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A B S T R A C T   

This study investigated the structure and quality characteristics of hard and crispy parched rice obtained from 
raw proso millet through steaming, roasting, and milling. Results showed that thermal treatment disrupted the 
structure of samples and transformed the crystal from A-type in raw proso to V-type in parched rice. Rheological 
and thermodynamic analyses revealed that thermal treatment reduced the stability of parched rice. Gelatini
zation tests demonstrated that the parched rice was easier to gelatinize and had a lower viscosity. The di
gestibility of hard parched rice and crispy parched rice improved, with rapidly digestible starch content 
increasing by 73.62% and 76.95%, respectively, compared with that of raw proso millet. Headspace solid-phase 
microextraction/gas chromatography-mass spectrometry results further indicated that thermal treatment 
enhanced the flavor substances of parched rice. These findings demonstrated the unique properties of parched 
rice and supported its production and processing as a whole grain.   

1. Introduction 

Proso millet (Panicum miliaceum L.) is an annual herbaceous plant in 
family Poaceae, that is widely grown in subtropical regions of Asia, 
Europe, and China. It has a high photosynthesis capacity and can 
withstand cold and drought (Marti & Tyl, 2021). As a traditional grain, 
proso millet is rich in nutrients and bioactive substances such as starch, 
protein, essential minerals, unsaturated fatty acids, and phenolic com
pounds (Saleh, Zhang, Chen, & Shen, 2013). Proso millet is a gluten-free 
grain with numerous potential applications in human nutrition and food 
safety (Marti & Tyl, 2021; McSweeney, Seetharaman, Ramdath, & 
Duizer, 2017). However, the lack of refinement and processing limits its 
extensive use and acceptability. Proso millet has also recently drawn 
increased attention for its unique benefits to human health, but the 
processing technology and quality evaluation of related traditional 
products are less studied (Kumar, Sadiq, & Anal, 2020). 

Thermal treatment is one of the most common grain-processing 
maturation methods and is extensively utilized in the food industry 
due to its safety and stability. During thermal treatment, a series of 
physicochemical changes, such as starch pasting, protein denaturation, 

and browning reactions may occur in the nutritional components of 
grains (Kumar et al., 2020). These changes may affect grains’ sensory, 
structural properties, and nutritional qualities. Roasting, steaming, stir 
frying, and extrusion are commonly used in the thermal treatment of 
grains. Apart from the advantage of simple processes, they also impart 
unique toasted, grassy, and fruity flavors to the grains (Liu, Tang, & 
Zhang, 2012). Headspace solid-phase microextraction (HS-SPME)/gas 
chromatography (GC)-mass spectrometry (MS) and electronic nose (e- 
nose) analyses are primarily used to explore volatile substances in foods 
and are extensively used in food processing (Cai, Zhu, Ma, Thakur, 
Zhang, & Wei, 2020). 

Parched rice, is a traditional whole grain favored by Inner Mongo
lians. It is usually prepared from proso millet through steaming, roast
ing, and milling processes. It is portable, easy to eat, and nutrient rich, 
making it a crucial part of most people’s daily diets. The thermal 
treatment induces many physical and chemical changes in the nutri
tional components of cereal grains during processing, imparting unique 
edible quality and nutritional properties to them (Qian, Sun, Zhu, 
Zhang, Tian, & Wang, 2020). Roasting also imparts a special aroma to 
the sample. The unique aroma and flavor of parched rice are also reasons 
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for its popularity among consumers. Many factors influence the nutri
tional values and quality properties of cooked grain, such as cooking 
time, method, and temperature (Starr, Bredie, & Hansen, 2013; Srikaeo, 
Furst, Hosken, & Ashton, 2005). Therefore, studying the quality char
acteristics of proso millet parched rice made from different methods is 
necessary. 

The present study aimed to treat different varieties of proso millets 
with various methods and subsequently evaluate the nutritional values 
and volatile compounds of the different parched rice obtained. Findings 
in this study will guide the industrial processing and quality evaluation 
of parched rice as a whole grain. 

2. Materials and methods 

2.1. Materials 

White proso millet, yellow proso millet, and red proso millet were 
provided by Fugu County (Yulin, Shaanxi, China). The α-amylase, 
glucosidase, rutinum, and gallic acid were purchased from Sigma- 
Aldrich Co. (St. Louis, USA). Other reagents and solvents were all of 
the analytical grades. 

2.2. Preparation of parched rice 

The preparation of parched rice is shown in Fig. 1, and the specific 
method was as follows. Depending on the variations, the proso millets 
were cooked in boiling water for varied amounts of time (white proso 
millet 40 min, yellow proso millet 60 min, red proso millet 70 min). 
Following treatment, samples were drained and promptly roasted at 
220 ◦C for 3 min, and then milled to obtain hard parched rice (white 
hard parched rice WHPR, yellow hard parched rice YHPR, red hard 
parched rice RHPR). The proso millets were steamed in boiling water for 
30 min, drained and quickly roasted at 250 ◦C for 2 min. Samples were 

cooled down and milled to obtain crispy parched rice (white crisp 
parched rice WCPR, yellow crisp parched rice YCPR, red crisp parched 
rice RCPR). The proso millets were milled to obtain raw proso millet 
(white proso millet WPM, yellow proso millet YPM, and red proso millet 
RPM). All samples were ground, passed through a 60-mesh sieve, and 
kept dry. 

2.3. Determination of proximate composition 

The moisture, protein, lipid, and ash contents of samples were 
measured according to the Association of Official Analysis Chemists’ 
methods (AOAC, 2005). Total starch content was determined using the 
assay kits (Megazyme International Ireland Ltd., Ireland) following the 
manufacturer’s instructions. Amylose content was investigated using the 
iodine colorimetric determination method of Jiang, Du, Guo, Fu, Jiang, 
and Du (2020). 

2.4. Structure characterization 

2.4.1. Scanning electron microscopy 
The surface morphology of samples was observed on a scanning 

electron microscope (SEM S-3400N, Hitachi, Tokyo, Japan). The sample 
was attached to the sample stage, and metalized with gold using a 
sputter coater. Images were collected at 8000 × . 

