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Changes in the properties of cooked rice under various cooking conditions were investigated. Waxy, low-, and
high-amylose rice were subjected to treatment with different cooking temperatures (50, 70, 90 °C) for different
cooking times (15, 30, 45 min). The results showed that cooking greatly increased the swelling behavior of waxy
rice but decreased the swelling behavior and amylose leaching of low- and high-amylose rice. As the cooking
temperature increased, rapidly digestible starch increased significantly for all rice products, whereas slowly di-
gestible starch and resistant starchhad a certain degree of reduction. Variation in the cooking time produced little
effects on starch digestibility. Gelatinization temperature was positively correlated with temperature and time,
whereas gelatinization enthalpy was negatively correlated with temperature and time. Pasting properties of all
rice products decreased significantly as cooking temperature and time increased. The study showed that both
cooking temperature and cooking time had significant impacts on the physicochemical properties and starch di-
gestibility of waxy, low-, and high-amylose rice to various extents. Temperature had a more pronounced impact
on the extent of change to the in vitro digestibility than did cooking time.

© 2018 Published by Elsevier B.V.
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1. Introduction

Rice, as a staple food on which billions of people live, is widely culti-
vated globally. Rice is a good source of nutrition and energy. However, it
should be cooked before consumption to improve its hardness and eat-
ing quality [1]. Cooking is the process of rice starch gelatinization at
higher cooking temperatures and times. Before cooking, soaking is com-
monly carried out to achieve a uniform water distribution and total
starch gelatinization [2]. Generally, the standard ratio of water-to-rice
for rice cooking ranges from 10:1 to 20:1. The excess water method is
most commonly used in industrial rice cooking to maintain uniform
heating in the flow. Changes occur in the properties of rice during
cooking, i.e., water absorption and volume expansion. Altheide, et al.
[3] found that water absorption in cooked rice was influenced by the
cooking time, whereas the volume expansion of cooked rice had a rela-
tionship with the cooking temperature.

During cooking, rice starch undergoes water absorption, swelling,
amylose leaching and gelatinization. Attaining a certain temperature
within the rice is essential to start the process of starch gelatinization.
Many studies have examined the impact of cooking temperature on
rice starch gelatinization [4–6]. Cooking for a certain length of time is
m, (Z. Sui), hcorke@sjtu.edu.cn,
also a necessity for rice starch to absorbwater and achieve complete ge-
latinization. Some studies have shown that the milling degree, amylose
content, particle appearance, starch final gelatinization temperature
and other factors can affect the required cooking time and can change
the structure, texture and quality of rice [1,7,8]. Additionally, the influ-
ence of different heating temperatures and times on the physical prop-
erties of rice starch paste and the digestibility of heat-moisture treated
maize starch have been studied, showing that heating temperature is
the more vital factor in determining starch properties [9].

Physicochemical characteristics and starch digestibility are responsi-
ble for eating quality, processing characteristics and the end-use of
cooked rice in industry. The different physicochemical characteristics
of various types of rice may be correlated with differences in amylose
content, grain size, and crystallinity [10–12]. Researchers have also
attempted to correlate the physicochemical properties of cooked rice
with cooking characteristics such as cooking duration and cooking
methods [13,14]. During cooking, the dynamics of the solvation of
starch and protein contribute to the alteration of physicochemical char-
acteristics. Cooking time can also affect the digestibility of cooked rice to
some extent.

The impacts of cooking temperature, cooking time and physico-
chemical properties on rice have been studied separately [8,13,15].
However, there is limited information on the impact of the combined
treatments of cooking temperature and cooking time on the physico-
chemical properties and digestibility of rice. Additionally, there are

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2018.05.139&domain=pdf
https://doi.org/10.1016/j.ijbiomac.2018.05.139
hcorke@yahoo.com
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few studies summarizing the mechanisms by which cooking tempera-
ture and cooking time affect rice physicochemical properties. Such stud-
ieswould providemore information on the effects of cooking conditions
on rice. The objective of this study was to investigate the impacts of
cooking temperature and cooking time together on thephysicochemical
properties and starch digestibility of waxy, low-, and high-amylose rice.

2. Material and methods

2.1. Materials

Three rice cultivars were chosen for use: waxy rice (WR, YF4), low-
amylose rice (LAR, QG), and high-amylose rice (HAR, LH6684).WR, LAR
and HAR were purchased from Jiahao Gardening Company (Suqian,
China). Amyloglucosidase (EC 3.2.1.3, 300 AGU mg−1), pancreatin
from porcine pancreas (EC 232.468.9, 228 USP mg−1) and guar gum
were supplied by Sigma Chemical Co. (St. Louis, MO, USA). Glucose
assay reagent was purchased from Megazyme International Ireland
Ltd. (Wicklow, Ireland). All chemicals and solvents were of analytical
grade.

2.2. Chemical components analysis

The moisture content of the grains was calculated using the stan-
dard AOAC method [16]. The starch content was analyzed from
ground rice flour using a GOPOD assay kit. The crude lipid content
was determined by Soxhlet extraction following AOAC method
920.39C [17]. The protein content was determined using an auto
Kjeldahl analytical instrument (FOSS Kjeltec 8400, Denmark). An
amylose quantification kit (Megazyme, Ireland) was used to deter-
mine the amylose contents of the three cultivars.

2.3. Cooking treatment

The rice was dehusked and polished by an experimental rice milling
machine (TM05C-C, Satake Manufacturing (Suzhou) Co., Ltd., China) to
amilling yield of 90–91%. Broken kernelswere removed from the grains.

