 + 0.0
DD 69.6 + 0.3 76.1 + 0.3 85.5 + 0.2° 454 0.2° 15.9 £ 0.5°
DD75HA25 64.0 + 0.0° 76.8 + 0.3 84.4 + 1.7 4.6 + 0.3° 20.5 + 1.7°
DD50HAS0 62.2 + 0.8° 67.9 + 0.3° 75.0 + 0.3° 3.5+ 0.0° 13.3 £ 1.1°¢
DD25HA75 63.1 £ 0.3° 68.8 &+ 0.1° 75.1 + 0.0° 41+ 02° 119 + 0.2°
HA 62.4 + 0.0° 68.3 + 0.3° 74.5 £ 0.3° 6.1 + 0.6 12.1 £ 0.2¢
DD 69.6 + 0.3 76.1 + 0.3* 85.5 + 0.2° 454 0.2° 159 £ 0.5°
DD75GY25 62.6 + 1.0° 66.7 + 0.8° 84.3 + 0.3° 2.6 £ 0.3° 20.5 + 0.8%
DD50GY50 60.7 + 0.5° 66.8 + 0.4° 73.5 £ 0.5° 29 £ 0.2° 12.8 +£0.3°
DD25GY75 61.7 £ 04° 68.3 £ 0.0° 75.6 &+ 0.3° 3.9 + 0.5° 13.8 &+ 0.0°
GY 59.0 + 0.9¢ 66.4 + 0.5 74.4 £+ 0.6° 8.1+ 0.1 15.4 +0.3°
DD 69.6 + 0.3 76.1 + 0.3 85.5 + 0.2° 454+ 0.2° 15.9 £ 0.5¢
DD75MR25 63.4 £+ 0.3° 76.2 £+ 0.12 84.0 £+ 0.6° 6.8 + 0.1*° 23.6 + 0.2*°
DD50MRS50 62.7 + 0.9° 73.6 + 0.2*° 87.7 + 0.3° 9.2 + 0.5° 24.9 + 0.5°
DD25MR75 62.6 + 0.6° 71.7 + 0.8° 81.9 + 04° 9.1 + 0.5° 19.2 4+ 0.2%¢
MR 61.7 + 0.7° 71.5 + 0.3° 79.4 £+ 0.2° 10.1 &+ 0.9% 17.7 + 0.9°

'Rice flours used for blending consisted of DD Dodamssal, SM Saemimyeon, HA Hanareum No. 4, GY
Geonyang No. 2, and MR Mirchal. The number following each abbreviation indicate the blending ratio

2T, Onset temperature, T, peak temperature, T, conclusion temperature, 4H gelatinization enthalpy, AT

gelatinization range (T, — T,)

3All data represent the mean of triplicates and standard deviation, values in the same column of the same
blend category with different letters (a—d) are significantly different (p < 0.05)

gelatinization was low due to the high amylose content and
low crystallinity of DD. The AH is mainly related to the
loss of the double helix order in starch and decreases with
amylose content (Gupta et al., 2009).

The T,, T,, and T, of the RFB were affected by the
blending ratio, and had a tendency to decrease as the
proportion of the other RF in the blend increased. Except
for the AH value, most of the thermal properties indicated a
less interaction between the blending ratios and the tem-
perature related to gelatinization. In the case of AH,
noticeable non-additive effects were observed between the
RFB, with different patterns depending on the blended rice
varieties. In particular, the AH of the DD and GY blends
was significantly lower than that of individual DD or GY.
This may have resulted in lower AH values by DD granules
that were not completely gelatinized, as GY gelatinized
earlier while impeding access to the water required for DD
gelation. The gelatinization temperature range (AT) for the
individual RF was 12.1-17.7 °C, whereas the range for the
RFB was wider (11.9-24.9 °C). The wide AT values
indicates the presence of a large amount of crystals with
varying stability, and therefore the wider AT of RFB may
be due to the lack of homogeneity of the ordered internal

structure (Gupta et al., 2009). Another possible mechanism
for this phenomenon could be due to the relatively different
T, values between the two blended RF. In a previous study
of the gelatinization of wheat-rice starch blends, it was
reported that the gelatinization of rice starch was delayed
due to a decrease in the amount of water available as
consequence of the gelatinization of the wheat starch
occurring earlier (Waterschoot et al., 2015a). The non-ad-
ditive effects of this blend was similar to the swelling
capacity results discussed earlier. These results suggest that
the use of DD for blending could confer distinct properties
that differed from those of individual RF, and could also
result in unpredictable novel properties due to non-additive
effects.

