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Abstract

:

This study aimed to highlight the effects of grains dry heat treatment, flour particle size and variety on sorghum flour nutritional, functional, and molecular characteristics. The results obtained showed that dry heat treatment led to fat, fiber and water absorption capacity increase, while the moisture, protein, ash, water retention capacity, solubility index, foaming capacity, and FT-IR absorption bands characteristic to phytic acids decreased with temperature applied raised. Particle size reduction determined lower protein, solubility index, and emulsifying activity and higher fat content, oil absorption capacity, swelling power, and foaming capacity. White sorghum flour fractions presented lower protein content, except when they were treated at 140 °C, lower carbohydrates and fibers and higher fat content compared to those made of red sorghum. Moderate significant correlations (p < 0.05) were observed between some of the functional properties and proximate composition of flours. Thus, both dry heat treatment conditions and particle size exerted significant influences of sorghum flour chemical and functional properties. These results showed the importance of particle size and dry heat treatment on sorghum flours functionality, being helpful for further optimizations and choices for bakery products use.
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1. Introduction


Sorghum (Sorghum bicolor (L.) Moench) is the fifth most cultivated cereal in the world, after corn, wheat, rice and barley [1], being a staple food crop in the semi-arid tropical regions of Africa, Asia, and Latin America [2]. Originally from East Africa (Sudan and Ethiopia), it has been cultivated all over the world due to its agronomic advantages, being resistant to drought, pests, and diseases, and flexible in planting time [3].



Sorghum is a small spheroid grain of approximately 3 mm in diameter that includes the germ and the endosperm inside the grain and the outer layers which give the red, brown, white, or black color [4]. Sorghum nutritional profile contains carbohydrates (54.6–77.2%), dietary fiber (4.5–26.3%), proteins (4.7–19.0%), and lipids (1.6–5.0%) [5,6,7]. Sorghum grains are also a good source of minerals (phosphorus, zinc, iron, calcium, magnesium, and potassium), B vitamins, vitamin E, β-carotene, and bioactive compounds (polyphenols and anthocyanins) [5,8]. Their high nutritional value varies depending on variety, cultivation region, and pericarp color [9]. Sorghum’s outstanding nutritional properties make it a promising functional ingredient that offers the opportunity to produce foods with high levels of dietary fibers and antioxidants, and also with various natural colors [10,11] due to the specific pigment of each variety.



Different food products such as breads [12,13], tortillas [14,15], snacks [16], pasta [17] and noodles [18] were produced using sorghum flour as functional ingredient. In addition, due to its content in resistant starch and glucans, sorghum can be used as a prebiotic food ingredient [19]. Being deficient in gluten protein, sorghum grain can supply the needs of people with gluten intolerance [1,20], while also being suitable for patients with diabetes and cardiovascular diseases [21].



During roasting, a variety of changes can inevitably occur and it is thus necessary to control the roasting time and temperature to obtain optimal characteristics. Roasted cereal grains may influence milling yield since they are generally characterized by decreased kernel hardness, due to the increased internal porosity of the endosperm [22]. Thermal changes induced by roasting impact kernel hardness by making it softer due to the loss of endosperm structure [23]. The roasting method and conditions under which processing is performed impact the product properties [24]. As Schoeman et al. [24] states, roasting could potentially serve as a pre-processing step to enable the use of less energy for milling, to produce value-added products, or to extend the shelf life of products. Sorghum flour sieving to different particle sizes might be a necessary processing step, taking into account to improve the quality of certain food. Dayakar Rao et al. [25] affirmed that biscuits produced from sorghum flours of 180 and 251 µm particle sizes had a better consumer acceptance than those produced from flours with smaller particle sizes (below 180 µm). In contrast, 60% sorghum extraction flour used to produce gluten-free bread showed a higher specific volume and softer texture than gluten-free bread from whole-grain sorghum flour [26]. On the other hand, transferring results research from lab-scale mills to an industrial scale milling system represents a challenge. Recently, Rumler et al. [27] investigated the effectiveness of sorghum milling when using two different milling systems and showed their impact on the chemical and physical properties of flour fractions and whole sorghum flours obtained.



Flour particle size and composition affect the functionality of the sorghum flour such as water absorption capacity, water solubility index, swelling power, pasting properties, and product quality [26,28,29]. The particle size is frequently associated with the surface area available for enzymatic action [29]. The sorghum cultivar and climatic conditions impact grain hardness [30]. Moreover, the sorghum cultivar determines the amylose/amylopectin ratio, which influences the extent of gelatinization and retrogradation, higher amylose content promoting retrogradation [18], A decrease in starch gelatinization properties was found due to the presence of kafirins, storage proteins with high hydrophobicity [31]. In addition, these proteins, stabilized by disulfide bonds, determined and a decrease in starch and protein digestibility due to the tight starch–protein matrix formed [32]. These undesirable aspects can be diminished by using thermal treatment such as roasting. Additionally, this processing method can decrease the antinutritional components found in raw sorghum grains (e.g., tannins, phytic acid, and protein cross-linker) [33,34] which reduces the feed efficiency [8], improving thus their nutritional value and products. In comparison with other grains, sorghum develops a pleasant taste and crispiness after roasting, a treatment that extends the shelf-life and safety of products by lowering the water activity [34]. Several studies have been undertaken to investigate the effects of roasting as a pre-milling treatment of sorghum grains. Ranganathan et al. [35] found that roasting of sorghum grains increased the water absorption capacity, offering beneficial effects for the preparation of instant mixes, porridge, and soup. Roasted sorghum flour exhibited better functional, pasting, and antioxidant properties when microwave processing was applied [36].