The excess water method was used to cook the rice according to a
previously described procedure with minor modifications [2]. First,
80 mL of distilled water was poured into a 250-mL beaker, then a lid
was added and the beaker was incubated in a water bath for at least
1 h. A thermometer was used to monitor whether the water tempera-
ture in the beaker reached the set temperature. Milled rice samples
(4 g)wereweighed and immersed in 80mLof distilledwater in another
beaker at room temperature for 30 min. Then, the water was decanted
and the ricewas poured onto filter paper.When thewater bath temper-
ature in the 250-mL beaker reached 50, 70 or 90 °C, the rice was added
and timing was immediately started. A spoon was used to thoroughly
stir the mixture every 5 min. The samples were removed from the
water bath after a cooking time of 15, 30 or 45 min and immediately
cooledwith tapwater for 30 s. The ricewas drained of water and spread
as a thin layer on an aluminum tray, frozen in a freezer at −20 °C and
then freeze-dried. After two days, the dried samples were ground into
powder and passed through a 40-mesh sieve. Then, the cooked rice
flour was labelled and placed in a desiccator for storage.

2.4. Swelling power and solubility index

The swelling power (SP) and solubility index (SOL) of each sample
were determined using a previously described procedure with minor
modifications [14]. Cooked rice flour slurries (1.0 g db in 40 mL of dis-
tilled water) in 50-mL centrifuge tubes were thoroughly mixed by vor-
tex, then kept in a water bath at 85 °C for 30 min. After cooling to
ambient temperature, the tubes were centrifuged at 1000 ×g for
20 min. The SP was estimated as the ratio of the weight of the wet
sedimented gel to its dry weight. The SOL was expressed by drying
the supernatant to a constant weight at 110 °C in a hot-air oven. Values
were presented as the percentage of dried solid weight relative to the
weight of dry cooked rice flour.

2.5. Amylose leaching

Cooked rice flour (20 mg, db) in distilled water (10 mL) was heated
in a screw-capped tube at 85 °C for 30 min. After cooling to room tem-
perature, tubes were centrifuged at 2300 rpm for 10 min. The aqueous
solution (0.1mL)was removed, and the amylose contentwas estimated
as previously described by Varatharajan, et al. [18].

2.6. In vitro starch digestibility

Thenutritional fractions of rapidly digestible starch (RDS), slowly di-
gestible starch (SDS), and resistant starch (RS) in the cooked rice flour
were determined according to the method of Englyst, et al. [19] with
modifications. Cooked rice flour samples (550 mg, db) and distilled
water (10 mL) were added to polypropylene screw-capped centrifuge
tubes. Then, pepsin (0.1 g) and HCl (12 mol L−1, 0.08 mL) were mixed
into each tube and incubated at 37 °C for 30 min. Procine pancreatic a-
amylase (4.5 g) was dispersed in 30 mL of distilled water and centri-
fuged at 3000 rpm for 10 min The supernatant was removed to a tube
and mixed with 3.9 mL of amyloglucosidase. Following this, guar gum
(50 mg), 15 glass beads (0.5 mm diameter), and 10 mL of sodium ace-
tate buffer (0.25 mol L−1, pH 5.2) were added to each tube. The tubes
with cooked riceflour sampleswere incubatedwith themixed enzymes
at 37 °C in a shakingwater bath. After 20 and 120min of incubation, the
hydrolyzate (0.5mL)was removed and20mLof 80% ethanolwas added
to stop the reaction. The amount of released glucose was determined
using a glucose oxidase assay kit. The contents of RDS, SDS, and RS in
the cooked rice flour samples were analyzed according to the method
by Englyst, Kingman and Cummings [19].

2.7. Determination of thermal properties

The thermal properties of the samples were determined using a dif-
ferential scanning calorimeter (DSC) (TA 2910, TA Instruments, Wil-
mington, DE, USA). Samples (2 mg, db) were mixed with 6 μL of
distilled water in an aluminum pan. The pan was hermetically sealed
and equilibrated at room temperature for at least 2 h before the test,
then heated at a rate of 5 °C min−1 from 30 °C to 110 °C, along with
an empty sealed pan as a reference.

2.8. Determination of pasting properties

A Rapid Visco-Analyzer (RVA) (Newport Scientific, Warriewood,
Australia) was used for the determination of pasting properties of the
samples. Cooked rice flour samples (3 g, 140 g kg−1moisture basis)
were mixed with Milli-Q water in the RVA sample canister to obtain a
total weight of 28 g. The mixture was stirred using a plastic paddle for
at least 1 min. A programmed heating and cooling cycle was used, in
which the samples were held at 50 °C for 1 min, heated to 95 °C over
7.5 min, and held at 95 °C for 5 min before cooling to 50 °C over
7.5 min and then being held at 50 °C for 2 min.

2.9. Statistical analysis

All analyses were determined at least in triplicate. Differences be-
tween the physicochemical properties and starch digestibility of the
samples produced as a function of cooking temperature and cooking
time were established using analysis of variance (ANOVA). Duncan's
multiple range tests (p b 0.05) were carried out to analyze the differ-
ences. Statistical analysis was performed using Statistical Analysis Sys-
tem for windows (SAS Institute Inc., Cary, USA).
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3. Results and discussion

3.1. Chemical components analysis

The contents of amylose and related chemical components in the
three rice varieties are shown in Table 1. As seen from Table 1, themois-
ture, protein and lipid contents of the three rice varieties were signifi-
cantly different (p b 0.05), all following the order of WR N LAR N HAR.
There was no difference in the total starch content between LAR and
HAR, but the content in these two varieties was significantly higher (p
b 0.05) than that of WR.

3.2. Amylose leaching

The amylose leaching (AL) measurements of native and cookedWR,
LAR, HAR are shown in Fig. 2. It is well known thatWR has less amylose
content, so the impact of cooking temperature and cooking time onWR
was limited. For LAR, cooking resulted in a constant decrease in AL. For
HAR, the AL of HAR cooked for 15–45 min increased at 50 °C but de-
creased rapidly from 70 °C to 90 °C. The amylose leaching of cooked
rice products occurred at different degrees due to a gradual dissociation
when the rice was subjected to various cooking conditions [6]. Higher
cooking temperatures may result in more extensive networks of amy-
lose chains between fragmented granules through the dissolution of
starch molecules, which can restrict amylose leaching of non-waxy
rice [20].