Pasting properties of rice flour blends

The pasting parameters and RVA profile curve of RF and
RFB are shown in Table 2 and Fig. S2. Pasting behavior
can provide information on the physicochemical properties
of RF and RFB and their potential to improve the pro-
cessing suitability. In the comparison between varieties, the
RVA curve of DD exhibited a gradual shape due to the
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overall significantly lower viscosity compared to the other
RF varieties (Fig. S2). For the pasting temperature (PT),
which indicated the gelatinization temperature, DD had the
highest value (~ 69.6 °C) and GY had the lowest value
(~ 59.0 °C), which was the same trend as observed for the
thermal parameter T,. Despite the high SP values, MR, a
glutinous rice variety with the lowest amylose content, had
the lowest peak viscosity (PV) following the DD. This is
similar to the results for glutinous RF reported in the pre-
vious studies, in which a tendency for a lower viscosity
than normal RF was found (Yoon et al., 2015). The gela-
tinization properties are affected by various factors such as
the amylopectin chain distribution, lipid content, and pro-
tein content as well as the amylose content contained in
RF, and granule rigidity can also significant affect the
viscosity (Chen et al., 2003). In the case of setback vis-
cosity (SB), which indirectly indicates the retrogradation
properties, MR had the lowest value, confirming that the
retrogradation proceeded slowly. It was also found that
GY, which is a medium waxy variety, had a low value,
indicating that it was stable in terms of retrogradation
stability (Zaidul et al., 2007). The final viscosity (FV) and
SB had a strong positive correlation with the amylose
content, except for in DD (Sivaramakrishnan et al., 2004).
Overall, DD exhibited a low viscosity properties, with little
change with respect to gelatinization and retrogradation as
it did not swell well during temperature rise and mainte-
nance, and the swollen starch granules also had a high
resistance to heat and shear (Sim et al., 2015).

The low PV of DD was improved by blending with other
RF, and increased as the blending ratio of them increased.
The increased PV in the RFB suggests that an improved
processability was imparted to DD by blending, supporting
the improved SP that was attained by blending with other
RF (Waterschoot et al., 2015a, b). The breakdown viscosity
(BD) value had a tendency to predominantly increase as the
blending ratio of other RF in DD increased. However, the
BD of the DD75MR25 and DD50MRS50 had lower than
that of other individual RF, indicating a non-additive
effect. In the case of SB, the non-additive effect was
apparent in DD50HAS50 and DD50GY50, which indicates
unstable retrogradation properties.

The improvement effect by blending with other RF did
not indicate as the SB value of the individual DD was
significantly lower. The final viscosity (FV) of BRF dis-
played a similar trend under the influence of the SB values
(Hormdok and Noomhorm, 2007). A 50:50 blending pro-
duced a non-additive effect, suggesting that it could create
new gelatinization properties with a higher stability against
heat, shear, and retrogradation.

Textural properties of rice flour blends

The textural properties of RFB gel are shown in Table 2. In
general, stronger starch gel is associated with a higher
amylose content and leaching of amylose molecules, as the
amylose-based networks provide the elasticity and strength
of the starch gel against deformation (Sandhu and Singh,
2007; Tang and Copeland, 2007). The hardness of the
starch gel is not only influenced by the amylose content,
but also by the content of amylopectin molecules and the
content and rigidity of swollen granule fragment/remnant
entrapped in amylose-based networks. DD had the highest
gel strength (hardness, HD) and matched the highest
amylose (Lu et al., 2009; Miles et al., 1985), whereas MR
formed a very weak gel that could not be measured with
TPA. The HD value was significantly lowered in all RFB
samples compared to that of DD, indicating that non-linear
blending effects occurred. It was found that when HA and
GY blended by more than 50%, the resulting blend was
effective for lowering the degree of HD. Previous studies
have shown that the non-additive effect on the HD value
through blending was decreased compared to the HD of
individual samples (Waterschoot et al., 2015b). A possible
mechanism for this result is the dilution of amylose con-
tents following blending and limited leaching of amylose
molecules from blends due to limitation of their water
availability. The gel formation of an RF paste was mainly
reliant on swollen granules holding water in the intra-
granular network. RF with a relatively low gelatinization
temperature in RFB would swell earlier, reducing the
amount of available water and consequently reducing the
SP of DD and limiting amylose leaching, resulting in
reduced retrogradation and weak gel formation (Puncha-
arnon et al., 2008). In the case of AD and COH, the values
increased as the blending ratio of other RF increased except
for the DD and GY blends. In the DD25GY75, AD showed
a non-additively low value, and the COH showed the
opposite trend.

