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With the increasing demand for nutrition and health, many researchers are 
trying to develop a rice product with lower aging rate and convenient nutrient 
fortification. Being composed of high amylopectin content, cassava starch (CS) 
shows a lower retrogradation tendency compared to rice starch. So, it has a 
broad application prospect to partially replace rice starch with CS in rice by 
extrusion technology. In this study, a new extruded rice (ER) was prepared 
by broken rice flour and CS using single-screw extruder through “improved 
extrusion cooking technology,” and the maximum addition level of CS in ER 
was 30%. Color parameters and texture profile analysis showed that ER was a 
little darker in appearance with lower hardness, adhesiveness and chewiness. 
Rapid visco analysis demonstrated that the viscosity of ER paste appeared earlier 
during the initial heating phase and displayed a lower retrogradation trend 
than normal rice in the cooling process. The gelatinization temperature and 
gelatinization enthalpy decreased with the increasing CS in ER, while the degree 
of gelatinization increased to 76.36% when the content of CS was 30% after 
extrusion. The X-ray diffraction patterns of control was typical A-type structure, 
while ER changed to V-type structure with a lower degree of crystallinity. The 
microstructure observation showed that ER exhibited a looser and more porous 
structure with increasing the content of CS, which facilitated easier cooking and 
nutritional enhancement.
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1 Introduction

Rice is the most common food in Asia, serving as the primary dietary source of 
carbohydrates and energy, and comprises half of the world’s main food supply. In comparison 
to brown rice, white rice exhibits a superior appearance, with higher swelling ratio and peak 
viscosity (Wu et al., 2017). However, the milling process of white rice results in a considerable 
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loss of nutrients, encompassing proteins, lipids, vitamins, and 
minerals. Furthermore, cooked white rice has a higher tendency 
toward retrogradation, which would have a negative impact on the 
taste (Xiao et al., 2023). With the increasing demand for nutrition and 
health, many researchers are trying to develop a rice product with 
lower aging rate and convenient nutrient fortification.

Extrusion is a very common food processing technology that 
involves high heat, high pressure, and high shear forces, in which 
various physical and chemical changes occur. Recently, a new 
gelatinization technology called “improved extrusion cooking 
technology (IECT)” was proposed. In comparison with traditional 
extrusion cooking, the screw used in the extruder is longer (1,950 cm), 
which makes the material stay longer in the extruder. In addition, the 
screw speed and temperature of the extruder are lower (Liu et al., 
2017). Zhang et al. (2014) showed that after IECT treatment, the aging 
rate of high amylose rice starch decreased and the structure became 
loose. We  also found that the low setback value and better water 
solubility of rice starch might be observed by controlling the moisture 
content, which was related to the molecular properties (Liu et al., 
2017). The temperature and screw speed are also two important 
parameters of IECT, which can significantly impact on the structure 
and properties of extrudate. Therefore, IECT has a good prospect in 
the production of starch products with different aging degree 
and structure.

Cassava starch (CS), derived from plant roots, is widely produced 
in Latin America. It has a wide range of applications in various fields, 
including as a thickener or gelling agent, as well as in the preparation 
of low-fat frozen desserts, helping to achieve a smooth and creamy 
taste. A previous study showed that partially replacing rice starch with 
CS can alter the rheological, thermal, and gelling properties of the 
system, depending on the mixing ratio of CS and the physical 
properties of the two starch components (Sun and Yoo, 2015). What’s 
more, being composed of high amylopectin content (approximately 
80%), CS shows a lower retrogradation tendency compared to rice 
starch. Consequently, there is a wide range of potential applications 
for partially replacing rice starch with CS in rice through extrusion 
technology. Currently, approximately 14% of the grains are broken 
during rice processing, often considered to be  a low-value waste 
(Moraes et al., 2014). Hence, utilizing these broken rice grains and CS 
as raw materials and controlling the mixing ratio between them to 
prepare extruded rice might be a good choice.