3.3. Swelling power and solubility index

The effects of cooking temperature and cooking time on the swelling
power (SP) and solubility index (SOL) of WR, LAR, HAR are shown in
Fig. 1. Results showed that cooking produced various effects on the SP
of all three varieties of cooked rice. Cooking generally resulted in an in-
crease in the SP for WR products but a decrease in SP for LAR and HAR
products.WhenWRwas cooked for a constant time, the values of SP in-
creased at temperatures between 50 and 70 °C and decreased at 90 °C.
The effect of cooking time on the SP of cookedWRwas producing a de-
crease in SP as cooking temperature increased. For LAR and HAR, the SP
changes were in the following order: 50 °C–70 °C N 90 °C for constant
cooking times. When the cooking temperature was constant, the SP
value remained constant or only slightly changedwith different cooking
times between 15 and 45 min.

Changes in the SOL of WR, LAR, and HAR are presented in Fig. 1b.
With the increase in temperature, the SOL of WR and LAR cooked for a
constant time increased significantly (p b 0.05), with the exception of
the SOL of LAR cooked for 45 min. For example, the SOL of WR cooked
for 15minwas 3.8% at 50 °C and increased to 15.3% at 90 °C. At constant
cooking temperature, the changes in the SOL of cookedWR were in the
following order: 15min b 30min b 45min. The SOL values for HARwere
unchanged at 50 to 70 °C and decreased significantly at 90 °C.

When a starch granule is cooked in excess water, heat and moisture
transferwill occur when the granule is heated to the gelatinization tem-
perature. The swelling behavior is primarily a property of amylopectin,
whereas amylose acts as both a diluent and an inhibitor of swelling. The
maximal swelling is related to themolecular weight and fine structures
Table 1
Chemical components of WR, LAR and HAR.

Rice variety Water content (g kg−1) Protein content (g kg−1) Lipid co

WR 140.5 ± 0.02a 90.4 ± 0.10a 26.5 ±
LAR 123.1 ± 0.01b 82.0 ± 0.01b 22.4 ±
HAR 114.6 ± 0.08c 76.2 ± 0.03c 18.2 ±

All data represent the mean of triplicates.
Values in each column with different superscripts are significantly different (p b 0.05).
of amylopectin [21]. Changes in the cooking temperature may improve
the swelling of the amorphous domains of starch. Swelling of the amor-
phous domains generates instability in the crystallites. Upon the disrup-
tion of the crystallites, the particles lose their organization and interact
with water molecules through hydrogen bonding, resulting in the
starch granule swelling to several times its initial size [22].

The reduction of swelling power in cooked LAR and HAR could attri-
bute to the fact that the interplay of the additional chain interaction
(amylose-amylose, amylose-amylopectin, amylopectin-amylopectin)
and the formation of amylose-lipid complex. Such chain interactions
and formation of amylose-lipid complex cannot be occurred in cooked
waxy rice. This type of mechanism may also be partly responsible for
the observed differences in amylose leaching between LAR and HAR.
Hoover, et al. [23] suggested that the starch swelling behavior is related
to the packing arrangement of the starch chains. Higher cooking tem-
perature may destroy the organization of the double helix arrangement
in crystalline lamellae [24]. Longer cooking time may improve the mo-
bility of amylose and the formation of chain interaction, resulting in a
decrease in SP and SOL in non-waxy rice [25]. Vermeylen, et al. [26]
also found that longer cooking time caused the disruption of more hy-
drogen bonding stabilization in the double helical model of starch
molecules.

3.4. In vitro digestibility

Amounts of rapidly digestible starch (RDS), slowly digestible starch
(SDS) and resistant starch (RS) in WR, LAR and HAR are shown in
Fig. 3. Compared to the starch in the native rice, cooking resulted in an
increase in the RDS values and a decrease in the SDS and RS values for
all varieties, with the exceptions of the SDS of HAR increasing at 70 °C
and the RS of WR remaining unchanged. We noticed that as cooking
temperature was increased from 50 °C to 90 °C, the RDS increased sig-
nificantly for all varieties, whereas SDS and RS showed a degree of re-
duction. For example, the RDS of WR, LAR and HAR cooked for 15 min
was 49.4%, 26.3% and 1.4%, respectively, at 50 °C and significantly in-
creased to 57.2%, 62.2% and 51.4% at 90 °C. In contrast, cooking timegen-
erated little effect on digestibility. When rice was cooked at 90 °C, the
RDS values of WR, LAR and HAR cooked for 15–45 min were 57.2%–
59.4%, 62.2%–63.4% and 51.4%–58.1%, respectively. Cooking tempera-
ture had a more pronounced effect on the in vitro digestibility than did
cooking time.

Compared to low-amylose rice and waxy rice starches, the high-
amylose rice starch had a higher proportion of amylose and less swell-
ing ability, which have the capacity to form more stable double helices
and stronger crystallites to reduce enzyme susceptibility. Cooking in-
creased the spaces around the crystallites through the swelling of starch
grains and decreased the continuity in the construction of proteins by
changing the structure of starchmolecules, which increased the accessi-
bility of the starchmatrix toα-amylase [27,28]. In this study, the sudden
increase of the RDS of HAR cooked at a higher temperature may be at-
tributed to the greater extent of starch structure disruption, including
disintegration of the double helices of amylopectin, loss of the crystal-
line order and disruption of amylose-amylose and/or amylose-
amylopectin interactions [24]. This claim is further supported by the re-
sults of gelatinization enthalpy of HAR which was reduced to a larger
ntent (g kg−1) Total starch content (g kg−1) Amylose content (g kg−1)

0.05a 863.4 ± 0.90b 15.0 ± 0.00c

0.05b 885.7 ± 0.65a 156.2 ± 0.25b

0.04c 894.9 ± 0.83a 220.7 ± 0.39a



Fig. 1. Impacts of cooking temperature and cooking time on (a) the swelling power (g g−1) and (b) the solubility (%) of waxy, low amylose and high amylose rice.