The aim of the present study was to investigate the effects of dry heat treatment of two sorghum varieties (red and white) on the functional, chemical composition, and molecular characteristics of flours with different particle sizes. For this purpose, the proximate composition of flours in terms of proteins, fat, carbohydrates, moisture, and ash were determined along with the molecular structures and functional properties in terms of hydration capacity, water absorption capacity, oil absorption capacity, solubility index, water retention capacity, swelling power, bulk density, emulsifying and foaming properties.




2. Materials and Methods


2.1. Sorghum Treatment


White sorghum grains (ES Albanus hybrid) were purchased from the Secuieni Agricultural Development Research Station (Neamț, România) and red sorghum grains (ES Alize hybrid) were purchased from a farmer (Suceava, România).



Dry heat treatment of sorghum grains at different temperatures (121 °C—T1 and 140 °C—T2) was done for 15 min in a Binder ED53L convection oven (Binder, Tuttlingen, Germany). Untreated sorghum grains were considered as control samples.



Integral sorghum flours (I) were obtained by grains milling with a laboratory grinder (Grain Mill, KitchenAid, Model 106 5KGM, Benton Harbor, MI, USA). In order to obtain sorghum flour at three different particle sizes, large (L > 300 μm), medium (200 μm < M < 250 μm), small fractions (S < 200 μm), the integral flour was sieved in a Retsch Vibratory Sieve Shaker AS 200 basic (Haan, Germany).




2.2. Proximate Composition


The nutritional composition (moisture, protein, fat, ash) of sorghum flours were analyzed using ICC methods: moisture (101/1), fat (104/1), protein (105/2), and ash (105/1). Total dietary fiber was determined by using Megazyme kit (K-TDFR-200a 04/17), according to the AACC 32-05.01 method. The carbohydrate content was calculated by difference, by applying the equation [37] (Equation (1)):


   Carbohydrates     ( % )  = 100 −  (  protein + fat + ash + fiber + moisture  )   



(1)







The energetic value (kcal/100 g) of the samples was also calculated by multiplying nutrients values by their corresponding conversion coefficients [37] (Equation (2)):


   Energy     (  kcal / 100    g   )  =  (  4 × protein  )  +  (  9 × fat  )  +  (  4 × carbohydrates  )  +  (  2 × fiber  )   



(2)








2.3. Functional Properties of Sorghum Flours


2.3.1. Hydration Capacity


The hydration capacity was determined in duplicate, according to the method described by Bordei [38]. For this purpose, 5 g of flour were weighed into a 50 mL tube and 30 mL of tap water was added. After mixing with a rod for 30 s at 10 min intervals for 1 h, the rod was washed over the tube with 10 mL of water and the suspension was centrifuged for 20 min at 2300 rpm. After removal of the supernatant, the sample was kept at 50 °C for 25 min and weighed after cooling. The hydration capacity was calculated with Equation (3):


   Hydration   capacity     ( % )  =    (   m 2  −  m o   )  −  m 1     m 1    × 100  



(3)




where mo—the weight of the tube, m1—the weight of sample taken into analysis, m2—the weight of sample which absorbed water.




2.3.2. Water Absorption Capacity


The water absorption capacity was determined in duplicate, according to the method described by Oladiran and Emmambux [39] with modifications. An amount of 2.5 g of the sample was placed in a centrifuge tube with 30 mL of distilled water. The sample was kept in a water bath with continuous stirring at 30 °C for 30 min and after centrifugation at 3500 rpm for 15 min the supernatant was removed and the residue was weighed. The results were calculated by using Equation (4):


   Water   absorption   capacity     ( % )  =    m 1     m o    × 100  



(4)




where mo—the weight of sample taken into analysis, m1—the weight of the sample after supernatant removal.




2.3.3. Oil Absorption Capacity


Oil absorption capacity was determined in duplicate according to the method described by Elkhalifa and Bernhardt [40] with modifications. An amount of 3 g of sample was placed in a centrifuge tube with 30 mL of sunflower oil. The sample was stirred for 1 min, every 10 min for 30 min. After centrifugation at 3000 rpm for 15 min, the supernatant was decanted and the tubes were allowed to drain for 5 min, then the residue was weighed. The results were calculated by using Equation (5):


   Oil   absorption   capacity     ( % )  =    m 1     m o    × 100  



(5)




where mo—the weight of sample taken into analysis, m1—the weight of the sample after supernatant removal.




2.3.4. Determination of Solubility Index


The method for solubility index determination was adapted according to that presented by Oladiran and Emmambux [39]. The supernatant from the water absorption capacity determination was dried in metal capsules at 100 °C to constant mass and weighed after cooling in the desiccator. The amount of soluble solids expressed as a percentage was defined as the solubility index.




2.3.5. Water Retention Capacity


Water retention capacity was determined in duplicate according to the method described by Zhu et al. [41]. For this purpose, 1 g of sample was placed in a centrifuge tube with 30 mL of distilled water. After 18 h of resting, the sample was centrifuged at 3000 rpm for 20 min and the supernatant was removed. The sample was dried for 2 h at 105 °C in a convection oven. The results expressed as an average of two determinations were calculated with Equation (6):


   Water   retention   capacity     (  g / g  )  =    m 1  −  m 2     m 2    × 100  



(6)




where m1—the weight of the sample before drying, m2—the weight of the sample after drying.