2.4.2. X-ray diffraction 
According to the previous study by Li, Wen, Chen, Zhang, and Guo 

(2021) with slight modifications, an X-ray diffractometer (XRD D8 
ADVANCE A25, Bruker, Germany) was used at the operating voltage of 
40 kV and current of 20 mA, scanning from 4◦ to 45◦ with an angle step 
of 0.1◦/s. 

Fig. 1. The preparation flow chart of parched rice.  
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2.4.3. Fourier transfer infrared spectrometry 
Fourier transfer infrared spectrometry (FTIR) was conducted on an 

FTIR instrument (VETEX70, Bruker, German). Referring to the previous 
study with some modifications (Kumar et al., 2020), the sample was 
mixed with dried KBr at 1:100 m/m and subjected to a vacuum 
compression for pressing into slices. The operation was performed 
within the scanning wavelength range of 400–4000 cm− 1. 

2.5. Thermal analysis 

Thermal analysis was conducted using differential scanning calo
rimetry (DSC Q200, Waters, USA). Initially, 2.0 mg of sample was loaded 
into an aluminum crucible and mixed with distilled water at 1:3 ratio. 
Measurements were conducted in N2 environment at 40 mL/min flow 
rate. The scanning temperature ranged within 30–300 ◦C /min with an 
increased rate of 10 ◦C /min (Ma et al., 2020). 

2.6. Pasting properties 

The pasting properties of samples were analyzed according to the 
method by Lu, Xu, Zhan, Chen, Jin, and Tian (2020) by using a rapid 
viscosity analyzer (RVA) (Newport Scientific, NSW, Australia). The 
sample (2.5 g) and 25 mL of distilled water were thoroughly mixed and 
heated at 50 ◦C for 1 min, slowly raised to 95 ◦C, held for 2.5 min, and 
then maintained at that temperature for 2 min. During pasting, the 
samples were homogenized at 960 rpm in the first 10 s and thereafter at 
169 rpm for the rest of the test. 

2.7. Rheological measurements 

According to Jiang, Du, Zhao, Jiang, Yu, and Du (2020), the sample 
was pretreated with a rapid viscosity analyzer (RVA, Newport Scientific, 
NSW, Australia) to make a homogeneous paste. Rheological measure
ments were performed on a rheometer (DHR-1, Waters, USA) with a 40 
mm parallel plate and a 0.1 mm gap. For stable shearing determination, 
the shear rate ranged within 0.1–1000 s− 1, and the changes in shear 
stress (τ) and apparent viscosity (η) were recorded. The dynamic rheo
logical measurement was performed at 25 ◦C with a frequency sweep of 
10 rad/s in the linear viscoelastic region of 0.5% strain. Shear rate 
ranged within 0.01–100 Hz, and the storage modulus (G’) and loss 
modulus (G’’) were recorded. 

2.8. In vitro digestibility 

Referring to the study by Gao et al. (2022) with slight modifications, 
a 1.0 g of sample was placed in a tube, mixed with 5.0 mL of pepsin 
solution (2500 U/mL), and shaken in a water bath at 37 ◦C for 30 min. 
After the treatment, 50 mL of NaOH solution (0.01 mol/L), 20 mL of 
phosphate buffer solution (pH 6.8, 0.1 mol/L), and 5.0 mL of mixed 
amylase solution (1000 U/mL α-amylase and 3000 U/mL glucosidase) 
were added. Subsequently, the mixture was cultivated in a shaking 
water bath at 37 ◦C for 2 h. The solution (1 mL) was collected and mixed 
with 4 mL of ethanol to inactivate the enzymes after incubating for 0, 20, 
and 120 min. The solution was then centrifuged at 3800 r/min to collect 
the supernatant, and glucose content was measured by the dini
trosalicylic acid method. The content of rapidly digestible starch (RDS), 
slowly digestible starch (SDS), and resistant starch (RS) in the sample 
were calculated as follows: 

RDS(%) =
(G20 − G0) × 0.9

TS
× 100  

SDS(%) =
(G120 − G20) × 0.9

TS
× 100  

RS(%) = 1-RDS-SDS 

where G0, G20, and G120 are the glucose content of the solution after 
0, 20, and 120 min of cultivation. 

2.9. Flavor analysis 

2.9.1. HS-SPME/GC–MS analysis 
The volatile compounds of samples were extracted by HS-SPME ac

cording to a previous study (Cai et al., 2020). The sample (5.0 g) was 
placed in the headspace vials, and a DVB/CAR-PDMS solid-phase 
extraction fiber (Supeloco, USA) was inserted to adsorb volatile com
pounds at 65 ◦C for 35 min. The analyses were performed on GC–MS 
(GCMS-QP2010 Ultra, Shimadzu, Japan). Volatile compounds were 
separated on a PEG-200 capillary column with helium carrier gas at a 
0.8 mL/min flow rate. The custom temperature program was performed 
as follows: the column temperature was held at 40 ◦C for 30 min, ramped 
at 4 ◦C/min to 120 ◦C, then ramped at 4 ◦C/min to 120 ◦C followed by an 
increase of 6 ◦C/min to 240 ◦C and held for 12 min. The MS conditions 
were as follows: the interface temperature and ion source temperature 
were 250 ◦C and 200 ◦C, respectively; the ionization energy was 70 eV, 
and detection was performed at a voltage of 350 V and an emission 
current of 200 μA. 

2.9.2. E-nose analysis 
E-nose analyses were conducted using a PEN3 e-nose (Airsense, 

Germany), which comprised sensor-array units, an automatic sampler, 
and pattern-recognition software. The sensor array comprised 10 metal- 
oxide semiconductors (W1C, W5S, W3C, W6S, W5C, W1S, W1W, W2S, 
W2W, and W3S). Each type of sensor element corresponded with 
different sensitive substances, including aromatic, broadrange, aro
matic, hydrogen, arom-aliph, broad-methane, sulfur-organic, broad- 
alcohol, sulf-chlor, and methanealiph, respectively. The sample (5.0 g) 
was placed in a 40 mL of sample bottle and incubated at room tem
perature for 240 min. The sample was collected for 60 s, the sensor 
cleaning time was 300 s, and the injection flow rate was 400 mL/min for 
5 s. Samples from 52 to 56 s were selected as representatives for analysis. 