Fig. 2. Impact of cooking temperature and cooking time on the amylose leaching (%) of waxy, low amylose and high amylose rice.
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Fig. 3. Impact of cooking temperature and cooking time on the in vitro digestibility of waxy, low amylose and high amylose rice (a) RDS (%), (b) SDS (%), (c) RS (%).
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extent after cooking at 90 °C. Cooking temperature is a vital factor in
gelatinization and produced a greater effect on starch digestibility.
When cooking time was prolonged, more water absorption may have
destroyed the original molecular structure of starch and improved gela-
tinization, leading to the leaching of amylose and an increase in the RDS
content. In addition, a few interactions between proteins and starch
may have been interrupted to different degrees, and some protein mol-
ecules may have begun to unfold, forming a relatively disordered struc-
ture and increasing the RDS content. More interactions in the
amorphous regions and amore organized structure in the crystalline re-
gions were responsible for the reduction of the RDS content [29].
3.5. Thermal properties

The thermal properties of WR, LAR and HAR determined by DSC are
summarized in Table 2. Results showed that To, Tp and Tc had a positive
correlationwith the cooking parameters of temperature and time,while
Tc-To and ΔH was negatively correlated with the parameters. The To, Tp
and Tc values of the three varieties followed the order of HAR N LAR
N WR. The ranges of the To, Tp and Tc were 58.19–80.10, 64.83–84.26
and 72.50–91.71 °C, respectively. Variations in the cooking conditions
produced a reasonably wide gap among the values of enthalpy. For ex-
ample, the value of ΔH for HAR cooked for 15min was 13.94 J g−1 at 50



Table 2
Impact of cooking temperature and cooking time on the thermal properties of WR, LAR and HAR.

Rice variety Cooking temp. (°C) Cooking time (min) To (°C) Tp (°C) Tc (°C) Tc-To (°C) ΔH (J g−1)

WR 0 0 59.43 ± 0.28o 67.78 ± 0.06k 78.30 ± 0.18g 18.87 ± 0.46a 10.83 ± 1.05ef

50 15 58.19 ± 0.25q 65.14 ± 0.54no 73.39 ± 0.78l 15.20 ± 0.52b 11.04 ± 0.36e

30 58.44 ± 0.06q 64.83 ± 0.57o 72.50 ± 0.48n 14.06 ± 0.54de 11.74 ± 0.05d

45 59.37 ± 0.52o 65.46 ± 0.85mn 72.78 ± 0.41mn 13.42 ± 0.11ef 10.98 ± 0.07e

70 15 61.45 ± 0.25n 67.85 ± 0.01jk 75.62 ± 0.45j 14.17 ± 0.19cd 9.45 ± 0.43h

30 61.94 ± 0.18m 68.68 ± 0.14i 75.96 ± 0.23ij 14.02 ± 0.04de 8.06 ± 0.17j

45 62.82 ± 0.13l 69.85 ± 0.20g 77.57 ± 0.00h 14.75 ± 0.13bc 6.49 ± 0.42l

90 15 n.d. n.d. n.d. n.d. n.d.
30 n.d. n.d. n.d. n.d. n.d.
45 n.d. n.d. n.d. n.d. n.d.

LAR 0 0 65.08 ± 1.06i 72.57 ± 0.52f 80.12 ± 1.27f 15.04 ± 2.33b 9.00 ± 0.29i

50 15 59.19 ± 0.45op 66.29 ± 0.00l 74.19 ± 0.49k 15.00 ± 0.04b 10.08 ± 0.31g

30 59.31 ± 0.08o 65.65 ± 0.03m 73.16 ± 0.13lm 13.85 ± 0.04de 10.31 ± 0.06g

45 58.94 ± 0.06p 64.78 ± 0.25o 72.82 ± 0.28lmn 13.89 ± 0.35de 10.51 ± 0.58fg

70 15 63.07 ± 0.18l 68.24 ± 0.51j 75.92 ± 0.74ij 12.85 ± 0.57fg 7.98 ± 0.06j

30 63.73 ± 0.13k 69.25 ± 0.37h 76.26 ± 0.13i 12.53 ± 0.27g 7.25 ± 0.05k

45 64.53 ± 0.08j 69.58 ± 0.38gh 76.10 ± 0.03ij 11.58 ± 0.05h 5.72 ± 0.08m

90 15 67.71 ± 0.01h 72.48 ± 0.16f 77.68 ± 0.59h 9.97 ± 0.60i 0.49 ± 0.05o

30 n.d. n.d. n.d. n.d. n.d.
45 n.d. n.d. n.d. n.d. n.d.

HAR 0 0 77.64 ± 0.16c 81.73 ± 0.02b 88.07 ± 0.13b 10.43 ± 0.03i 10.35 ± 0.38g

50 15 73.69 ± 0.16g 77.65 ± 0.08e 84.01 ± 0.09d 10.32 ± 0.06i 13.94 ± 0.23a

30 73.69 ± 0.20g 77.68 ± 0.16e 83.46 ± 0.41de 9.77 ± 0.21i 12.30 ± 0.41c

45 73.89 ± 0.03g 77.91 ± 0.16de 83.73 ± 0.10de 9.84 ± 0.13i 11.77 ± 0.02d

70 15 75.00 ± 0.19f 78.23 ± 0.16d 83.29 ± 0.34e 8.30 ± 0.15j 13.42 ± 0.61b

30 75.59 ± 0.22e 78.72 ± 0.18c 83.58 ± 0.37de 7.99 ± 0.16j 13.45 ± 0.08b

45 76.09 ± 0.07d 79.07 ± 0.13c 83.96 ± 0.16d 7.86 ± 0.09j 13.25 ± 0.62b

90 15 78.40 ± 0.45b 81.38 ± 0.46b 86.25 ± 0.99c 7.85 ± 0.54j 5.49 ± 0.23m

30 80.10 ± 0.02a 84.26 ± 0.04a 91.71 ± 0.83a 11.62 ± 0.81h 1.33 ± 0.14n

45 n.d. n.d. n.d. n.d. n.d.