To the best of our knowledge, there are no comprehensive reports 
on the utilization of CS in extruded rice (ER) by IECT. We hope to 
develop a new ER with lower aging rate and convenient nutrient 
fortification. A new extruded rice using cassava starch and broken rice 
flour by IECT was proposed, and the physicochemical properties of 
ER were studied through scanning electron microscopy (SEM), color 
parameters analysis, differential scanning calorimetry (DSC), rapid 
visco analyzer (RVA), texture profile analysis (TPA), and x-ray 
diffraction (XRD).

2 Materials and methods

2.1 Materials

Broken rice (Ganzaoxian-974) was acquired from a factory 
(Nanchang, Jiangxi province) during the process of polishing brown 

rice, which was used as a control. On a dry weight basis, the levels of 
amylose content, lipid, protein and moisture in broken rice were 
determined to be 25, 0.56, 12.58, and 13.31% correspondingly. The 
broken rice was subsequently milled using a hammer mill 
(manufactured by Jiangxi Hongxing Machinery Limited Liability 
Company, Hongxing, China). The moisture of all the samples was 
determined by the oven method (AOAC, 2005; Methods 934.01), and 
the resulting ground rice flour had a moisture content of 12.0% on a 
dry weight basis. CS was purchased from a food manufacturing 
facility located in Thailand, and the content of protein, lipid, amylose 
and moisture in the CS were 0.13, 0.25, 17 and 14.8%, respectively, on 
a dry weight basis. Before use, both CS and broken rice flour were 
passed through a 0.25 mm mesh screen and then packaged and sealed 
in polyethylene bags.

2.2 Sample blending and IECT treatment 
procedure

IECT was carried out on a single-screw extruder (designed by 
our team, and manufactured by Jinan Saixin Machinery Ltd., 
China). All raw materials were weighed in batches of 8 kg, and four 
samples were prepared: one sample with 100% rice flour; one 
sample with 90% rice flour and 10% CS; one sample with 80% rice 
flour and 20% CS; the last one sample with 70% rice flour and 30%. 
Taking into account the moisture content of both CS and rice flour, 
the desired feed moisture content (30%) could be  obtained by 
adding enough water. Subsequently, the prepared samples were 
thoroughly mixed in a high-speed mixer at 365 rpm for 20 min to 
ensure homogeneity before extrusion. The extruder was a single-
screw (SX3000-100, manufactured by Jinan SaiXin Machinery Ltd., 
China). The screw has a length of 195 cm and a diameter of 10 cm. 
The depth of the screw thread gradually changes from 20 mm to 
6 mm from the feeding port to the die head direction, with no 
change in thread spacing. The die head seat has 16 holes, each with 
a diameter of 2.2 mm and a compression ratio of 2.84:1. The 
extrusion process was carried out based on the method described 
by Zhang et al. (2014) with minor modifications. The screw speed 
was set at 17 rpm, the feed screw rate at 25 rpm, and the 
temperature settings for the feed, mix, screw conveyor, shearing 
compression metering, and die head zones were 50°C, 65°C, 85°C, 
100°C, and 95°C, respectively. After being left at room temperature 
for 2 h, the ER were stored in a refrigerator at 4°C for 24 h. After 
that, all the ER were dried to the same final moisture content (12%) 
at 30°C and a humidity of 75%, and then packed in polyethylene 
bags. Part of the samples were powdered for the following 
experiment (DSC, RVA, XRD and SEM).

2.3 The color and dimension analysis

The color parameters were determined based on the method 
described by Pongjaruvat et  al. (2014) with minor modifications. 
Three replicate measurements were conducted using a 
spectrophotometer (MiniScan EZ, Hunter Associates Laboratory Inc., 
United States) with D65 illuminant and a standard observer of 10° to 
measure both normal rice (control) and ER placed on a desktop. The 
dimension of normal rice and ER were measured by micrometer.
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2.4 SEM analysis

The samples were coated with platinum using an Ion Sputter 
E-100 coating system (manufactured by Hitachi High-Technologies, 
Tokyo, Japan). Microstructural images of the samples were then 
acquired using a scanning electron microscope (S-4800, Hitachi 
Limited, Tokyo, Japan) at a magnification of 50X and an acceleration 
voltage of 3.0 kV.