2.10. Statistical analysis 

All trials were performed in triplicate. Data were analyzed by one- 
way fixed-effects analysis of variance (ANOVA) test using statistical 
software (SPSS 18.0, SPSS Inc., Chicago, IL, USA). 

3. Results and discussion 

3.1. Proximate composition 

The proximate compositions of samples are listed in Table 1. The 
total starch, protein, and lipid contents of parched rice (74.20%,10.50%, 
and 2.19% for hard parched rice, and 70.98%, 10.00%, and 1.98% for 
crispy parched rice) were lower than that of raw proso millet (78.50%, 
15.40%, and 2.53%). These results may be due to starch gelatinization, 
protein denaturation, lipid degradation, and the formation of starch–
protein/lipid complexes during thermal treatment (Wani, Hamid, 
Hamdani, Gani, & Ashwar, 2017). The ash content of samples also 
differed, with a higher content of raw proso millet (0.76%), followed by 
crispy parched rice (0.75%), and the lowest content of hard parched rice 
(0.46%). The steaming treatment may have caused the difference in ash 
content, where the hard parched rice was treated for a longer time and 
the soluble mineral was dissolved fully and endowed with the lowest ash 
content (Kumar et al., 2020). The amylose content of raw proso millet 
and parched rice also exhibited differences. Amylose content was the 
highest in raw proso millet (18.73%–20.42%), followed by hard parched 
rice (16.11%–16.78%) and the lowest in crispy parched rice (13.55%– 
14.29%). During the thermal treatment, starch in the samples was 
degraded, and the hydrogen bonds and glycosidic linkages were broken, 
leading to amylose leaching (Yang et al., 2018; Lu et al., 2020). Owing to 
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the high temperature, the compact structure of amylose may have been 
disrupted during steaming, thereby enhancing the interaction between 
amylose and protein/lipid during roasting, and changing the amylose 
content (Yang, Hao, Wu, Liu, & Ouyang, 2021). 

3.2. Structure characterization 

3.2.1. Morphology property 
As demonstrated in Fig. 2, the starch granules in raw proso millet 

Table 1 
Proximate compositions and in vitro digestibility properties of samples.  

Sample Moisture 
(%) 

Total starch 
(%) 

Protein 
(%) 

Lipid 
(%) 

Ash 
(%) 

Amylose content 
(%) 

RDS (%) SDS (%) RS (%) 

Raw proso 
millet 

WPR 11.64 ±
0.04a 

73.20 ± 0.78 
cd 

15.73 ±
0.11b 

2.60 ±
0.13a 

0.86 ±
0.03b 

18.73 ± 0.05c 19.67 ±
0.23 g 

9.60 ±
0.23j 

70.73 ±
0.10c 

YPR 11.26 ±
0.04a 

82.07 ±
0.77a 

14.31 ±
0.06c 

2.57 ±
0.16a 

0.68 ±
0.02c 

20.19 ± 0.05b 10.66 ±
0.21 h 

12.60 ±
0.30f 

76.75 ±
0.17a 

RPR 11.51 ±
0.05a 

80.24 ±
0.50ab 

16.16 ±
0.04a 

2.42 ±
0.12ab 

0.74 ±
0.02c 

20.42 ± 0.05a 11.80 ±
0.10i 

12.84 ±
0.19f 

75.36 ±
0.30b 

Mean 11.47 ±
0.18A 

78.50 ±
4.22A 

15.40 ±
0.86A 

2.53 ±
0.14A 

0.76 ±
0.09A 

19.78 ± 0.82A 14.04 ±
4.39C 

11.68 ±
1.62C 

74.28 ±
2.82A 

Hard parched 
rice 

WHPM 3.78 ± 0.32c 70.78 ±
0.12de 

10.02 ±
0.16e 

2.55 ±
0.00a 

0.49 ±
0.02d 

16.27 ± 0.11e 57.76 ±
0.20d 

30.73 ±
0.11b 

11.52 ±
0.11 h 

YHPM 3.54 ± 0.29c 76.23 ±
0.59bc 

10.15 ±
0.02e 

2.07 ±
0.05 cd 

0.46 ±
0.03d 

16.11 ± 0.01e 46.34 ±
0.09f 

31.82 ±
0.01a 

21.85 ±
0.09d 

RHPM 3.40 ± 0.35c 75.61 ±
2.04c 

11.33 ±
0.21d 

1.96 ±
0.03d 

0.44 ±
0.04de 

16.78 ± 0.05d 55.56 ±
0.09e 

29.42 ±
0.03c 

15.03 ±
0.09e 

Mean 3.57 ±
0.30B 

74.20 ±
2.83AB 

10.50 ±
0.66B 

2.19 ±
0.28B 

0.46 ±
0.03B 

16.39 ± 0.32B 53.22 ±
5.42B 

30.66 ±
1.08A 

16.13 ±
4.70B 

Cripsy 
parched rice 

WCPR 3.58 ± 0.11c 70.99 ±
2.16de 

9.06 ± 0.39 
g 

2.22 ±
0.04bc 

0.39 ±
0.04e 

13.55 ± 0.01 h 62.46 ±
0.32a 

28.75 ±
0.43c 

8.80 ± 0.14i 

YCPR 3.21 ± 0.13c 67.73 ±
2.92e 

9.49 ± 0.05f 1.86 ±
0.14d 

0.89 ±
0.01b 

14.29 ± 0.05f 61.29 ±
0.11b 

26.16 ±
0.11e 

12.56 ±
0.05 g 

RCPR 4.73 ± 0.25c 74.24 ± 3.27 
cd 

11.47 ±
0.09d 

1.86 ±
0.02d 

0.97 ±
0.04a 

13.87 ± 0.11 g 59.03 ±
0.29c 

27.17 ±
0.29d 

13.81 ±
0.03f 

Mean 3.84 ±
0.72B 

70.98 ±
3.64B 

10.00 ±
1.16B 

1.98 ±
0.20B 

0.75 ±
0.28A 

13.90 ± 0.34C 60.92 ±
1.57A 

27.36 ±
1.19B 

11.72 ±
2.34C 

Data are mean ± standard deviations (n = 3), and the values followed by different letters in the same column indicate the significant difference (P < 0.05).  