All data represent the mean of triplicates.
Values in each column with different superscripts are significantly different (p b 0.05).
To, onset gelatinization temperature; Tp, peak gelatinization temperature; Tc, conclusion gelatinization temperature; Tc–To, gelatinization temperature range;ΔH, gelatinization enthalpy.
n.d. represents not determined.
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°C and decreased to 5.49 J g−1 at 90 °C. However, ΔH increased at low
cooking temperature for all tested rice cultivars when compared to
that of native flour, which is more pronounced in HAR.

It was reported that the amorphous domain of starch showed ther-
mal instability and absorbed more water at low temperatures near To.
Starch showed a disordered behavior and reactedwithmorewatermol-
ecules, resulting in a decrease in the gelatinization temperature [30,31].
Rice cooking in excess water at low temperature may cause annealing
process, resulting in an increase in gelatinization enthalpy. Tester and
Debon [32] proposed that annealing represents the physical reorganiza-
tion of starch granule when heated in water at a temperature above its
glass transition temperature, but below the temperature at which onset
of gelatinization occurs. The increase in ΔH of annealing waxy and nor-
mal starcheswas attributed to: (i) improved the helical associations and
structure; (ii) increased rigidity of amorphous zones. Annealing does
not appear to introduce any new double helices, except in high-
amylose starches. Annealing of high amylose starches could facilitate
compartmentalization of amylose and amylopectin double helices, lead-
ing to a significant increase in gelatinization enthalpy of HAR [32].

When the cooking temperature increased, the swelling of the amor-
phous domain stimulated greater dissolution of the crystalline region,
until both the crystalline and amorphous domains were finally
gelatinized and decreased the value of ΔH [20]. Gunaratne and Corke
[33] found that extensive formation of amylose chains increased the ge-
latinization temperature and decreased ΔH through the formation of
amylose-lipid complexes. The process of plasticization by water was
shown to bring changes to the starch structure, lowering the phase
transformation temperature of cooked rice. When the cooking time
was prolonged, amylose mobility was increased, generating more
chain networks and delaying the process of gelatinization. ΔH de-
creased significantly as cooking carried on. Cooke and Gidley [34] and
Tester and Morrison [35] found that gelatinization enthalpy reflects
the melting of double helices and overall crystallinity. Some of the
double helices present in crystalline and in non-crystalline regions of
granules may be disrupted under the conditions of cooking treatment.
Thus, fewer double helices would unravel and melt during the gelatini-
zation process of cooked rice starch [36].

In the results, we found some missing values at 90 °C, including the
absence of ΔH (Table 2), which may have been because the samples
were gelatinized at this temperature. There are two possible mecha-
nisms to explain the changes in enthalpy—the melting of starch crystal-
lites and the crystallization of amylose-lipid complexes [37]. At 90 °C,
the water absorption and expansion of amorphous regions could force-
fully tear starch chains from the crystallites. When all crystals were
stripped at high levels of moisture content, no crystals would be found
due to melting of the remaining crystallites. In addition, amylose and
lipid may have complexed together through an endothermic process.

3.6. Pasting properties

The pasting properties ofWR, LAR and HAR before and after cooking
are given in Table 3. Cooking significantly increased the peak viscosity,
trough viscosity, final viscosity, breakdown and setback of WR com-
pared to native starch. For example, the peak viscosity (PV) of native
WR was 22.08 RVU and increased to 283.59 RVU after 15 min cooking
at 50 °C. Our results showed that the peak viscosity, trough viscosity,
final viscosity and setback of LAR cooked for 15–45 min decreased sig-
nificantly (p b 0.05) at 70–90 °C, while that of HAR cooked for
15–45 min significantly decreased (p b 0.05) at 90 °C. At 90 °C, the
breakdown values of rice cooked for 15–45min (WR, LAR and HAR) in-
creased gradually. After 45 min of cooking at 90 °C, the peak viscosity,
trough viscosity, final viscosity and setback of cooked WR, LAR and
HAR reached the lowest points.

At first, as cooking temperature increased, starch swelling capacity
increased, whichmeant the deformation was increased and the rigidity
was lowered, leading to a decrease in the peak viscosity value [38].



Table 3
Impact of cooking temperature and cooking time on the pasting properties of WR, LAR and HAR.

Rice variety Cooking temp. (°C) Cooking time (min) Peak viscosity (RVU) Trough viscosity (RVU) Breakdown (RVU) Final viscosity (RVU) Setback (RVU)

WR 0 0 22.08 ± 4.60u 10.63 ± 2.18s 11.46 ± 2.42p 16.04 ± 2.89r 5.42 ± 0.71p

50 15 283.59 ± 0.59a 97.83 ± 0.35ij 185.75 ± 0.24a 124.21 ± 1.47j 26.38 ± 1.12ij

30 284.54 ± 0.06a 95.54 ± 0.41jk 189.00 ± 0.47a 121.83 ± 1.41j 26.29 ± 1.00ij

45 222.88 ± 0.06c 79.58 ± 0.71m 143.29 ± 0.65b 92.46 ± 0.53m 12.88 ± 0.18mno

70 15 247.21 ± 1.00b 100.83 ± 0.71hi 146.38 ± 0.29b 126.34 ± 2.24j 25.51 ± 1.53ij