2.3.6. Swelling Power


The swelling power was determined according to the method described by Elkhalifa and Bernhardt [40] with modifications: 0.5 g of sample were mixed with 15 mL of distilled water in a weighed centrifuge tube, which was heated in a water bath at 90 °C for 30 min and mixed well to prevent lumps. After cooling to room temperature for 15 min, the sample was centrifuged at 3000 rpm for 25 min. The supernatant was carefully removed and the swollen flour sediment was weighed.




2.3.7. Emulsion Activity and Stability


The emulsifying properties were determined in duplicate according to the method presented by Elkhalifa and Bernhard [40]: 2 g of sample was mixed with 20 mL of distilled water cooled at 4 °C and 20 mL of sunflower oil, in a centrifuge tube. The sample was stirred for 20 min and centrifuged at 4000 rpm for 10 min, then the height of the emulsion layer formed was observed. The emulsion activity was calculated with Equation (7):


   Emulsifying   activity     ( % )  =    height   of   emulsion   layer     height   of   whole   layer    × 100  



(7)







For emulsion stability evaluation, the emulsion formed was heated in a water bath at 80 °C for 30 min, followed by cooling to room temperature for 20 min. The tube was centrifuged again at 4000 rpm for 10 min. The height of the emulsified layer was measured and the stability of the emulsion was calculated with Equation (8):


   Emulsion   stability     ( % )  =    height   of   the   emulsion   layer   after   heating     height   of   whole   layer    × 100  



(8)








2.3.8. Bulk Density


For bulk density measurement, 10 g of flour were placed in a 25 mL graduated cylinder. The cylinder was lightly beaten ten times to even out the flour and the final volume of the flour was measured and expressed as g/cm3 [40].




2.3.9. Foaming Capacity and Stability


Foaming capacity and stability were determined according to the methods described by Elkhalifa and Bernhardt [40]. In a 500 mL beaker, 2 g of sample were transferred with 100 mL of distilled water, and the suspension was mixed with an electric blender, at room temperature, for 1 min. The contents were immediately transferred to a 250 mL graduated cylinder and the volume of foam was measured. The foaming capacity was expressed using the following formula (Equation (9)):


   Foaming   capacity     ( % )  =    volume   after   whipping  −  volume   before   whipping     volume   before   whipping    × 100  



(9)







Foam stability was determined by monitoring the fall in the volume of the foam as a function of time after every 10 min for 1 h and expressed using Equation (10):


   Foam   stability     ( % )  =    Foam   volume   after   set   of   time     Initial   foam   volume    × 100    



(10)









2.4. FT-IR Spectra Collection and Interpretation


FT-IR spectra of sorghum flours were acquired in the range of 650 to 4000 cm−1, from a Thermo Scientific Nicolet iS20 (Waltham, MA, USA) device equipped with and ATR module, at a resolution of 8 cm−1 and with 64 scans. The spectra were analyzed with OMNIC software and the carbohydrates, protein, lipid, and polyphenols structures were identified according to previous studies [42,43,44].




2.5. Statistical Analysis


Statistically significant differences at 95% confidence level were evaluated by means of three-way ANOVA with Tukey’s test, by using XLSTAT for Excel 2021 version (Addinsoft, New York, NY, USA). Principal component analysis (PCA) based on Pearson correlations was employed to evaluate the relationships between the sorghum flour characteristics and to underline similarities or dissimilarities between them.





3. Results


3.1. Proximate Composition


Dry heat treatment, particle size, and sorghum variety significantly influenced (p < 0.05) sorghum flour proximate composition (Table 1). The protein content decreased with particle size decrease, while the increase of treatment temperature led to lower values, red sorghum fractions being richer in protein compared to white variety. Sorghum flour fat content registered proportional increases with particle size reduction, higher amounts being observed in white sorghum compared to the red one. Dry heat treatment produced an increase in fat content as the temperature was higher, depending on the particle size. The ash content showed significant raise as the particle size was lower, slightly higher values being obtained for white sorghum, while dry heat treatment induced a slight decrease of this parameter. Sorghum grain treatment caused flour moisture decrease, while in the case of particle sizes irregular trends were observed. Particle size reduction led to higher carbohydrates content compared to integral flour, except for L particle size, sorghum grain treatment temperature increase determining slightly higher values compared to the control, while the red variety showed higher flour carbohydrates contents than the white one. Sorghum flour fiber content increased until M particle size and then decreased for S samples, grains treatment causing significant increases compared to the control. Red sorghum showed higher fibers content compared to the white one.



Dry heat treatment caused an increase in energetic value compared to the control and with temperature raise, the values for white and red varieties being close to each other. An increasing trend for the energetic values was observed in treated samples with particle size reduction, while for CW the opposite trend occurred.




3.2. Functional Properties


Sorghum grains dry heat treatment, milling and variety showed significant variations (p < 0.05) in flours functional properties. The water absorption capacity of flours generally decreased as the particle size was lower, except for CR, CW, and T1W which showed the highest values for the M fraction (Table 2). Sorghum grains dry heat treatment led to an increased water absorption capacity. Flours oil absorption capacity raise was proportional with particle size reduction, while red sorghum variety showed slightly higher values compared to the white one, and dry heat treatment produced irregular small changes depending on the particle size. Water retention capacity registered the lowest values in the case of M particle size, except for the T2R sample where it was the greatest, close values being observed between the two varieties, sorghum treatment determining a decrease of this parameter with temperature increase. Flours hydration capacity decreased with particle size reduction, except for treated white sorghum with M particle size and red sorghum with L particle size samples.