Fig. 2. Scanning electron microscope images of samples. (A) white proso millet, (B) yellow proso millet, (C) red proso millet, (D) white hard parched rice, (E) yellow 
hard parched rice, (F) red hard parched rice, (G) white crisp parched rice, (H) yellow crisp parched rice, (I) red crisp parched rice. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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were primarily spherical or oval and covered with an uneven protein 
coating all around. The structure of parched rice starch was damaged, 
and the starch granules had an irregular shape with a rough surface. 
Hard and crispy parched rice showed more chunky and flaky protein 
films, and small partials can be observed surrounding it. The starch 
pasting and cleavage, protein denaturation, fiber splitting, and starch 
granules absorbing water and expanding until rupture caused by 
steaming and roasting treatment can be the causes of the considerable 
changes in morphology of parched rice (Zhao, Jiao, Yang, Liu, & Jin, 
2021). The starch molecules also adhered onto one another through 
pasting and formed many adhesive granules. The steaming and roasting 
procedures may have likely induced such changes in morphology 
because thermal treatment always promoted granule swelling, gelati
nization, and shape modification. Meanwhile, the soluble substances 
(such as polysaccharides, protein, and amylose) may have been dis
solved, causing the granules to aggregate and adhere (Yang et al., 2018). 
The center of the parched rice starch granules contained depressions of 
various sizes, which may be related to the damage during thermal 
treatment, where the linkages in samples were broken down, and the 
structure was disrupted (Ding, Yang, Xia, Wu, Zhou, & Wang, 2018). 

3.2.2. Crystalline property 
The helical structure formed by amylose was confirmed to constitute 

a crystalline region in starch, and the amylose dispersed between 
amylopectin constituted the amorphous region of starch. According to 
crystal structures, natural starches can be divided into A, B, and C types. 
Among them, the A-type crystal structure was the most compact, and it 
was the crystal structure of most cereal starch (Wang, Zhong, Zheng, 
Zhang, & Zeng, 2023). When starch formed complexes with fatty acids 
or alcohols, it may form a V-type crystal structure (Jiang et al., 2022). 
All raw proso millets displayed typical A-type crystal structures with 
strong diffraction peaks at 15◦, 17◦, 18◦, and 23◦ (Fig. 3A). The crystal 
types changed to V-type after thermal treatment, and new diffraction 
peaks appeared at 13◦ and 20◦ for hard parched rice, and 20◦ for crispy 
parched rice. The thermal treatment changed the crystal type probably 
because the starch crystal structure was disrupted and the double-helix 
structure was lost. The starch–lipid complex formed in parched rice may 
also cause the transformation of crystal type (Olamiti, Takalani, Beswa, 
& Jideani, 2020). The change in crystal type of hard parched rice and 
crispy parched rice was similar to that in the study of Dharmaraj, Par
ameswara, Somashekar, and Malleshi (2014), in which the crystalline 
structure of corn changed during hydrothermal treatment, peeling, 
swelling, and bursting. These results indicated that thermal and physical 
processing treatment can effectively change the crystallization type of 
grains. According to Table 2, the crystallinity of raw proso millet was 
29.81%–37.35%, whereas the crystallinity of the corresponding parched 
rice was lower (with 21.65%–23.58% for hard parched rice and 
25.64%–28.05% for crispy parched rice). The thermal treatment 
reduced the crystallinity of parched rice, indicating that the treatment 
destroyed the crystalline regions and internal structure of the starch. The 
crystallite disruption due to the starch gelatinization and reorientation 
of the double helix forming the crystal column primarily led to a 
decrease in sample crystallinity (Olamiti et al., 2020). 

3.2.3. FTIR analysis 
All samples exhibited similar FTIR spectra, which are depicted in 

Fig. 3B. The peaks ranging within the absorption bands at 3500–3400 
cm− 1 were attributed to the stretching of the –OH bond. The leftward 
shift of the –OH absorption peak in parched rice demonstrated that the 
thermal treatment decreased the hydrogen bond content and increased 
the content of disordered molecules in the sample (Sun, Gong, Li, & 
Xiong, 2014). Compared with raw proso millet, parched rice showed a 
more significant absorption peak at 2926 cm− 1, suggesting that thermal 
treatment allowed for effective interaction of –OH with other mole
cules. The stretching of –C––O caused the absorption peaks in 
1690–1630 cm− 1, and the amide appeared in 1690–1650 cm− 1. The raw 

proso millet exhibited a more vigorous peak intensity of amide groups, 
suggesting a higher protein content (Long, Ji, Pan, Sun, Li, & Qin, 2015). 
The absorption peaks at 1340–1020 cm− 1 indicated the presence of 
–C––O or –C–––N stretching vibrations in parched rice, and the peak 
appearing at 1078 cm− 1 was caused by the skeletal vibrations of α-1,4 
glycosidic bonds. The absorption peaks at 1000–1250 cm− 1 were 
observed in parched rice, suggesting that the starch in parched rice 
interacted with the non-starch components (Sun et al., 2014). FTIR can 
characterize special functional groups and provide relevant information 
about the structural properties of starch. The absorption peak around 
1045 cm− 1 was correlated with the crystalline region of starch, that at 
1022 cm− 1 was related to the amorphous region of starch, that at 995 
cm− 1 was caused by the ordered structure of hydrogen bonds formed 
between starch molecules (Du, Jiang, Jiang, Ge, & Du, 2020). Therefore, 
ratios of 1047/1022 cm− 1 (R1047/1022) and 995/1022 cm− 1 (R995/1022) 
were commonly used as indices to evaluate the degree of order within 
starch. The R1047/1022 reflected the degree of order, whereas R995/1022 
indicated the level of the double helix (Gao et al., 2022). The R1047/1022 
and R995/1022 of parched rice samples were lower than those of raw 
proso millet (Table 2), indicating that the crystal structure of starch in 
parched rice was more disordered, consistent with the results of crys
talline properties. Thermal treatment always disrupted the native 
structure of starch, cleaved the whole granules, and reduced the crys
tallinity of samples (Ding et al., 2018). As a result, parched rice was 
endowed with depression on its surface and broken into fragments 
(Fig. 2). 