30 210.21 ± 1.94d 90.25 ± 0.82l 119.96 ± 1.12c 109.04 ± 0.41k 18.79 ± 0.41klm

45 189.21 ± 1.94h 82.92 ± 0.94m 106.29 ± 1.00d 100.79 ± 0.06l 17.88 ± 0.88lmn

90 15 89.25 ± 3.54o 72.42 ± 4.83n 16.84 ± 1.29o 109.34 ± 3.06k 36.92 ± 1.77h

30 74.63 ± 9.84p 63.13 ± 11.60o 11.50 ± 1.77p 85.17 ± 15.44n 22.04 ± 3.83jkl

45 70.88 ± 2.41q 46.42 ± 4.48p 24.46 ± 6.89n 66.25 ± 1.65p 22.79 ± 1.95jkl

LAR 0 0 145.54 ± 6.31k 72.58 ± 4.01n 72.96 ± 2.30f 176.33 ± 3.18i 103.75 ± 0.82de

50 15 190.38 ± 4.31gh 122.59 ± 3.77f 67.80 ± 0.53g 228.54 ± 4.19f 105.96 ± 0.42de

30 195.05 ± 1.24f 137.21 ± 3.13cd 57.84 ± 1.89h 238.42 ± 1.77e 101.21 ± 1.36e

45 207.42 ± 4.48d 125.54 ± 5.01ef 81.88 ± 0.53e 235.38 ± 4.42e 109.84 ± 0.59cd

70 15 151.83 ± 4.45j 108.06 ± 5.42g 43.78 ± 2.87j 209.31 ± 3.05g 101.25 ± 3.25e

30 138.25 ± 1.77l 106.00 ± 0.82gh 32.25 ± 0.95m 196.71 ± 1.24h 90.71 ± 0.42f

45 122.33 ± 1.41n 97.29 ± 1.12ij 25.04 ± 0.30n 177.34 ± 1.18i 80.05 ± 0.06g

90 15 70.19 ± 1.63q 63.59 ± 3.02o 6.61 ± 2.96r 97.00 ± 3.89lm 33.42 ± 1.15h

30 52.21 ± 1.24r 44.30 ± 1.24p 7.92 ± 0.00pqr 75.54 ± 1.82o 31.25 ± 0.59hi

45 48.56 ± 0.67r 37.92 ± 2.11q 10.64 ± 2.67pq 62.25 ± 1.81p 24.33 ± 1.01jk

HAR 0 0 127.17 ± 0.47m 91.33 ± 9.90kl 35.83 ± 9.43lm 197.08 ± 15.56h 105.75 ± 25.46de

50 15 177.50 ± 1.17i 137.13 ± 1.59d 40.38 ± 2.76jk 249.79 ± 3.83d 112.67 ± 2.24bc

30 181.17 ± 0.47i 129.67 ± 2.00e 51.50 ± 2.47i 258.17 ± 2.95c 128.50 ± 4.95a

45 199.71 ± 3.13e 147.09 ± 7.54ab 52.63 ± 4.42i 272.17 ± 6.84a 125.08 ± 0.71a

70 15 189.25 ± 3.65h 148.88 ± 0.18a 40.38 ± 3.47jk 262.96 ± 3.13bc 114.09 ± 3.30bc

30 179.79 ± 0.65i 142.38 ± 3.12bc 37.42 ± 2.47kl 258.71 ± 3.36c 116.33 ± 6.48b

45 193.50 ± 0.11fg 151.92 ± 8.37a 41.59 ± 8.25j 267.33 ± 2.12ab 115.42 ± 10.49bc

90 15 68.25 ± 0.95q 61.67 ± 2.35o 6.58 ± 1.41r 84.33 ± 2.12n 22.67 ± 0.23jkl

30 36.08 ± 0.00s 29.09 ± 0.94r 7.00 ± 0.95qr 40.96 ± 0.30q 11.88 ± 0.64no

45 31.75 ± 1.06t 24.46 ± 0.88r 7.30 ± 0.18qr 35.25 ± 1.17q 10.80 ± 0.29op

All data represent the mean of triplicates.
Values in each column with different superscripts are significantly different (p b 0.05).
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Bagley and Christianson [39] found that therewere two factors depend-
ing on cooking time, including the degree of swelling and the resultant
plasticization of starch granules. With the increase of cooking time, the
extent of swelling also increased, resulting in an increase in thepeak vis-
cosity. However, when dilatancy disappeared, increasing the tempera-
ture and time resulted in a greater extent of starch disruption and
formation of amylose chains and amylose-lipid networks between bro-
ken pieces, which was responsible for lowering the peak viscosity
values [20,40,41].

4. Conclusion

Cooking changed the physicochemical properties and starch di-
gestibility of waxy, low- and high-amylose rice as a function of
cooking temperature and cooking time. The thermal properties of
gelatinization temperature showed a positive correlation with
cooking temperature and cooking time, while the gelatinization en-
thalpy and peak viscosity, trough viscosity, and final viscosity of
pasting properties showed negative correlation. With the increase
in cooking temperature from 50 °C to 90 °C, the RDS increased signif-
icantly for all varieties, while the SDS and RS showed a degree of re-
duction. However, the cooking time had few effects on starch
digestibility. Our results showed that cooking temperature had
more pronounced effects on the extent of change than did cooking
time regarding physicochemical properties and starch digestibility.

Although a large body of evidence has shown the impact of different
cooking conditions on rice quality, the combined effect of cooking tem-
perature and cooking time on the physicochemical properties of rice
was still unclear. In the current study, we provided results indicating
that cooking temperature and cooking time had significant impacts on
the physicochemical properties and starch digestibility of rice to various
extents. This can not only summarize or supplement the basic knowl-
edge of rice cooking but can also give some guidance to the food indus-
try for production on a large scale.
Acknowledgements

This research was financially supported by the National Key R&D
Program of China (2016YFD0400206), the National Natural Science
Foundation of China (31671893, 81402366, 81773064), the Shang-
hai Jiao Tong University Agri-X Fund (AgriX2016008), and the
Chenxing Scholarship Youth Found of Shanghai Jiao Tong University
(AF1500063).