Dry heat treatment induced slight increases in flour hydration capacity in almost all cases, while red sorghum flours presented higher values compared to the white variety. A proportional raise of swelling power was obtained with particle size decrease, while white sorghum flours showed higher values compared to the red ones. Solubility index decreased with particle size reduction for almost all the tested samples (except for CW_M), and dry heat treatment led to the slight decrease of these parameter’s values. Flour bulk density was influenced irregularly by particle size, the lowest values being observed for M particle sizes (Table 3). A similar irregular trend was determined by dry heat treatment, while the values between the two sorghum varieties were close.



The emulsifying activity recorded significant decreases (p < 0.05) with particle size reduction, except for L for both red and white varieties, while dry heat treatment induced irregular changes. Emulsion stability recorded higher values for L and S compared to M particle size for both sorghum varieties. The increase in temperature determined the increase of emulsion stability in all fractions of white sorghum, excepting T2W_S, while for the red variety the values followed an irregular trend.



Flour foaming capacity was affected by particle size, dry heat treatment, and sorghum variety (Figure 1). Particle size reduction led to the increase of foaming capacity, the differences between varieties being not noticeable. On the other hand, dry heat treatment caused lower foaming capacity values compared to the controls and with temperature increase, excepting T2R_S.



The variation of red and white sorghum flours foaming stability with dry heat treatment temperature increase and particle size decrease in time is presented in Table 3. Foaming stability registered an increase with particle size decrease, except for CW where an irregular trend was observed. Sorghum grains dry heat treatment caused an irregular variation of foaming stability, the lowest values being observed for T2W_L and T2R_L, the samples treated at 121 °C (T1W_L and T1R_L not presenting any foaming capacity). As expected, foaming stability decreased in time for all the studied samples.




3.3. Molecular Characteristics


FT-IR spectra of red and white untreated and treated sorghum flours with different particle sizes are shown in Figure 2. Many peaks can be observed on the FT-IR spectra that could be associated with the molecular bindings of sorghum chemical compounds such as starch, proteins, and polyphenols. Particle size reduction, sorghum variety, and dry heat treatment led to changes in the intensities of absorption band and the appearance of peaks in some regions. There can be observed two prominent peaks in the region 1700–1600 cm–1 (at 1649 cm–1) and in the region 1060–960 cm–1 (997 cm–1), the first one being ascribed to Amide I expression of proteins, while the second band to carbohydrates fingerprint [45]. The peaks found in 3800–3600 cm−1 may be attributed to the O-H groups of phenols intermolecular bonded [36], while the peak found at about 3296 cm–1 was given by the O-H stretching vibration [46].



The absorption bands found at about 2923 and 2352 cm–1 could be due to the C–H stretching vibration and could suggest the presence of the alkane group and/or cis–olefinic group [2]. Interesting changes of FT-IR spectra were observed in the 2352 cm–1 region, in CR_L, CW_S, CW_M, T2R_M, and integral flours samples which showed higher peak absorbances compared to other samples (Figure 3). The absorption bands found at about 1151 and 1077 cm−1 could be attributed to the fiber fractions such as small hemicellulose and cellulose [45]. On the other hand, 1154 and 1416 could be due to the P–H, P–H banding, phosphine, and phosphoric acid which may be associated with the presence of phytic acid [43]. In the integral flours, the reduction of absorption intensity in 1154 and 1416 cm−1 was observed with the increase of sorghum grain dry heat treatment temperature. The peaks observed in 750–880 cm−1 region and 1150–1500 cm−1 zone could be associated with aromatic rings deformation, revealing the presence of phenols, with stretching given by them and C–C, C–H, O–H deformations suggesting the presence of phenolic acids and flavonoids [42]. The decrease of particle size led to higher absorbances in these regions, while white sorghum exhibited higher absorbances compared to the red one, except for L particle size. Dry heat treatment showed differential contribution in absorbances intensities, higher values compared to the controls being observed in the case of L, M, and S particle sizes. For the L particle size sample, the highest absorption intensities were observed for T1R_L, while for M and S particle sizes T2W samples exhibited the highest absorbances compared to the other studied samples.