Freeze—thaw stability of rice flour blends

The freeze—thaw stability of RFB was investigated by
measuring the amount of water separated over one, three,
and five cycles of freezing and thawing (Fig. 2). To ana-
lyze the freeze—thaw stability, syneresis was measured
using a centrifugation-filtration method. The degradation
and storage stability of RFB gels can be evaluated by
measuring syneresis, a phenomenon in which water
escapes from the polymer network due to retrogradation in
the process of repeated freezing and thawing (Xu et al.,
2015). Unlike the centrifugation method that is used to
measure syneresis, the centrifugation-filtration method has
advantage that it does not show experimental errors and is
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Fig. 2 Freeze—thaw stability as measured by syneresis (%) of DD and
SM blends (A), DD and HA blends (B), DD and GY blends (C), and
DD and MR blends (D) at various blending ratios. Each data is the

not subject to the inappropriate conclusions that may occur
due to structural characteristics when high amylose vari-
eties undergo multiple freeze—thaw cycles, In addition, the
low centrifugal force (100 x g) does not cause a signifi-
cant distortion in the freeze—thaw gel (Charoenrein et al.,
2008; Varavinit et al., 2002). DD had the lowest freeze—
thaw stability, which was consistent with previous studies
that have reported that flours with a high amylose content
have a relatively low freeze—thaw stability (Puncha-arnon
et al., 2008). In DD, a large amounts of amylose chains
leached from the granules were associated with each other,
leading to accelerated retrogradation and consequently
decreased stability.

Overall, the syneresis values of all RF increased as the
number of freeze—thaw cycles increased, freeze—thaw sta-
bility clearly improved by blending. The degree of
improvement in freeze—thaw stability was positively cor-
related with the different in PT values of the two blended
RF. Due to their small differences in PT values, the
blending of DD and SM did not affect freeze—thaw stability
by blending (Fig. 2A). The DD and GY blends with the
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largest differences in PT values showed a significant
decrease in syneresis compared to the single DD gel, even
when only 25% GY was blended in the first cycle
(Fig. 2C). In particular, DD25GY75 significantly main-
tained stability even as the number of freeze—thaw cycles
increased. This result may be due to water competition due
to the differences in PT between DD and GY. GY with a
relatively lower PT swells first, thereby limiting the swel-
ling of DD by reducing the amount of water available for
DD gelatinization (Waterschoot et al., 2015b). It was
considered that the limited swelling of DD by blending
with GY impeded the leaching of a large amount of amy-
lose from the granules and reduced the retrogradation
phenomenon caused by the association with leached amy-
lose, thereby enhancing the freeze—thaw stability
(Charoenrein et al., 2008; Ma et al., 2020). HA and MR had
slightly different effects on freeze—thaw stability as the
difference in PT with DD was smaller than that of GY. The
DD and HA blends effectively alleviated the syneresis in
the first cycle, but the effect was gradually decreased as the
cycle was repeated (Fig. 2B). Due to its excellent freeze—
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thaw stability, MR was expected to have the best effect
when it was blended with DD, but no substantial effect was
observed (Fig. 2C). The uneven water distribution of RF
during gelatinization led to different behaviors in the
blends than would be expected based on the behaviors of
the individual RF (Hagenimana and Ding, 2005).

In conclusion, it was confirmed that the physicochemi-
cal properties and freeze—thaw stability of DD could be
improved through the blending, and they were clearly
affected by the addition and blending ratio of various RF
blended with the DD. Therefore, considering the unique
characteristics of the variety of RF used for blending, as
well as the appropriate blending ratios due to their non-
additive effects, it is possible to obtain desirable properties
for a wide range of industrial applications.
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mentary material available at https://doi.org/10.1007/s10068-021-
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Acknowledgements This research was supported by Cooperative
Research Program for Agriculture Science & Technology Develop-
ment grant funded by Rural Development Administration of Korea
(PJO14217). This work was also supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea government
(MSIT) (No. 2019R1A2C1010708).