References

[1] F.M. Bhat, C.S. Riar, Physicochemical, cooking, and textural characteristics of grains
of different rice (Oryza sativa L.) cultivars of temperate region of India and their in-
terrelationships, J. Texture Stud. 48 (2) (2017) 160–170.

[2] L. Yu, M. Turner, M. Fitzgerald, J. Stokes, T. Witt, Review of the effects of different
processing technologies on cooked and convenience rice quality, Trends Food Sci.
Technol. 59 (2017) 124–138.

[3] M.C. Altheide, R.O. Morawicki, T.J. Hager, Impact of milling and water-to-rice ratio
on cooked rice and wastewater properties, Food Sci. Technol. Int. 18 (3) (2012)
291–298.

[4] M. Kasai, A.R. Lewis, S. Ayabe, K. Hatae, C.A. Fyfe, Quantitative NMR imaging
study of the cooking of Japonica and Indica rice, Food Res. Int. 40 (8) (2007)
1020–1029.

[5] E. Miyoshi, Effects of heat-moisture treatment and lipids on gelatinization and retro-
gradation of maize and potato starches, Cereal Chem. 79 (1) (2002) 72–77.

[6] W.S. Ratnayake, D.S. Jackson, A new insight into the gelatinization process of native
starches, Carbohydr. Polym. 67 (4) (2007) 511–529.

[7] J. Meullente, B.P. Marks, J.A. Hankins, V.K. Griffin, M.J. Daniels, Sensory quality of
cooked long-grain as affected by rough rice moisture content, storage temperature,
and storage duration, Cereal Chem. 77 (2) (2000) 259–263.

[8] V. Vidal, B. Pons, J. Brunnschweiler, S. Handschin, X. Rouau, C. Mestres, Cooking be-
havior of rice in relation to kernel physicochemical and structural properties, J.
Agric. Food Chem. 55 (2) (2007) 336–346.

[9] X. Ye, F. Lu, T. Yao, R. Gan, Z. Sui, Optimization of reaction conditions for improving
nutritional properties in heat moisture treated maize starch, Int. J. Biol. Macromol.
93 (Pt A) (2016) 34–40.

[10] J.C. Hsu, S. Lu, Y.H. Chang, W. Chiang, Effects of added water and retrogradation on
starch digestibility of cooked rice flours with different amylose content, J. Cereal Sci.
61 (2015) 1–7.

[11] N.S. Sodhi, N. Singh, Morphological, thermal and rheological properties of starches
separated from rice cultivars grown in India, Food Chem. 80 (1) (2003) 99–108.

http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0005
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0005
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0005
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0010
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0010
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0010
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0015
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0015
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0015
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0020
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0020
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0020
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0025
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0025
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0030
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0030
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0035
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0035
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0035
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0040
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0040
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0040
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0045
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0045
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0045
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0050
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0050
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0050
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0055
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0055


94 M. He et al. / International Journal of Biological Macromolecules 117 (2018) 87–94
[12] L. Wang, Y.J. Wang, R. Porter, Structures and physicochemical properties of six wild
rice starches, J. Agric. Food Chem. 50 (9) (2002) 2695–2699.

[13] M.I. Syafutri, F. Pratama, F. Syaiful, A. Faizal, Effects of varieties and cooking methods
on physical and chemical characteristics of cooked rice, Rice Sci. 23 (5) (2016)
282–286.

[14] Z. Sui, T. Yao, Y. Zhao, X. Ye, X. Kong, L. Ai, Effects of heat-moisture treatment reac-
tion conditions on the physicochemical and structural properties of maize starch:
moisture and length of heating, Food Chem. 173 (2015) 1125–1132.

[15] Y. Mabashi, T. Ookura, M. Kasai, Effects of rate of temperature increase and holding
temperature during cooking on the amounts of chemical components in rice grains,
Jpn. Soc. Cookery Sci. 40 (2007) 323–328.

[16] AOAC, Official Methods of Analysis, 15th ed. Association of Official Analytical Chem-
ists, Washington, DC, 1990.

[17] AOAC, Official Methods of Analysis, AOAC International, Arlington VA, 2002.
[18] V. Varatharajan, R. Hoover, J. Li, T. Vasanthan, N. Kkm, K. Seetharaman, Q. Liu, E.

Donner, S. Jaiswal, R.N. Chibbar, Impact of structural changes due to heat-
moisture treatment at different temperatures on the susceptibility of normal and
waxy potato starches towards hydrolysis by porcine pancreatic alpha amylase,
Food Res. Int. 44 (9) (2011) 2594–2606.

[19] H.N. Englyst, S.M. Kingman, J.H. Cummings, Classification and measurement of nu-
tritionally important starch fractions, Eur. J. Clin. Nutr. 46 (Suppl. 2) (1992)
S33–S50.

[20] J. Shim, S.J. Mulvaney, Effect of heating temperature, pH, concentration and starch/
whey protein ratio on the viscoelastic properties of corn starch/whey protein
mixed gels, J. Sci. Food Agric. 81 (8) (2001) 706–717.

[21] R.F. Tester, W.R. Morrison, Swelling and gelatinization of cereal starches. I. Effects of
amylopectin, amylose, and lipids, Cereal Chem. 67 (6) (1990) 551–557.

[22] N. Singh, J. Singh, L. Kaur, N.S. Sodhi, B.S. Gill, Morphological, thermal and rheologi-
cal properties of starches from different botanical sources, Food Chem. 81 (2)
(2003) 219–231.

[23] R. Hoover, T. Hughes, H.J. Chung, Q. Liu, C. Bassett, J. Boye, R. Tyler, B.D. Oomah, Com-
position, molecular structure, properties, and modification of pulse starches: a re-
view, Food Res. Int. 43 (2) (2010) 399–413.