3.4. Relations between Variables


The correlations between variables are presented in Table 4. Foaming capacity was positively correlated with the fat (r = 0.52, p < 0.05) and ash contents (r = 0.78, p < 0.05) and negatively with carbohydrates (r = −0.37, p < 0.05). Oil absorption capacity was correlated at p < 0.05 significance level with fat (r = 0.67), ash (r = 0.84), protein (r = −0.50) and foaming capacity (r = 0.72). Moderate correlations were observed between hydration capacity and ash (r = −0.46, p < 0.05), fat contents (r = −0.48, p < 0.05) and foaming capacity (r = −0.50, p < 0.05). Swelling power was positively correlated with foaming capacity (r = 0.44), fat (r = 0.69), ash (r = 0.66) and oil absorption capacity (r = 0.60) and negatively with protein content (r = −0.51) and fibers (r = −0.48), significant at p < 0.05 level. Moderate correlations were obtained between solubility index and flours moisture content (r = 0.48, p < 0.05), carbohydrates (r = −0.36, p < 0.05) and water retention capacity (r = 0.45, p < 0.05). Bulk density was positively correlated with the protein content (r = 0.45) and negatively with fat (r = −0.50), ash (r = −0.59) and oil absorption capacity (r = −0.73), significant at p < 0.05. Similar, but stronger correlations were obtained between emulsifying activity and protein content (r = 0.64), fat (r = −0.77), ash (r = −0.80), oil absorption capacity (r = −0.84) and hydration capacity (r = 0.55). Emulsion stability was moderately correlated with the protein content of flours (r = 0.46, p < 0.05). Significant negative (p < 0.05) correlations between carbohydrates and moisture (r = −0.63) and carbohydrates and fibers (r = −0.40) were obtained, while fat and ash contents were positively correlated (r = 0.69). The hydration capacity, swelling power and emulsifying activity were moderate correlated with fiber content (p < 0.05).



Similarities and oppositions between variables were underlined by means of Principal Component Analysis (Figure 3), 58.93% of the total variance being explained. The first component (PC1) explained 37.27% of data variation, while the second one (PC2) explained 21.66% of the variance.



Emulsifying activity, bulk density, fiber content swelling power, fat content, oil absorption capacity, ash content, and foaming capacity were associated with PC1, while moisture content, solubility index, water retention capacity, carbohydrates content, and energetic value were associated with PC2. Emulsion stability, fiber content and hydration capacity position close to the origin underlined their smaller contribution to the data variation.



Control samples with different particle sizes were positioned in the upper part of the graphic and were associated with water retention capacity, moisture content, solubility index, and protein content, while treated sorghum flours with different particle sizes were placed on the lower side. Treated samples with L particle size were grouped and were associated with water absorption capacity, hydration capacity, and emulsifying activity. On the other hand, treated samples with M and S particle sizes were associated with energetic value, swelling power, fat and ash contents, foaming capacity, solubility index and oil absorption capacity.





4. Discussion


The nutritional and functional characteristics of food products are affected by structure-property relationships [24]. Modifications of chemical components proportions and functional properties determined by dry heat treatment and milling have been reported for cereals [24,25]. Protein content decrease with particle size decrease (Table 1) could be due to the localization of nutrients in the grain, being known that aleurone layer in the pericarp and the peripheral endosperm tissue are formed of cells with high amounts of proteins [47]. Fat and ash contents increases and carbohydrates decrease with particle size reduction agreed with the results reported by Alvarenga et al. [47]. In the case of a constant milling process, differences in dissociation between constituent parts of the sorghum grains are determined by the ability to remove the aleurone layer from the peripheral endosperm, the intercellular adherence at the interface of aleurone-endosperm layers being determined by the degree of bonding of arabinoxylan chains [48]. Another important aspect is led to the distribution of endosperm proteins such as kafirins and glutelins [48]. Our results showed that dry heat treatment induced the decrease of moisture and protein, and raised fat, carbohydrates and energetic value. Protein content decrease could be possibly attributed to the damage of amino acids as a result of heat [49]. He et al. [50] also reported increased metabolizable energy and net energy values induced by sorghum heat-related processing. The differences among red and white sorghum chemical composition were in line with those reported by Vargas-Solórzano et al. [48]. The significant (p < 0.05) correlations between, carbohydrates and ash, and between fat and ash contents were in agreement with those reported by Queiroz et al. [51] for sorghum chemical constituents. The results obtained for sorghum fractions fiber content were in line with those reported in the literature [52], the genotype and extraction rate playing a decisive role in fiber variation [26]. The dietary fiber of sorghum grains is mainly composed of cellulose and pentosan [53].



The water absorption capacity of flours decreased as the particle size was lower (Table 2) probably due to the loss of fiber which has great potential to hold water [54] and/or to the different chemical compounds of milling fractions and/or to the particle size distribution and its morphology [55]. For the acceptable food texture of baked goods, higher values for water absorption capacity are recommended [56]. Dry heat treatment caused the increase of water absorption capacity, similar to the trend reported by Adebowale et al. [57] for red sorghum starch treated by annealing and heat moisture treatment, probably due to the starch amylose and amylopectin chains reorganizations. Fat enhances the flavor retention and mouth feel of food products which means that oil retention capacity is an important quality characteristic to govern the ability of flour to physically entrap fat content [25]. Oil absorption capacity increase with particle size decrease could be possibly explained by the presence of lignin, its structure and surface characteristics, overall charge density, thickness, hydrophobic character, and particle size [58]. Grains milling may affect the absorption characteristics due to the increase in surface area. The differences between white and red sorghum could be due to the concentration of hydrophobic amino acids as lipid binding is determined by their concentration [54]. Water retention capacity showed the lowest values for M particle size samples (except for T2R). The hydrophilic compounds found in milling fractions such as polysaccharides present high water retention capacity, while the polar amino acid residues of proteins exert affinity for water molecules, enhancing thus the water binding capacity [55]. Dry heat treatment of sorghum grains caused the decrease of water retention capacity which may be explained by the changes induced by heat such as protein denaturation, starch gelatinization, and swelling of the crude fiber [59], a statement supported also by the correlations (p < 0.05) obtained between water retention capacity with protein and moisture content (Table 4). Flour swelling power increases with particle size reduction, probably as a result of starch damage during milling [60]. Swelling power is related to the intermolecular non-covalent linkages of starch, the degree of swelling being influenced by the molecular weight distribution, amylose-amylopectin ratio, and chain length [54]. Protein solubility decrease caused by dry heat treatment of sorghum grains could be responsible for solubility index decrease. Protein solubility is influenced by the intrinsic factors such as hydrophilic and hydrophobic properties of protein molecules, their dimension and charge, and the interaction with other grain components, and also by external factors such temperature [61]. Bulk density as an indicator for flour heaviness was influenced in an irregular way (Table 3) by particle size, similar to the results presented by Cairano et al. [60]. The presence of fat which could play a binder role in agglomeration of flour particles and the milling process conditions can affect flour granulometry and, thus, bulk density [60], a fact also supported by the significant correlation (p < 0.05) between bulk density and fat content (Table 4). In the case of sorghum flour samples with low lipid content (T1W_L, T2W_L, T1R_L, and T2R_L), the increase in bulk density was observed, and therefore using these flours may offer a significant advantage in terms of baked product volume [62]. The emulsion activity and stability values were in line with those reported by Siroha et al. [63] for millet flours and decreased with particle size reduction which may be related to the variations of the interfacial tension and surface hydrophobicity. Flour foaming capacity is determined by protein molecules structures and carbohydrates content [64], a fact confirmed also by the significant correlation (p < 0.05) obtained in this study. Particle size reduction led to the increase of foaming capacity and stability (Figure 1 and Table 3) probably due to the increase in proteins ability to form an elastic, flexible, and cohesive interfacial film that can catch and maintain air for enough time to slow down the coalescence rate [54]. Sorghum grains heat treatment induced the reduction of flour foaming capacity may be due to protein denaturation.