2.5 RVA analysis

Using a RVA (Newport Scientific, Warriewood, NSW, Australia), 
2.8 g of samples (with 12% moisture content) were measured and 
mixed with 25 mL of distilled water. The parameter settings were 
based on the method described by Xia et al. (2019). The parameters 
were set as follows: the paddle speed was set to 160 revolutions per 
minute; the temperature was maintained at 50°C for a duration of 
1 min, subsequently raised to 95°C after 3.75 min. Following this, it 
was sustained for 2.5 min, subsequently lowered to 50°C within 
3.75 min, and then held for an additional 5 min. The resulting pasting 
temperature (PT), peak viscosity (PV), breakdown (BD), setback (SB), 
and final viscosity (FV) values were recorded.

2.6 XRD analysis

X-ray diffraction analysis was conducted using a Siemens D5000 
instrument (manufactured by Rigaku Corporation, Japan) in the 2θ 
range of 5–40° at a scanning rate of 6°/min. The resulting x-ray 
diffraction pattern was obtained.

2.7 DSC analysis

The samples were analyzed using a DSC (Q2000, TA Corp., New 
Castle, United States) following the method described by Zhang et al. 
(2014) with minor modifications. The samples were heated from 20°C 
to 100°C at a rate of 10°C/min, and a nitrogen flush of 50 cm3/min was 
used. The resulting onset temperature (To), peak temperature (Tp), 
conclusion temperature (Tc), and gelatinization enthalpy (ΔHg) 
were recorded.

The degree of gelatinization change (DG) was calculated using the 
following equation (Xia et al., 2015):

 
DG H H Hns ts ns= ∆ − ∆( )× ∆{ }×−1

100%

where nsH∆  (J/g) and tsH∆  (J/g) are the gelatinization enthalpies 
of control and ER with different amount of CS, respectively.

2.8 Cooking

Cooked ER was prepared by the method of Wu et al. (2017) 
with some modifications. Soak time-precook, rice/water 
volumetric ratio, and cook time were considered in this study. 
According to the package directions, cooked normal rice was used 

for TPA measurements. Based on preliminary experiment, the 
optimized cooking conditions of normal rice and ER using a rice 
cooker are listed in Table 1.

2.9 Texture profile analysis

All cooked rice samples were allowed to cool to 28°C 
(approximately 30 min) before conducting the TPA test, and then the 
experiment was carried out according to Tao et al. (2020) with some 
modifications. TPA was conducted using a texture analyzer (Model 
CT3, Brookfield Engineering Laboratories, Unites States). A plunger 
(P 0.5R) was used to compress the sample to 40% of its original height 
at a test speed of 0.5 mm/s, and the compression process was repeated 
three times.

2.10 Statistical analysis

The processing of the ER was treated by IECT for once, with 
triplicate measurements made on each treatment. The data were 
analyzed using SPSS (SPSS Inc., 1998, Chicago, IL, United States) 
version 9.0 for Windows. All experiments were conducted in triplicate, 
and the results were presented as mean values ± standard deviations. 
The differences between mean values were evaluated using the 
ANOVA method, followed by Duncan’s multiple comparison post-
test. Significance was set at p < 0.05.

3 Results and discussion

3.1 The color and dimension analysis

Color is an intuitive physical property to evaluate the quality of 
extrudates. The color values of L* value measures the brightness or 
luminosity/darkness (100 = white, 0 = black) while a* and b* values 
measures of redness/greenness and yellowness/blueness (Gulzar 
et al., 2021).

As shown in Table 2, it can be seen that ER expressed a lower b* 
and L* value but higher a* value compared with the control sample. It 
suggested that the ER had a darker and lower intensity of ‘yellowness’ 
color which were in accordance with the observation in Figure 1. 
From Table 2, it can also be found that when the addition level of CS 
in ER increased from 0 to 30%, the a* value decreased from −1.4 ± 1.70 
to −1.9 ± 0.34, b* value decreased from 12.9 ± 0.42 to 11.2 ± 0.25 and 

TABLE 1 The optimized cooking conditions for normal rice (control) and 
extruded rice in a rice cooker.