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

References

AACC. Approved methods of the AACC. 11st ed. methods 61-02.01.
American Association of Cereal Chemists, St. Paul, MN, USA
(2010)

Charoenrein S, Tatirat O, Muadklay J. Use of centrifugation—filtration
for determination of syneresis in freeze-thaw starch gels.
Carbohydrate Polymers. 73: 143-147 (2008)

Chen J, Lai VM , Lii C. Effects of compositional and granular
properties on the pasting viscosity of rice starch blends. Starch-
Stirke. 55: 203-212 (2003)

Frei M, Siddhuraju P, Becker K. Studies on the in vitro starch
digestibility and the glycemic index of six different indigenous
rice cultivars from the Philippines. Food Chemistry. 83: 395-402
(2003)

Fuentes-Zaragoza E, Sanchez-Zapata E, Sendra E, Sayas E, Navarro
C, Fernandez-Lépez J, Pérez-Alvarez JA. Resistant starch as
prebiotic: A review. Starch-Stérke. 63: 406-415 (2011)

Gupta M, Bawa AS, Semwal AD. Morphological, thermal, pasting,
and rheological properties of barley starch and their blends.
International Journal of Food Properties. 12: 587-604 (2009)

Hagenimana A, Ding X. A comparative study on pasting and
hydration properties of native rice starches and their mixtures.
Cereal Chemistry. 82: 70-76 (2005)

Hagenimana A, Pu P, Ding X. Study on thermal and rheological
properties of native rice starches and their corresponding
mixtures. Food Research International. 38: 257-266 (2005)

Hong EM, Rho SJ, Kim YR. Non-additive effects of rice flour blends
prepared using korean rice cultivars with different amylose
contents. Food Engineering Progress. 24: 261-628 (2020)

Hormdok R, Noomhorm A. Hydrothermal treatments of rice starch
for improvement of rice noodle quality. LWT-Food Science and
Technology. 40: 1723-1731 (2007)

Jeong S, Kwak J, Lee S. Machine learning workflow for the oil uptake
prediction of rice flour in a batter-coated fried system. Innovative
Food Science & Emerging Technologies. 102796 (2021)

Jobling S. Improving starch for food and industrial applications.
Current Opinion in Plant Biology. 7: 210-218 (2004)

Kim YJ, Kim JG, Lee WK, So KM, Kim JK. Trial data of the anti-
obesity potential of a high resistant starch diet for canines using
Dodamssal rice and the identification of discriminating markers
in feces for metabolic profiling. Metabolomics. 15: 1-11 (2019)

Lin JH, Kao WT, Tsai YC, Chang YH. Effect of granular
characteristics on pasting properties of starch blends. Carbohy-
drate Polymers. 98: 1553-1560 (2013)

Lin JH, Singh H, Chang YT, Chang YH. Factor analysis of the
functional properties of rice flours from mutant genotypes. Food
Chemistry. 126: 1108-1114 (2011)

Lu ZH, Sasaki T, Li YY, Yoshihashi T, Li LT, Kohyama K. Effect of
amylose content and rice type on dynamic viscoelasticity of a
composite rice starch gel. Food Hydrocolloids. 23: 1712-1719
(2009)

Ma M, Liu Y, Chen X, Brennan C, Xu X, Su, Z, Corke H. Thermal
and pasting properties and digestibility of blends of potato and
rice starches differing in amylose content. International Journal
of Biological Macromolecules. 165: 321-332 (2020)

Miles MJ, Morris VJ, Orford PD, Ring SG. The roles of amylose and
amylopectin in the gelation and retrogradation of starch.
Carbohydrate Research. 13: 271-281 (1985)

Park J, Lee SK, Choi I, Choi HS, Kim N, Shin DS, Jeong KH, Park C,
Chung HJ, Oh S. Quality characteristics according to ground
particle size of roasted brown rice ‘Dodamssal’ containing
resistant starch. Korean Journal of Food Science and Technol-
ogy. 51: 509-516 (2019)

Park J, Lee SK, Park HY, Choi HS, Cho DH, Lee KH, Han SI, Cho
JH, Oh SK. Physicochemical properties of rice flour of different
cultivars using wet and dry milling processes. Korean Journal of
Medicinal Crop Science. 62: 184-192 (2017)

Puncha-arnon S, Pathipanawat W, Puttanlek C, Rungsardthong V,
Uttapap D. Effects of relative granule size and gelatinization
temperature on paste and gel properties of starch blends. Food
Research International . 41: 552-561 (2008)

Rural Development Administration. Available from: http:/www.
nongsaro.go.kr/. Accessed Aug. 03. 2021.