Regarding the molecular characteristics (Figure 3), the decrease of particle size determined proportional absorbances increases, dry heat treatment presenting differential contribution in absorbances intensities by inducing higher values compared to the controls in the case of L, M, and S particle sizes. The differences found at 3011 and 3292 cm−1 may be attributed to the changes in the activity of N-H of primary and secondary amines and/or O-H of either carboxylic acid, alcohols, or starch [36]. These modifications of the amine groups in 3292 cm−1 may also be assigned to their reactions with reducing sugars and α-dicarbonyls, resulting in pyrazinium radical cation and leading to the formation of brown pigments in the heat-treated sorghum flour [36]. The changes of FT-IR spectra intensities for CR_L, CW_S, CW_M, T2R_M samples at about 2352 cm−1 could be possibly attributed to the –NH3+ changes in amines or hydrohallides and –PH in the phosphine functional groups [36]. Furthermore, Maillard reactions could determine the raise of unsaturated carbonyl compounds, the disintegration of amino acids to aldehydes, and their condensation with carbohydrates parts, furfurals, and other compounds to form chromophores and off-flavors and could be possibly led to the changes in 2300–2400 cm−1 region [36]. The changes in absorbances values at about 1151 and 1077 cm−1 could be related to the distribution of fiber fractions in the flours with different particle sizes [45]. The reduction of phytic acid content after sorghum grains dry heat treatment was observed by the decrease in absorbances at 1154 and 1416 [43], confirming thus the applicability of this kind of treatment for antinutrients reduction. The peaks found in the region 1200 to 1900 cm−1 are associated with different functional groups such as amides, amino acids, -C=O in aldehydes, C-O in esters, CO in anhydrides, =O in lactones, t-butyl groups, N-O pyridine groups, esters, lactones [36]. The production of chromophores and condensation reactions occurrence, such as reactions of furfurals or dehydro-reductones during Maillard reaction result in the formation of unsaturated brown nitrogenous polymers named melanoidins, depending on the heat treatment condition [36,65]. The changes observed in region 900–1100 cm−1 could be determined by the angular C-H linkage deformation in the sorghum flour, skeletal vibration of 1–4 glycosidic bonds (C–O–C), development of new groups, and stretching vibration of the C-O bond in the esters formed between the non-starch component such as –COOH in the protein and starch molecules [36].




5. Conclusions


Sorghum grain is an important alternative to conventional corps and its functionality and nutritional value can be modified by dry heat treatment, depending on the particle size. Dry heat treatment applied to white and red sorghum grains resulted in higher fat and fiber and lower protein, moisture, and ash contents. Particle size reduction caused protein content decrease and fat contents increase. The results of this study showed that red sorghum is richer in protein, ash, and fibers and less abundant in fat compared to the white variety. Dry heat treatment led to higher flour water absorption and lower water retention capacity, solubility index, and foaming capacity as the temperature increased. Particle size decrease induced the raise of flour oil absorption capacity, swelling power, and foaming capacity, while flour solubility index, emulsifying activity decreased. The molecular characteristics of sorghum flours showed significant differences among varieties, particle sizes, and dry heat treatment temperatures. Grains heat treatment led to lower intensities of peaks characteristics for phytic acid, suggesting the utility of this process in antinutrients diminishing. These results evidenced the opportunity to use dry heat treatment to enhance the nutritional and functional profiles of sorghum flours, at the same time underlying the importance of particle size and variety. This information could be helpful for processors to better decide the destination of sorghum flours to obtain further nutritious foods.