Rice 
category

Rice/water 
volumetric ratio

Soak time-
precook (min)

Cook 
time 
(min)

Control 1:1.2 5 20–25

0% CS 1:0.8 3 15–17

10% CS 1:0.8 3 13–15

20% CS 1:0.8 3 11–13

30% CS 1:0.8 3 11–13

https://doi.org/10.3389/fsufs.2024.1383012
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Xia et al. 10.3389/fsufs.2024.1383012

Frontiers in Sustainable Food Systems 04 frontiersin.org

L* value decreased from 63.4 ± 1.40 to 56.2 ± 3.02, respectively. It 
indicated that the color became darker as the CS content increased, 
resulting in a lower L* value. Similar conclusion was also obtained by 
Pongjaruvat et al. (2014) who demonstrated that the substitution of 
pregelatinized tapioca starch altered the color of gluten-free jasmine 
rice breads crumb, considering the parameters of a* (from −0.13 ± 0.11 
to −0.91 ± 0.04) b* (from 15.10 ± 0.60 to 11.96 ± 0.42) and L* (from 
78.09 ± 0.97 to 69.94 ± 1.02).

It was found that the dimension of normal rice was the smallest, 
and the dimension of ER increased with the addition level of CS 
increasing, and the biggest values obtained when the addition level of 
CS was 30%. This might be due to the increase in CS addition, which 
makes the texture of ER softer (section 3.6), resulting in an increase in 
dimension. When the addition level of CS in ER was beyond 30%, the 
ER was hard to obtain due to the high viscosity of CS, and also the 
shape of ER was too flat, which was not acceptable (Data not shown). 
These observations indicated that the appearance of ER was changed 
with the substitution of CS. So, in our current study, the maximum 
addition level of CS in ER was 30%.

3.2 SEM analysis

The microstructures of the samples are depicted in Figure 2. 
Notably, the control sample (Figure  2A) exhibited a dense and 
intact structure. Conversely, ER displayed a looser structure with 
more pores compared to the control group. This observation could 
be  attributed to the extrusion process, which involves high 
pressure, intense heat, and shear forces. These conditions lead to 
the gelatinization and degradation of starch, as reported by Gulzar 
et al. (2021), ultimately resulting in a looser texture within the 
ER samples.

With the increase in CS content, the appearance of ER became 
looser with more pores (Figures 2B–E). This could be due to the good 
water-binding capacity of CS (Charoenrein and Preechathammawong, 
2012), which retained more water during extrusion. Because 
amylopectin molecules were more likely to form hydrogen bonds with 
water molecules, while amylose starch molecules were usually tightly 
packed and curled, making it easier to form intramolecular hydrogen 
bonds and preventing water molecules from entering. When samples 
with similar initial moisture content (30%) were dried to the same 
final moisture content (12%), more pores were observed with 
increasing CS content after syneresis during the drying process 
(Charoenrein and Preechathammawong, 2010). The microstructure 
implied that the loose structure in ER could afford an opportunity for 
starch grains to interact with water molecules and to swell better, 
which would soften the structure of starch matrix and give rise to a 
softer product. The observations also suggest that ER could be more 
easily to cook and fortify with functional ingredients through soaking 
or spraying, which may be more accessible for nutrients (Ayoub et al., 
2013) than the control sample.

3.3 RVA analysis

The RVA patterns for all samples are presented in Figure 3A, and 
the corresponding pasting parameters are listed in Table 3. During the 
initial heating stage, the viscosity of ER paste appeared earlier and T
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reached its peak faster than the control sample, indicating that ER was 
more readily accessible to water. Since the initial viscosity measures 
the starch’s ability to absorb water at room temperature and form a 
viscous paste or gel (Xia et  al., 2019), this characteristic can 
be attributed to the loose texture of ER observed in SEM results. This 
loose structure facilitates easier interaction between water molecules 

and ER, enabling better swelling. The higher the amount of “accessible” 
water within ER, the more facile its gelatinization becomes. 
Meanwhile, due to the partial substitution of CS for rice starch, the 
content of amylopectin in ER is higher, making it easier to form 
hydrogen bonds with water molecules. This is because amylose 
molecules are usually tightly packed and curled, making it easier to 

FIGURE 1

The appearance of normal rice and extruded rice: (A) (control), (B) (0% CS), (C) (10% CS), (D) (20% CS), and (E) (30% CS).