[24] P. Ambigaipalan, R. Hoover, E. Donner, Q. Liu, Starch chain interactions within the
amorphous and crystalline domains of pulse starches during heat-moisture treat-
ment at different temperatures and their impact on physicochemical properties,
Food Chem. 143 (5) (2014) 175–184.

[25] D.S. Chaudhary, Understanding amylose crystallinity in starch–clay nanocompos-
ites, J. Polym. Sci. B Polym. Phys. 46 (10) (2008) 979–987.

[26] R. Vermeylen, V. Derycke, J.A. Delcour, B. Goderis, H. Reynaers, M.H. Koch, Gelatini-
zation of starch in excess water: beyond the melting of lamellar crystallites. A com-
bined wide- and small-angle X-ray scattering study, Biomacromolecules 7 (9)
(2006) 2624–2630.
View publication statsView publication stats
[27] Z. Ao, S. Simsek, G. Zhang, M. Venkatachalam, B.L. Reuhs, B.R. Hamaker, Starchwith a
slow digestion property produced by altering its chain length, branch density, and
crystalline structure, J. Agric. Food Chem. 55 (11) (2007) 4540–4547.

[28] G. Zhang, B.R. Hamaker, Slowly digestible starch: concept, mechanism, and pro-
posed extended glycemic index, Crit. Rev. Food Sci. Nutr. 49 (10) (2009) 852–867.

[29] U. Lehmann, F. Robin, Slowly digestible starch-its structure and health implications:
a review, Trends Food Sci. Technol. 18 (7) (2007) 346–355.

[30] N.K. Genkina, J. Wikman, E. Bertoft, V.P. Yuryev, Effects of structural imperfection on
gelatinization characteristics of amylopectin starches with A-and B-type crystallin-
ity, Biomacromolecules 8 (7) (2007) 2329–2335.

[31] J.P. Hernández-Uribe, G. Ramos-López, H. Yee-Madeira, L.A. Bello-Pérez, Physico-
chemical, rheological and structural characteristics of starch in maize tortillas,
Plant Foods Hum. Nutr. 65 (2) (2010) 152–157.

[32] R.F. Tester, S.J. Debon, Annealing of starch-a review, Int. J. Biol. Macromol. 27 (1)
(2000) 1–12.

[33] A. Gunaratne, H. Corke, Effect of hydroxypropylation and alkaline treatment in
hydroxypropylation on some structural and physicochemical properties of heat-
moisture treated wheat, potato and waxy maize starches, Carbohydr. Polym. 68
(2) (2007) 305–313.

[34] D. Cooke, M.J. Gidley, Loss of crystalline and molecular order during starch
gelatinisation: origin of the enthalpic transition, Carbohydr. Res. 227 (1992)
103–112.

[35] R.F. Tester, W.R. Morrison, Swelling and gelatinization of cereal starches. II. Waxy
rice starches, Cereal Chem. 67 (6) (1990) 558–563.

[36] C. Perera, R. Hoover, A. Martin, The effect of hydroxypropylation on the structure
and physicochemical properties of native, defatted and heat-moisture treated po-
tato starches, Food Res. Int. 30 (3–4) (1997) 235–247.

[37] K. Kaur, N. Singh, Amylose-lipid complex formation during cooking of rice flour,
Food Chem. 71 (4) (2000) 511–517.

[38] M. Nayouf, C. Loisel, J.L. Doublier, Effect of thermomechanical treatment on the rhe-
ological properties of crosslinked waxy corn starch, J. Food Eng. 59 (2) (2003)
209–219.

[39] E.B. Bagley, D.D. Christianson, Swelling capacity of starch and its relationship to sus-
pension viscosity-effect of cooking time, temperature and concentration, J. Texture
Stud. 13 (1) (1982) 115–126.

[40] S.A. Oyeyinka, A.T. Oyeyinka, A review on isolation, composition, physicochemical
properties and modification of Bambara groundnut starch, Food Hydrocoll. 75
(2018) 62–71.

[41] H.M. Lai, Effects of hydrothermal treatment on the physicochemical properties of
pregelatinezed rice flour, Food Chem. 72 (4) (2001) 455–463.

http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0060
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0060
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0065
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0065
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0065
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0070
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0070
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0070
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0075
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0075
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0075
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0080
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0080
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0085
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0090
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0090
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0090
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0090
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0090
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0095
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0095
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0095
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0100
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0100
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0100
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0105
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0105
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0110
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0110
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0110
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0115
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0115
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0115
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0120
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0120
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0120
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0120
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0125
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0125
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0130
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0130
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0130
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0130
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0135
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0135
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0135
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0140
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0140
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0145
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0145
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0150
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0150
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0150
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0155
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0155
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0155
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0160
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0160
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0165
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0165
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0165
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0165
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0170
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0170
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0170
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0175
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0175
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0180
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0180
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0180
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0185
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0185
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0190
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0190
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0190
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0195
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0195
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0195
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0200
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0200
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0200
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0205
http://refhub.elsevier.com/S0141-8130(18)31216-9/rf0205
https://www.researchgate.net/publication/325276512

	Impact of cooking conditions on the properties of rice: Combined temperature and cooking time
	1. Introduction
	2. Material and methods
	2.1. Materials
	2.2. Chemical components analysis
	2.3. Cooking treatment
	2.4. Swelling power and solubility index
	2.5. Amylose leaching
	2.6. In vitro starch digestibility
	2.7. Determination of thermal properties
	2.8. Determination of pasting properties
	2.9. Statistical analysis

	3. Results and discussion
	3.1. Chemical components analysis
	3.2. Amylose leaching
	3.3. Swelling power and solubility index
	3.4. In vitro digestibility
	3.5. Thermal properties
	3.6. Pasting properties

	4. Conclusion
	Acknowledgements
	References