Author Contributions


All authors contributed equally to this research. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by “Stefan cel Mare” University of Suceava.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This research was supported by “Stefan cel Mare” University of Suceava.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ratnavathi, C.; Patil, L.V.; Chavan, U. Sorghum Biochemistry: An Industrial Perspective; Academic Press: Oxford, UK, 2016; ISBN 9780415475976. [Google Scholar]

	



Kamble, D.B.; Singh, R.; Rani, S.; Kaur, B.P.; Upadhyay, A.; Kumar, N. Optimization and characterization of antioxidant potential, in vitro protein digestion and structural attributes of microwave processed multigrain pasta. J. Food Process. Preserv. 2019, 43, e14125. [Google Scholar] [CrossRef]

	



Pérez, A.; Saucedo, O.; Iglesias, J.; Wencomo, H.B.; Reyes, F.; Oquendo, G.; Milián, I. Caracterización y potencialidades del grano de sorgo (Sorghum bicolor L. Moench). Pastos Forrajes 2010, 33, 1–25. [Google Scholar]

	



Beta, T.; Obilana, A.B.; Corke, H. Genetic diversity in properties of starch from Zimbabwean sorghum landraces. Cereal Chem. 2001, 78, 583–589. [Google Scholar] [CrossRef]

	



Tasie, M.M.; Gebreyes, B.G. Characterization of Nutritional, Antinutritional, and Mineral Contents of Thirty-Five Sorghum Varieties Grown in Ethiopia. Int. J. Food Sci. 2020, 2020, 8243617. [Google Scholar] [CrossRef] [PubMed]

	



Chávez, D.; Ascheri, J.; Martins, A.; Carvalho, C.; Bernardo, C.; Teles, A. Sorghum, an alternative cereal for gluten-free product. Rev. Chil. Nutr. 2018, 45, 169–177. [Google Scholar] [CrossRef]

	



Hager, A.S.; Wolter, A.; Jacob, F.; Zannini, E.; Arendt, E.K. Nutritional properties and ultra-structure of commercial gluten free flours from different botanical sources compared to wheat flours. J. Cereal Sci. 2012, 56, 239–247. [Google Scholar] [CrossRef]

	



Rashwan, A.K.; Yones, H.A.; Karim, N.; Taha, E.M.; Chen, W. Potential processing technologies for developing sorghum-based food products: An update and comprehensive review. Trends Food Sci. Technol. 2021, 110, 168–182. [Google Scholar] [CrossRef]

	



Weerasooriya, D.K.; Bean, S.R.; Nugusu, Y.; Ioerger, B.P.; Tesso, T.T. The effect of genotype and traditional food processing methods on in-vitro protein digestibility and micronutrient profile of sorghum cooked products. PLoS ONE 2018, 13, e0203005. [Google Scholar] [CrossRef] [PubMed]

	



Llopart, E.E.; Drago, S.R.; De Greef, D.M.; Torres, R.L.; González, R.J. Effects of extrusion conditions on physical and nutritional properties of extruded whole grain red sorghum (sorghum spp.). Int. J. Food Sci. Nutr. 2014, 65, 34–41. [Google Scholar] [CrossRef]

	



Shen, S.; Huang, R.; Li, C.; Wu, W.; Chen, H.; Shi, J.; Chen, S.; Ye, X. Phenolic Compositions and Antioxidant Activities Differ Significantly among Sorghum Grains with Different Applications. Molecules 2018, 23, 1203. [Google Scholar] [CrossRef]

	



Wolter, A. Fundamental Studies of Sourdoughs Fermented with Weissella cibaria and Lactobacillus plantarum: Influence on Baking Characteristics, Sensory Profiles and In Vitro Starch Digestibility of Gluten-Free Breads; National University of Ireland Coláiste: Cork, Ireland, 2013. [Google Scholar]

	



Schober, T.J.; Bean, S.R.; Boyle, D.L. Gluten-free sorghum bread improved by sourdough fermentation: Biochemical, rheological, and microstructural background. J. Agric. Food Chem. 2007, 55, 5137–5146. [Google Scholar] [CrossRef]

	



Winger, M.; Khouryieh, H.; Aramouni, F.; Herald, T. Sorghum Flour Characterization and Evaluation in Gluten-Free Flour Tortilla. J. Food Qual. 2014, 37, 95–106. [Google Scholar] [CrossRef]

	



Mary, C. Fernholz Evaluation of Four Sorghum Hybrids through the Development of Sorghum Flour Tortillas; Kansas State University: Manhattan, KS, USA, 2008. [Google Scholar]

	



Cisse, F.; Erickson, D.P.; Hayes, A.M.R.; Opekun, A.R.; Nichols, B.L.; Hamaker, B.R. Traditional malian solid foods made from sorghum and millet have markedly slower gastric emptying than rice, potato, or pasta. Nutrients 2018, 10, 124. [Google Scholar] [CrossRef]

	



Ferreira, S.M.R.; De Mello, A.P.; De Caldas Rosa Dos Anjos, M.; Krüger, C.C.H.; Azoubel, P.M.; De Oliveira Alves, M.A. Utilization of sorghum, rice, corn flours with potato starch for the preparation of gluten-free pasta. Food Chem. 2016, 191, 147–151. [Google Scholar] [CrossRef]

	



Suhendro, E.L.; Kunetz, C.F.; McDonough, C.M.; Rooney, L.W.; Waniska, R.D. Cooking characteristics and quality of noodles from food sorghum. Cereal Chem. 2000, 77, 96–100. [Google Scholar] [CrossRef]

	