FIGURE 2

SEM images of normal rice and extruded rice: (A) (control), (B) (0% CS), (C) (10% CS), (D) (20% CS), and (E) (30% CS).
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form intramolecular hydrogen bonds and preventing water molecules 
from entering.

During the holding temperature of 95°C, the starch granules 
underwent further disruption, leading to a reduction in the 
viscosity of all starch pastes. The breakdown (BD) was calculated 
by determining the difference between the peak viscosity and the 
minimum viscosity, which occurred approximately at the start of 
the RVA cooling stage. BD served as a metric to assess the 
disintegration tendency of gelatinized starch, reflecting the loss of 
integrity within starch granules and subsequently, the decrease in 
paste viscosity. As the content of CS increases, the peak and 
minimum viscosity values of ER samples gradually rise. Previous 
studies have established a strong correlation between starch 
viscosity and amylopectin content. Amylopectin, with its intricate, 
reticulated structure and stronger intermolecular forces compared 
to amylose, plays a pivotal role in determining viscosity (Dalonso 
and de Oliveira Petkowicz, 2014). Notably, there were insignificant 
differences (p>0.05) in BD values among ER samples, indicating 
that their thermal stability is comparable. However, a significant 
(p < 0.05) change in BD value was observed between the control 
and ER samples, decreasing from 876 to 509 cp. These findings 
suggested that ER exhibited greater stability under isothermal 
shear conditions compared to the control.

Upon cooling, the control sample exhibited a significant increase 
in viscosity (p < 0.05), whereas the ER samples displayed a more subtle 
viscosity increase. This indicated that the starch in ER had undergone 
partial gelatinization and degradation during the extrusion process, 
leading to a slight rise in cold paste viscosity. Furthermore, the final 

viscosity (FV) of ER was consistently lower than that of the control 
group, suggesting a reduced tendency for retrogradation in ER. The 
FV serves as an indicator of retrogradation tendency, with higher FV 
values indicating a greater likelihood of retrogradation (Li et  al., 
2015). The setback (SB), calculated by subtracting the minimum 
viscosity from the final viscosity (Kong et al., 2016), provides insights 
into the starch’s short-term retrogradation. As evident from Table 3, 
the SB value of the control sample was the highest compared to ER, 
and it decreased as the CS content in ER increased. This finding 
supported the observation that ER exhibited a lower retrogradation 
tendency than the control. Previous studies have shown that 
amylopectin is more susceptible to degradation during extrusion 
compared to amylose (Zhang et al., 2020). The shorter chains resulting 
from this degradation process resemble non-starch polysaccharides, 
which can delay the re-association of starch molecules and thereby 
inhibit retrogradation (Liu et al., 2017). Given the lower SB and FV 
values observed in ER, it is likely that the addition of CS contributed 
to maintaining a good texture after cooking due to the slow 
retrogradation tendency.

3.4 XRD analysis

The X-ray diffractograms of the control and ER samples are 
presented in Figure 3B. The control sample exhibited a typical A-type 
pattern with peaks at 15°, 17°, 18°, and 23°, while the ER sample 
displayed a V-type pattern with a small peak at an angle value of 20°. 
This peak was attributed to the primary formation of amylose-lipid 

FIGURE 3

The RVA patterns (A) and X-ray diffraction patterns (B) of normal rice and extruded rice.

TABLE 3 Pasting properties of normal rice (control) and extruded rice.