Rivera-Piza A, Choi L, Seo J, Lee HG, Park J, Han S, Lee S. Effects
of high-fiber rice Dodamssal (Oryza sativa L.) on glucose and
lipid metabolism in mice fed a high-fat diet. Journal of Food
Biochemistry. 44: e13231 (2020)

Sandhu KS, Singh N. Some properties of corn starches II: Physic-
ochemical, gelatinization, retrogradation, pasting and gel textural
properties. Food Chemistry. 101: 1499-1507 (2007)

Sasaki T, Kohyama K, Miyashita K, Okunishi T. Effects of rice flour
blends on bread texture and staling. Cereal Chemistry. 91:
146-151 (2014)

Schoch TJ. Swelling power and solubility of granular starches.
Methods in Carbohydrate Chemistry. 4: 106-108 (1964)

Sim EY, Chung SK, Cho JH, Woo KS, Park HY, Kim HJ, Oh SG,
Kim WH. Physicochemical properties of high-amylose rice
varieties. Food Engineering Progress. 19: 392-398 (2015)

Sivaramakrishnan HP, Senge B, Chattopadhyay PK. Rheological
properties of rice dough for making rice bread. Journal of Food
Engineering. 62: 37-45 (2004)

@ Springer


https://doi.org/10.1007/s10068-021-00989-7
https://doi.org/10.1007/s10068-021-00989-7
http://www.nongsaro.go.kr/
http://www.nongsaro.go.kr/

E.-M. Hong et al.

Suwannaporn P, Pitiphunpong S, Champangern S. Classification of
rice amylose content by discriminant analysis of physicochem-
ical properties. Starch-Stirke. 59: 171-177 (2007).

Tang MC, Copeland L. Investigation of starch retrogradation using
atomic force microscopy. Carbohydrate Polymers. 70: 1-7
(2007)

Tester RF, Morrison WR. Swelling and gelatinization of cereal
starches. I. Effects of amylopectin, amylose, and lipids. Cereal
Chemistry. 67: 551-557 (1990)

Varavinit S, Shobsngob S, Varanyanond W, Chinachoti P, Naivikul
O. Freezing and thawing conditions affect the gel stability of
different varieties of rice flour. Starch-Stirke. 54: 31-36 (2002)

Waterschoot J, Gomand SV, Delcour JA, Goderis B. Direct evidence
for the non-additive gelatinization in binary starch blends: A
case study on potato starch mixed with rice or maize starches.
Food Hydrocolloids. 50: 137-144 (2015a)

Waterschoot J, Gomand SV, Fierens E, Delcour JA. Starch blends and
their physicochemical properties. Starch-Stirke. 67: 1-13
(2015b)

@ Springer

Waterschoot J, Gomand SV, Willebrords JK, Fierens E, Delcour JA.
Pasting properties of blends of potato, rice and maize starches.
Food Hydrocolloids. 41: 298-308 (2014)

Xu H, Guo W, Tan Y. Internal structure evolution of asphalt mixtures
during freeze—thaw cycles. Materials & Design. 86: 436-446
(2015)

Yoon M, Lee J, Kwak J, Lee J, Chun J, Yang C, Cho J, Kim M, Lee
C, Kim B. Starch and pasting characteristics in relation to
stickiness of rice cake using glutinous rice varieties. Korean
Journal of Breeding Science. 47: 199-208 (2015)

Zaidul ISM, Norulaini NAN, Omar AKM, Yamauchi H, Noda T.
RVA analysis of mixtures of wheat flour and potato, sweet
potato, yam, and cassava starches. Carbohydrate Polymers. 69:
784-791 (2007)

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Physicochemical properties and freeze--thaw stability of rice flour blends among rice cultivars with different amylose contents
	Abstract
	Introduction
	Materials and methods
	Materials
	Preparation of rice flour blends
	Swelling power and water solubility
	Thermal properties
	Pasting properties
	Textural properties
	Freeze--thaw stability measurement
	Freeze--thaw cycles
	Determination of syneresis

	Statistical analysis

	Results and discussion
	Swelling power and water solubility of rice flour blends
	Thermal properties of rice flour blends
	Pasting properties of rice flour blends
	Textural properties of rice flour blends
	Freeze--thaw stability of rice flour blends

	Acknowledgements
	References