3.2.4. Second structure of the protein 
The amide I and III bands of the protein in the FTIR spectra can be 

used to characterize its secondary structure. The amide III bands were 
represented by the α-helix (1295–1330 cm− 1), β-sheet (1220–1250 
cm− 1), β-turn (1270–1295 cm− 1), and irregular curl (1250–1270 cm− 1) 
(Long et al., 2015). The content of each structure was calculated by 
deconvolution and shown in Table 2. Compared with raw proso millet, 
the β-sheet content of crispy parched rice and hard parched rice was 
reduced, whereas the β-turn and α-helix contents increased. These re
sults indicated that the secondary structure of parched rice protein 
changed significantly after thermal treatment possibly due to the con
version of β-sheet to α-helix and β-turn. After thermal treatment, the 
subunit proteins in samples expanded, and the hydrophobic groups were 
exposed to the polar environment to form protein aggregates (Gulati, Li, 
Holding, Santra, Zhang, & Rose, 2017). The β-sheet was located inside 
the protein, and protein aggregation decreased its fraction (Long et al., 
2015). The conversion of the β-sheet to the α-helix was similar to the 
results of Gulati, Li, Holding, Santra, Zhang, and Rose (2017) for thermal 
treatment of millet. This finding indicated that thermal treatment can 
effectively disrupt the intermolecular hydrogen bonding and promote 
the formation of protein hydrophobic groups and the conversion of 
secondary structure in cereals. 

3.3. Thermal properties 

The thermal properties of different samples are shown in Table 3. 
The TO of raw proso millet was observed at around 65.88–68.13 ◦C, 
which was associated with the starch crystalline melting and gelatini
zation. The TO of parched rice was observed at around 
102.73–120.12 ◦C, which was related to the melting of amylose–lipid 
complexes. Additionally, the TP and TC of parched rice were higher than 
those of raw proso millet, indicating that thermal treatment endowed 
different thermal properties to parched rice. The significant increase in 
TO may be attributed to the transformation of the crystalline region to an 
amorphous inner structure of starch granules (Kumar et al., 2020), 
which meant that the parched rice required higher temperature to 
destroy the crystallinity and helix order in samples. During thermal 
treatment, pregelatinization, crystalline structure disintegration, and 
chain degradation affected the structure of parched rice, leading to 
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Fig. 3. (A) The XRD spectra of samples. (B) The FTIR spectra of samples. (C) The shear thinning of sample pastes. (D) The rheopexy properties of sample pastes. (E) 
and (F) The frequency scanning curves of sample pastes. (G) Comparison of volatile species in different varieties of samples. (H) The E-nose analysis of samples. 
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changes in thermal properties (Ma et al., 2020). According to the XRD 
results, the crystal type of raw proso millet changed from A-type to V- 
type due to the thermal treatment, indicating the formation of amylo
se–lipid, leading to changes in the thermal properties of parched rice 
(Olamiti et al., 2020). A narrower gelatinization temperature range (TC- 
TO) was observed for parched rice (with a mean value of 14.91 ◦C for 
raw proso millet, 5.63 ◦C for hard parched rice, and 4.8 ◦C for crispy 
parched rice). These results may be attributed to the fact that thermal 
treatment promoted the fusion of low cohesion crystals, reduced the 
energy required for melting, and enhanced the interaction between the 
remaining crystal chains (Duque, Leong, Agyei, Singh, Larsen, & Oey, 
2020). The gelatinization enthalpy (ΔH) of starch was related to its 
crystal structure and crystallinity. A higher ΔH demonstrated a more 
ordered crystalline structure, a higher double-helix content, and greater 
thermal stability of starch (Du et al., 2020). The ΔH of parched rice (with 
0.145–0.253 J/g of hard parched rice and 0.226–0.463 J/g of crispy 
parched rice) was lower than that of raw proso millet (10.770–11.060 J/ 
g), suggesting that less energy was needed to melt the crystalline 
structure and amylose double helix in parched rice (Duque et al., 2020). 
This result may be attributed to the previous disruption of the highly 
ordered structure in parched rice during thermal treatment, leading to a 
more flexible structure, degraded crystalline area, and decreased crys
tallinity (Table 2). The hard parched rice was steamed and roasted for a 
longer period, inflicting greater structural damage and conferring the 
lowest ΔH. 

3.4. Pasting properties 

The pasting properties of raw proso millet and parched rice are 
summarized in Table 3, including peak viscosity (PV), breakdown vis
cosity (BV), final viscosity (FV), setback viscosity (SV), and pasting 
temperature (PT). The pasting property parameters of parched rice were 
lower than those of raw proso millet, indicating that a lower viscosity 
was endowed to parched rice during pasting. The lower BV of parched 
rice revealed that the molecular chains in parched rice were disrupted, 
and the force between amylose and the branched chains was diminished 
(Du et al., 2020). The decreasing tendency of SV observed in parched 
rice indicated that steaming and roasting procedures induced the 
amylose retrogradation level and inhibited the formation of double- 
helix structure for the reassociation and recrystallization of amylo
pectin external glucan chains (Duque et al., 2020). The retrogradation 
ability reduction of parched rice may have positive significance for 
processing proso millet products, because retrogradation usually leads 
to a decrease in quality, such as increased dehydration and hardness. 
The lower PV and FV observed for parched rice demonstrated that 
steaming and roasting may disrupt the highly ordered structure in 

parched rice (Ma et al., 2020). The reduction in viscosity after thermal 
treatment may also be due to the pregelatinization, which caused the 
water absorption and swelling of starch granules, as well as the looser 
rearrangement of starch chains. The swelling ability was reduced when 
the sample was heated again, making it easier to disintegrate into pieces 
and reduce the viscosity (Duque et al., 2020). The thermal treatment 
also affected the PT of samples by improving the PT value of crispy 
parched rice to 92.53 ◦C and it cannot even be detected for hard parched 
rice. This result may be caused by the higher degree of pregelatinization 
and damage to the starch structure due to the thermal treatment. In 
addition to starch, other components in proso millet (such as soluble 
dietary fiber) may also play an essential role in its viscosity profile. In 
this study, hard parched rice was steamed in boiling water for a longer 
time, and the soluble substances were dissolved to a greater extent, 
thereby exhibiting the lowest viscosity. During the thermal treatment, 
starch may also interact and reassociate with protein or lipid to form 
complexes similar to chemical cross-linking modified starch, thereby 
restricting the swelling and gelatinization of samples (Lu et al., 2020). 