RVA parameters Control 0% CS 10% CS 20% CS 30% CS

Pasting temp (°C) 83.90 ± 0.14e 81.45 ± 0.40d 80.80 ± 0.44c 77.05 ± 0.40b 71.05 ± 0.57a

Peak viscosity (cp) 3013.00 ± 5.23d 937.00 ± 5.30a 939.00 ± 16.51a 982.00 ± 4.89b 1093.00 ± 22.03c

Breakdown (cp) 876.00 ± 10.50b 522.00 ± 5.99a 519.00 ± 12.97a 512.00 ± 10.22a 509.00 ± 11.16a

Final viscosity (cp) 4245.00 ± 16.10e 1024.00 ± 12.98d 966.00 ± 25.00c 854.00 ± 10.19b 792.00 ± 13.45a

Setback (cp) 2,108 ± 10.10e 609 ± 26.11d 546 ± 13.16c 424 ± 6.10b 208 ± 9.13a

Data are presented as means ± standard deviations of triplicate measurements. Significant differences in each column are expressed as different letters (p < 0.05).

https://doi.org/10.3389/fsufs.2024.1383012
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Xia et al. 10.3389/fsufs.2024.1383012

Frontiers in Sustainable Food Systems 07 frontiersin.org

complex (Simsek, 2022), and its intensity decreased with increasing 
CS content. This reduction in peak intensity could be  due to the 
decrease in amylose content in ER, resulting in a reduction in the 
formation of the amylose-lipid complex. A similar result was also 
obtained by Zhou et al. (2024) who declared that the peak intensity of 
V-type patterns decreased with decreasing amylose content. The 
transition of the XRD diffractograms of starch from the A-type to the 
V-type clearly demonstrates a structural alteration in the starch 
following extrusion. Furthermore, this shift reinforces the finding that 
ER exhibited a reduced level of short-term retrogradation when 
assessed using the RVA. Changes in starch structure might be caused 
by a two-step mechanism of extrusion. The first step was to soften the 
structure of the amylopectin molecules during extrusion process 
under high temperature, and high water content. Second, the high 
shear stress during extrusion may lead to the breakdown of starch 
molecules. These structural changes might disrupt starch crystalline 
structures, resulting in the changes of XRD diffractograms. This 
assumption was supported by Zhang et al. (2014) who claimed that 
the XRD diffractograms were changed due to the destruction of the 
crystalline structures after IECT.

The relative crystallinity of all samples is also listed in Table 2. 
Notably, the relative crystallinity decreased significantly from 32.8% 
in the control sample to 12.3% in the 0% CS sample, further decreasing 
to 10.6% for 10% CS, 8.7% for 20% CS, and ultimately reaching 3.31% 
for 30% CS. This trend indicates that ER exhibited lower relative 
crystallinity compared to the control, confirming the loss of crystalline 
structure during extrusion, which was consistent with our 
observations from XRD diffractograms. Additionally, it was evident 
that the relative crystallinity of ER decreased proportionally with the 
increasing amount of CS. This decrease in relative crystallinity can 
be attributed to the reduction in lipid and protein content in ER as the 
CS content rises. Consequently, ER may be  more prone to 
gelatinization and degradation during the extrusion process, resulting 
in a decrease in relative crystallinity.

3.5 DSC analysis

DSC is an useful thermal analysis method to study the 
gelatinization characteristics of starches, and the results are 
summarized in Table  2. In comparison with the control, the 
gelatinization temperatures [Onset temperature (To), Peak temperature 
(Tp), Conclusion temperature (Tc)] and gelatinization enthalpy were 
decreased in ER, but the degree change of gelatinization (DG) 
increased to 76.36% when the content of CS was 30% after extrusion. 
The results indicated that the thermal properties of ER were different 
from control, and the pregelatinization of starch during extrusion 
process, which would lead to the decrease in gelatinization enthalpy 
(ΔHg) and the increase in DG, respectively. The decrease in ΔHg also 
proved that the crystalline and helical structures were disrupted, 
which was consistent with the XRD results. As shown in Table 2, it is 
evident that the ΔHg of the control sample was 7.15 J/g. Notably, with 
the increment of CS content from 0 to 30%, the ΔHg values decreased 
significantly, ranging from 3.85 J/g to 1.69 J/g. This indicated that the 
loss of ΔHg between the control and ER samples was relatively greater 
than the loss among different ER samples. The observed increase in 
ΔHg could be attributed to the presence of native starch granules 
embedded within the gelatinized matrix of ER, which effectively 

hinders the swelling of native starch. This observation was in 
agreement with the previous results of Charoenrein and 
Preechathammawong (2012) who declared that the highly swollen 
starch granules of waxy rice flour were distributed and covered rice 
starch granules, retarding the process of gelatinization. Similar 
conclusion was also observed by Ayoub et al. (2013).

3.6 Texture profile analysis

Figure 4 presents the hardness, adhesiveness, and chewiness 
measurements of the samples. The cooked control sample exhibited 
a firmer texture compared to all the ER grains. This observation 
could be attributed to the loose and porous structure of ER, which 
allowed water molecules to react more easily with starch, resulting 
in better swelling than the control sample. Consequently, the 
structure of the ER matrix softens, leading to softer products 
(Ayoub et al., 2013). However, as the CS content in ER increases, a 
decrease in hardness is observed. This finding can be explained by 
the lower retrogradation tendency of ER when CS is substituted, as 
previously demonstrated through RVA results. A higher degree of 
retrogradation typically correlates with increased hardness (Xia 
et al., 2014). Another contributing factor may be the decrease in 
lipid and protein content with increasing CS in ER. Lipids and 
proteins form complexes with amylose, stabilizing the structure of 
starch granules and limiting their swelling, thus enhancing the 
texture (Pilli et al., 2016).

Chewiness is a parameter that is positively correlated with how 
easy food can be disintegrated in the mouth (Pongjaruvat et al., 2014). 
Results showed that the value of ER was consistently lower than 
control, indicating that control sample was harder to be broken down. 
Moreover, the value of chewiness decreased with the increasing CS in 
ER. This observation indicated that ER was easier to be broken down 
as CS content increased, which was consistent with the results 
obtained from SEM.

In terms of adhesiveness, which looks at the internal strength 
of the gelatinized starch matrix (Ayoub et al., 2013). ER showed a 
lower adhesiveness than control, indicating the internal strength 
of the gelatinized starch matrix was weaker, which was also 
confirmed from the previous result of SEM. The adhesiveness of 
ER increased with the increasing amount of CS which were 
consistent with the result obtained from RVA. It may be due to 
high amylopectin content of CS, resulting in an increase of 
adhesiveness, which agreed with the findings of Dalonso and de 
Oliveira Petkowicz (2014) who reported that the higher the 
amylopectin content of starch, the higher viscosity could 
be obtained. Amylopectin has a complex network structure and 
stronger intermolecular forces, resulting in greater adhesiveness.

3.7 Pearson correlations among structural 
and physicochemical properties

We could observe several strong correlations from the Pearson 
correlation analysis among the 18 structural and physicochemical 
properties of ER, which were listed in Table 4. Significant and positive 
correlations were obtained between RC and Tc, PT, a*, and SB; between 
GD and CS addition amount, adhesiveness, ΔHg; between hardness 
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and T, Tp, ΔHg, and b*; between chewiness and hardness, b*, a*, FV, 
ΔHg, and Tc. Meanwhile negative and significant correlations were 
found between adhesiveness and Tp, Tc, ΔHg, FV, a*, b* and hardness; 
between GD and BD, FV, a*, b*, hardness, chewiness, To, Tp and Tc. 
Especially, the addition level of CS in ER was significantly and 
negatively correlated with the RC, PT, Tc, ΔHg, BD, FV, SB, a* and 
chewiness, while positive and significant correlations were found with 
GD and adhesiveness, suggesting that the structure and 
physicochemical properties of ER could be  adjusted by simply 
controlling the amount of CS. This could provide some reference for 
obtaining ER with different properties in actual production.