3.5. Rheological properties 

3.5.1. Rheology character 
The shear stress and shear rate of samples were analyzed by the 

Herschel–Bulkley equation (τ = τ0 + Kγn). The results of the rheology 
characterization are shown in Table 3. The flow properties can be well 
described by the model with high regression coefficients (R2 > 0.98). 
The characteristic flow index (n) was<1 for all samples, indicating that 
the paste structures were easy to shear, had pseudoplastic characteris
tics, and belonged to non-Newtonian fluids (Jiang et al., 2020). The 
stress force (τ0, the finite stress required of the sample to achieve flow 
state) of raw proso millet was too high to be detected, whereas the τ0 of 
hard parched rice ranged from 12.28 Pa to 22.93 Pa, and the τ0 of crispy 
parched rice ranged from 29.1 Pa to 50.36 Pa. The viscosity coefficient 
(K) of raw proso millet paste (46.28–218.47 Pa⋅sn) was higher than that 
of parched rice (with hard parched rice of 0.13–0.57 Pa⋅sn, and crispy 
parched rice of 0.67–10.61 Pa⋅sn). Compared with raw proso millet, the 
τ0 and K of parched rice decreased, indicating that the paste formed by 
parched rice required higher stress to achieve the same deformation as 
the raw proso millet. In other words, parched rice paste showed greater 
shear stability and higher shear-thinning behavior, indicating that 
thermal treatment limited the exudation and swelling of starch in 
parched rice (Lu et al., 2020). 

3.5.2. Shear-thinning behavior 
Shear-thinning behavior, an evident inherent characteristic of a 

pseudoplastic fluid, is the phenomenon where the apparent viscosity of 

Table 2 
Structural parameters of samples and Secondary structure of protein in samples.  

Sample Crystallinity % Crystal type R1047/1022 R995/1022 β-sheet random coil α-helix β-turn 

Raw proso millet WPM 35.89 ± 0.51b A 1.065 ± 0.001b 1.074 ± 0.004b 49.49 ± 0.82a 7.92 ± 0.12c 8.24 ± 0.33gh 34.36 ± 0.37f 

YPM 37.35 ± 1.56a A 1.082 ± 0.003a 1.066 ± 0.007b 48.30 ± 0.57a 7.61 ± 0.20c 8.57 ± 0.059 fg 35.52 ± 0.43e 

RPM 29.81 ± 0.46c A 1.086 ± 0.001a 1.094 ± 0.001a 46.49 ± 0.41b 8.09 ± 0.05c 7.58 ± 0.08 h 37.84 ± 0.45b  

Mean 34.35 ± 4.00A  1.078 ±
0.001A 

1.094 ±
0.014A 

48.09 ±
1.44A 

7.87 ± 0.24B 8.13 ± 0.48B 35.90 ± 1.62B 

Hard parched rice WHPR 21.65 ± 0.18f V 0.901 ± 0.003d 0.944 ± 0.001d 41.64 ± 0.81d 7.60 ± 0.030c 13.39 ± 0.66 cd 37.38 ± 0.19bcd 

YHPR 23.01 ± 0.71de V 0.900 ± 0.001d 0.950 ± 0.000d 42.61 ± 0.74d 6.99 ± 0.028d 13.75 ± 0.30c 36.65 ± 0.47d 

RHPR 23.58 ± 0.78de V 0.998 ± 0.007c 0.989 ± 0.010c 39.85 ± 0.21e 7.72 ± 0.01c 15.54 ± 0.44a 36.89 ± 0.21bcd  

Mean 22.75 ± 0.99B  0.933 ± 0.056B 0.961 ± 0.024B 41.37 ± 1.35B 7.44 ± 0.35C 14.22 ± 1.10A 36.97 ±
0.41AB 

Crispy parched rice WCPR 28.05 ± 0.77c V 0.903 ± 0.004d 0.942 ± 0.001d 38.73 ± 0.76e 9.98 ± 0.00a 14.56 ± 0.52b 36.73 ± 0.24 cd 

YCPR 25.64 ± 0.96d V 0.904 ± 0.003d 0.950 ± 0.001d 35.41 ± 0.01e 10.28 ± 0.29a 13.14 ± 0.34 cd 41.17 ± 0.06a 

RCPR 25.90 ± 0.57d V 0.991 ± 0.005c 0.994 ± 0.004c 39.12 ± 0.57f 10.43 ± 0.61a 12.78 ± 0.35d 37.67 ± 0.38bc  

Mean 26.53 ± 8.15B  0.933 ± 0.295B 0.962 ± 0.313B 37.75 ± 1.87C 10.23 ±
0.36A 

13.49 ± 0.90A 38.52 ± 2.10A 

Data are mean ± standard deviations (n = 3), and the values followed by different letters in the same column indicate the significant difference (P < 0.05).  
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the system decreases with increased shear rate under the effect of shear 
stress (Jiang et al., 2020). According to Fig. 3C, the apparent viscosity of 
the samples decreased and tended to be flat with increased shear rate, 
showing a shear-thinning behavior. This finding was also manifested as 
n < 1 in Table 3. The shear-thinning behavior of samples was due to the 
applied shear stress disrupting the molecular network in the paste. The 
sample pastes showed the following viscosity order within the experi
mental range: raw proso millet > crispy parched rice > hard parched 
rice. The lower viscosity of parched rice may be due to the pregelati
nization of starch during the thermal treatment, where the starch chains 
rearranged, thereby inhibiting the expansion of starch molecules and 
preventing the formation of paste with higher viscosity (Qian et al., 
2020). Moreover, the structural damage caused by thermal treatment to 
parched rice decreased its crystallinity (Table 2), making intermolecular 
forces weaker and hydrogen bonds more likely to be broken. Due to the 
longest steaming processing time, the hard parched rice exhibited the 
lowest viscosity and may undergo a greater degree of pregelatinization, 
thereby being endowed with the lowest viscosity. 

3.5.3. Thixotropy and restoring force of shear structure 
The thixotropic curves of different parched rice and raw proso millet 

are shown in Fig. 3D. The rheological curve experienced during the rise 
of shear stress from 0.1 s− 1 to 1000 s− 1 was the upward line, and the 
rheological curve experienced during the decline from 1000 s− 1 to 0.1 
s− 1 was the downward line. The two curves were surrounded to form a 
hysteresis loop, and the loop area was correlated with and reflected the 
thixotropy of the sample. All samples exhibited clockwise hysteresis 
loops, indicating that the systems were significantly thixotropic. The 
thixotropy of different samples differed significantly, with raw proso 
millet having the higher hysteresis loop area (59647–151263 Pa⋅s− 1) 
and parched rice having the lower hysteresis loop area (with hard 
parched rice of 4355–6188 Pa⋅s− 1 and crispy parched rice of 
9552–38757 Pa⋅s− 1) (Table 3). These findings may be related to the 
starch structure disruption and the formation of starch, lipid, and pro
tein complexes. Starch gelatinization, particle expansion, and amylose 
molecular leaching occurred in the whole-grain system during the 
thermal treatment. The leached amylose from cereals and swollen starch 
granules can form complexes through the entanglement of molecular 
chains. The lipid and protein recombined with amylose or amylose by 
modifying their three-dimensional conformation, influencing the 
fluidity of samples (Lu et al., 2020). Among them, hard parched rice had 
the smallest ring area probably because the longest thermal treatment 
inflicted more structural damage and promoted the formation of more 
complex compounds (corresponding with the results in Table 2). 

3.5.4. Dynamic rheological properties 
Fig. 3E and Fig. 3F show the significant changes in the G’ and G" of 

samples, indicating that thermal treatment can effectively affect the 
structure of parched rice paste. With increased scanning frequency, the 
G’ and G" of parched rice paste became significantly greater than those 
of raw proso millet. The strong elasticity and gelation of the samples 
were caused by the lack of crossover between G’ and G" within the 
scanning-frequency range. During scanning, the G’ and G" of parched 
rice paste were lower than that of raw proso millet, and the G’ and G" of 
hard parched rice paste were lower than that of crispy parched rice, 
indicating that the paste of parched rice was weaker than that of raw 
proso millet paste. This result may be due to the degradation of starch 
chains caused by thermal treatment, resulting in less entanglement and 
interaction of starch, thereby changing the network structure (Wani 
et al., 2017). 

3.6. In vitro digestibility 

According to Table 1, thermal treatment significantly increased the 
proportions of RDS and SDS in parched rice but reduced the RS content 
of parched rice. These changes may be the result of starch granules Ta
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breaking into smaller fragments (Fig. 2), which can enhance the inter
action of starch with digestive enzymes and make it more conducive for 
human to digest and absorb (Vinutha et al., 2022). The pregelatinization 
during thermal treatment was conducted according to the RVA results, 
causing starch swelling, granule structure disruption, and crystallinity 
reduction. These may also lead to increased RDS and SDS content of 
parched rice. Generally, higher crystallinity and slower digestion are 
always associated with a more ordered structure of starch (Huong, Hoa, 
& Hung, 2021). During the thermal treatment, steaming and roasting 
procedures may have promoted the disruption of the double-helix 
structure within the starch granules, as evidenced by the results of 
reduced ΔH and short-range ordered crystallinity (Table 2 and Table 3). 
The crystalline region of starch was more resistant to enzymes, 
demonstrating that the amorphous region of starch was more likely to 
make contact with α-amylase than the crystalline region, and thus be 
degraded. Thermal treatment in this study may induce a certain degree 
of disruption to the crystal structure of parched rice, exposing its α-1,4 or 
α-1,6 glycosidic bonds that were originally hidden in the crystalline 
region. Consequently, RS content decreased and digestibility was 
improved (Solaesa, Villanueva, Vela, & Ronda, 2022). Notably, hard 
parched rice demonstrated more RS than crispy parched rice due to the 
longer roasting time and greater development of starch–lipid or 
starch–protein complexes. The lipid and protein usually interacted with 
amylose and formed starch-based complexes that restricted starch 
digestion (Duque et al., 2020). Although thermal treatment resulted in 
the formation of starch-based complexes in parched rice, the crystal
linity of parched rice still decreased compared with that of raw proso 
millet (Table 2). These findings indicated that the formation of com
plexes exhibited a much lower impact on the sample structure than the 
disruption caused by seaming and roasting on the granules. Thus, 
although complex formation may lead to a slight increase in di
gestibility, severe structural damage resulted to a greater extent in more 
digestible parched rice. Overall, the increased RDS and SDS contents of 
parched rice demonstrated that thermal treatment effectively enhanced 
its in vitro digestibility. These findings confirmed that parched rice can 
be a potential food for rapidly elevating blood sugar levels to providing 
energy to the body. 

3.7. Flavor analysis 

3.7.1. Identification of main flavor compounds 
Flavor compounds are important components that provide food with 

a unique aroma, generally derived from amino acids, fatty acids, 
phenolic acids, and other nutrients. Due to the various reactions during 
thermal treatment, the raw grain materials and processed grains always 
exhibit completely different volatile characteristics. The evaporation of 
low-boiling compounds, the release of compounds present in the sample 
in a bound form, and the generation of additional compounds through 
chemical reactions all contributed to the formation of the distinctive 
aroma of thermal-treated grains (Lina & Min, 2022). The distribution of 
aroma flavor substances in raw proso millet and parched rice is dis
played in Fig. 3G. Hard parched rice (HPR 63) was the most abundant in 
flavor substance species, higher than crispy parched rice (CPR 48) and 
raw proso millet (PM 42). Hard parched rice had the most alcohols and 
aldehydes (10 and 15), followed by esters and ketones (11 and 8), 
whereas crisp parched rice had fewer alcohols and aldehydes than hard 
parched rice (8 and 14). The differences suggested that a higher period 
of thermal treatment resulted in more flavor substances. Furthermore, 
the alcohols, aldehydes, and ketones in raw proso millet were the most 
diverse, with 6, 7, and 6 kinds. The detailed analysis of the types and 
quantities of volatile substances in raw proso millet and parched rice 
also revealed differences (Supplementary File). More flavor components 
were detected in parched rice (63 in hard parched rice and 48 in crispy 
parched rice) than in raw proso millet (42), suggesting that the thermal 
treatment gave parched rice a distinctive scent and richer flavor. As a 
result of thermal treatment, starch was degraded to small-molecule 

sugars, and the protein was denatured to small-molecule polypeptides. 
Additionally, the raw materials contained amino and reducing sugars. 
These substances underwent the Maillard reaction at a high tempera
ture, resulting in a more intense flavor of parched rice (Heiniö et al., 
2016). 