4 Conclusion

In this study, a new extruded rice with lower aging rate and 
convenient nutrient fortification through using cassava starch and 
broken rice flour was developed, and the physicochemical 
properties of the ER were also investigated. The results showed that 
the color of ER was a little darker with the substitution of CS. The 
gelatinization temperature and ΔHg decreased with the increasing 
CS in ER. DG increased after extrusion which was in accordance 
with the results of loss crystallinity obtained from XRD. TPA 

analysis revealed that ER with the substitution of CS could soften 
the structure of starch matrix, and give rise to a softer product. 
RVA analysis suggested that the FV and SB decreased with the 
increasing of CS in ER, which indicated a lower tendency towards 
retrogradation in comparison with the control. With an increase 
in CS content, the microstructure of ER exhibited a looser and 
more porous structure. This suggested that ER would be  more 
easily to cook and could fortify with functional ingredients 
through spraying nutrients, such as calcium, iron, zinc, selenium, 
to raise its nutritional value and bring about potential health 
benefits than normal rice grains. These observations indicated that 
ER grains with a promising potential for fortification because of 
the porous structure of the grains. Also, ER grains showed good 
cooking quality including quick cooking property which could 
saving energy for cooking and maintenance of good texture after 
cooking because of slow retrogradation due to CS added. High 
amylose rice varieties easily harden upon cooling, so maintaining 
a soft texture at room temperature, is an ideal attribute. In addition, 
it is probable that the required structural and physicochemical 
properties of ER might be predicted by controlling the addition 
level of CS in ER as described by Pearson correlation analysis. In 
the future, we would conduct further research, such as nutritional 
enhancement and quality evaluation of this ER.

FIGURE 4

The texture analysis of normal rice and extruded rice.
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TABLE 4 Pearson correlations among structural and physicochemical properties.

Parameters To Tp Tc ΔHg GD RC PT PV BD FV SB a* b* L* Hardness Adhesiveness Chewiness

To 1

Tp 0.976* 1

Tc 0.976* 0.893 1

ΔHg 0.952* 0.958* 0.957** 1

GD −0.953* −0.0958* −0.957* 0.999** 1

RC 0.711* 0.813 0.974* 0.870 −0.870 1

PT 0.662 0.754 0.965* 0.850 −0.850 0.990* 1

PV −0.581 −0.698 −0.929 −0.782 0.782 −0.984* −0.991** 1

BD −0.834 0.854 0.979* 0.962* −0.962* 0.923 0.936 −0.880 1

FV −0.840 0.818 0.891* 0.965* −0.965* 0.937 0.945 −0.893 0.999** 1

SB 0.723 0.810 0.983* 0.887 −0.887 0.996** 0.996* −0.981* 0.949 0.959* 1

a* 0.876 0.937 0.992** 0.966* −0.966* 0.962* 0.936 −0.901 0.956* 0.968* 0.964* 1

b* 0.987* 0.984* 0.912 0.988* −0.988* 0.810 0.772 −0.700 0.907 0.913 0.822 0.939 1

L* 0.862 0.823 0.899 0.948 −0.948 0.787 0.810 −0.724 0.964* 0.953* 0.831 0.874 0.907 1

hardness 0.996** 0.989* 0.879 0.971* −0.971* 0.771 0.723 −0.650 0.868 0.876 0.780 0.916 0.996** 0.874 1

adhesiveness −0.944 −0.974* −0.969* −0.992** 0.992** −0.903 −0.871 0.817 −0.949 −0.958* −0.910 −0.986* −0.984* −0.906 −0.969* 1

chewiness 0.926 0.970* 0.976* 0.983* −0.982* 0.924 0.889 −0.844 0.944 0.955* 0.926 0.993** 0.971* 0.883 0.956* −0.998** 1

CS content −0.868 −0.912 −0.998** −0.975* 0.975* −0.956* −0.946 0.902 −0.985* −0.992** −0.968* −0.992** −0.936 −0.922 −0.905 0.981* −0.983*

PT, Pasting temperature; PV, Peak viscosity; BD, Breakdown; SB, Setback; FV, Final viscosity; RC, Relative crystallinity.
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