Alcohols may be cause by carbohydrate metabolism, amino acid 
dehydrogenation, and decarboxylation in samples, and they always 
provided samples with fruit, nut, floral, sweet aromas, and other mellow 
aromas (Bi et al., 2021). Hard parched rice (10) and crispy parched rice 
(8) contained a wider variety of alcoholic substances than raw proso 
millet (6). Alcohols in parched rice primarily included ethanol, butanol, 
pentanol, hexanol, 1-octene-3-ol, and undecanol, which endowed the 
samples with wine, nut, and fruit aromas (Liu et al., 2012). Hard parched 
rice (15) and crispy parched rice (14) contained more aldehydes than 
raw proso millet (7). Aldehydes may be produced by the oxidation of 
fatty acids in grains and the Maillard reaction during thermal treatment 
(Zhang et al., 2020). Pentanal, hexanal, heptaldehyde, and nonanal 
were the most abundant aldehydes in raw proso millet, with hexanal 
having the highest content. Nonanal was equipped with a pleasant 
aroma that mellowed the overall aroma of parched rice (Liu et al., 
2012). The hexanal content of parched rice was significantly higher than 
that in raw proso millet, which imparted greasy, grassy, and apple fla
vors to parched rice. (E, E)-2,4-Nonadienal and trans-2-decenal were 
detected in parched rice, possibly due to linolenic acid breakdown, and 
they contributed greasy and nutty aromas to the parched rice. Ethenyl 
ethanoate, hexalactone, and nonanolactone were exclusively found in 
parched rice among the esters. Compared with raw proso millet, the 
ethenyl ethanoate, pentyl formate, dimethyl glutarate, dimethyl adipate 
contents of parched rice were higher, providing it with fruity, caramel, 
and sweet aroma (Bi et al., 2021). The ketones detected in samples 
primarily included 2-butanone, acetone, 2-heptanone, 2-octanone, 3- 
octan-2-one, and 3-nonen-2-one, which provided the samples with 
longer-lasting aromas, including grass, cream, and floral ones. The ke
tones in parched rice were primarily produced by lipid oxidation at high 
temperatures and the thermal degradation of carbohydrates (Zhang 
et al., 2020). 2-Ethyl furan is the unique aroma substance in raw proso 
millet that imparted it with rice malt, bean, and caramel aroma. 2- 
Methyl tetrahydrofuran is a unique flavor substance in parched rice 
endowed with fruit and floral aroma. 2-Pentylfuran is a prevalent aro
matic substance in roasted food, which brings grass and a sweet aroma 
to parched rice (Cai et al.,2020). The acids in parched rice (7 in hard 
parched rice and 4 in crispy parched rice) were higher than that in raw 
proso millet (5). Acetic, decanoic, hexanoic, and nonanoic acids were 
detected in raw proso millet and parched rice. After the treatment, the 
content of hexanoic acid significantly increased, endowing parched rice 
with a sweet and creamy aroma. Valeric, caprylic, and heptanoic acids 
were also detected in parched rice. The acid was primarily formed by the 
oxidation of alcohols and aldehydes, imparting aroma characteristics 
such as creamy, sour, and fatty aromas to samples (Bi et al., 2021). 
Hydrocarbons are the by-products of lipid heat breakdown, and hy
drocarbons have been found in parched rice. D-Limonene was detected 
in raw proso millet and parched rice, providing fresh orange and lemon 
aromas (Zhang et al., 2020). 

3.7.2. Analysis of e-nose and volatile compounds 
The PEN3 e-nose contained 10 metal-oxide sensors sensitive to 

different gas concentrations, and their relative conductivity ratio (G/G0) 
varied with gas concentration (Wu et al., 2021). Fig. 3H exhibits the 
response of the sensors to volatile substances in the samples. It could be 
deduced that the G/G0 response intensity of each sensor did not signif
icantly change when various raw proso millets were detected, indicating 
that the volatile components of various raw proso millets were similar. 
The volatile component concentration of different kinds of parched rice 
differed significantly from that of raw proso millet. The relative con
ductivities of W5S and W1W sensors in parched rice were significantly 
higher than those in raw proso millet, indicating that nitrogen oxides 
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and sulfides were the predominant volatile flavoring agents in parched 
rice. Except for the W5S and W1W sensors, the response signal levels of 
parched rice in the other sensors did not significantly differ from those of 
raw proso millet, albeit slightly higher. These results indicated that 
thermal treatment increased the content of volatile components and 
provided a richer odor for parched rice. 

4. Conclusion 

This study revealed the effects of steaming, roasting, and milling on 
the structure, nutrition, and flavor of proso millet. The A-type starch 
crystal in raw proso millet was destroyed, and the short-range order 
degree and double-helix structure decreased. The starch in parched rice 
formed complexes with lipid and protein and exhibited a V-type crystal. 
Changes in the structure of parched rice endowed it with distinct 
properties. The decreased viscosity and thermal stability of parched rice 
paste and its higher digestibility indicated that it was suitable for rapidly 
generating foods that supplied energy and were easy to digest. Hard 
parched rice displayed the weakest structural integrity, the lowest gel 
viscosity and stability, and the highest starch digestibility, considerably 
influenced by the longer thermal treatment time. Thermal treatment 
also provided parched rice with richer flavor compounds. Findings in 
this study can serve as a theoretical basis for proso millet processing and 
demonstrate the excellent potential of proso millet in industrially pro
cessing whole grains. This work comprehensively investigated the ef
fects of thermal treatment on proso millet. However, further studies can 
be conducted to improve the utilization of proso millet through more 
cooking methods. 
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