Niba, L.L.; Hoffman, J. Resistant starch and β-glucan levels in grain sorghum (Sorghum bicolor M.) are influenced by soaking and autoclaving. Food Chem. 2003, 81, 113–118. [Google Scholar] [CrossRef]

	



Ofosu, F.K.; Elahi, F.; Daliri, E.B.M.; Yeon, S.J.; Ham, H.J.; Kim, J.H.; Han, S.I.; Oh, D.H. Flavonoids in Decorticated Sorghum Grains Exert Antioxidant, Antidiabetic and Antiobesity Activities. Molecules 2020, 25, 2854. [Google Scholar] [CrossRef]

	



Selma, M.V.; Espín, J.C.; Tomás-Barberán, F.A. Interaction between phenolics and gut microbiota: Role in human health. J. Agric. Food Chem. 2009, 57, 6485–6501. [Google Scholar] [CrossRef] [PubMed]

	



Raigar, R.K.; Prabhakar, P.K.; Srivastav, P.P. Effect of Different Thermal Treatments on Grinding Characteristics, Granular Morphology and Yield of Ready-to-Eat Wheat Grits. J. Food Process Eng. 2017, 40, e12363. [Google Scholar] [CrossRef]

	



Murthy, K.V.; Ravi, R.; Bhat, K.K.; Raghavarao, K.S.M.S. Studies on roasting of wheat using fluidized bed roaster. J. Food Eng. 2008, 89, 336–342. [Google Scholar] [CrossRef]

	



Schoeman, L.; du Plessis, A.; Verboven, P.; Nicolaï, B.M.; Cantre, D.; Manley, M. Effect of oven and forced convection continuous tumble (FCCT) roasting on the microstructure and dry milling properties of white maize. Innov. Food Sci. Emerg. Technol. 2017, 44, 54–66. [Google Scholar] [CrossRef]

	



Dayakar Rao, B.; Anis, M.; Kalpana, K.; Sunooj, K.V.; Patil, J.V.; Ganesh, T. Influence of milling methods and particle size on hydration properties of sorghum flour and quality of sorghum biscuits. LWT Food Sci. Technol. 2016, 67, 8–13. [Google Scholar] [CrossRef]

	



Trappey, E.F.; Khouryieh, H.; Aramouni, F.; Herald, T. Effect of sorghum flour composition and particle size on quality properties of gluten-free bread. Food Sci. Technol. Int. 2015, 21, 188–202. [Google Scholar] [CrossRef] [PubMed]

	



Rumler, R.; Bender, D.; Speranza, S.; Frauenlob, J.; Gamper, L.; Hoek, J.; Jäger, H.; Schönlechner, R. Chemical and physical characterization of sorghum milling fractions and sorghum whole meal flours obtained via stone or roller milling. Foods 2021, 10, 870. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y. Effect of Different Tempering Methods on Sorghum Milling; Purdue University: West Lafayette, IN, USA, 2016. [Google Scholar]

	



Mahasukhonthachat, K.; Sopade, P.A.; Gidley, M.J. Kinetics of starch digestion in sorghum as affected by particle size. J. Food Eng. 2010, 96, 18–28. [Google Scholar] [CrossRef]

	



Palavecino, P.M.; Penci, M.C.; Calderón-Domínguez, G.; Ribotta, P.D. Chemical composition and physical properties of sorghum flour prepared from different sorghum hybrids grown in Argentina. Starch Stärke 2016, 68, 1055–1064. [Google Scholar] [CrossRef]

	



Zhu, F. Structure, physicochemical properties, modifications, and uses of sorghum starch. Compr. Rev. Food Sci. Food Saf. 2014, 13, 597–610. [Google Scholar] [CrossRef]

	



Wong, J.H.; Marx, D.B.; Wilson, J.D.; Buchanan, B.B.; Lemaux, P.G.; Pedersen, J.F. Principal component analysis and biochemical characterization of protein and starch reveal primary targets for improving sorghum grain. Plant Sci. 2010, 179, 598–611. [Google Scholar] [CrossRef]

	



Mohapatra, D.; Patel, A.S.; Kar, A.; Deshpande, S.S.; Tripathi, M.K. Effect of different processing conditions on proximate composition, anti-oxidants, anti-nutrients and amino acid profile of grain sorghum. Food Chem. 2019, 271, 129–135. [Google Scholar] [CrossRef]

	



Wu, G.; Ashton, J.; Simic, A.; Fang, Z.; Johnson, S.K. Mineral availability is modified by tannin and phytate content in sorghum flaked breakfast cereals. Food Res. Int. 2018, 103, 509–514. [Google Scholar] [CrossRef]

	



Ranganathan, V.; Nunjundiah, I.T.; Bhattacharya, S. Effect of roasting on rheological and functional properties of sorghum flour. Food Sci. Technol. Int. 2014, 20, 579–589. [Google Scholar] [CrossRef]

	



Sharanagat, V.S.; Suhag, R.; Anand, P.; Deswal, G.; Kumar, R.; Chaudhary, A.; Singh, L.; Singh Kushwah, O.; Mani, S.; Kumar, Y.; et al. Physico-functional, thermo-pasting and antioxidant properties of microwave roasted sorghum [Sorghum bicolor (L.) Moench]. J. Cereal Sci. 2019, 85, 111–119. [Google Scholar] [CrossRef]

	



Fao Chapter 4: Summary—Integration of Analytical Methods and Food Energy Conversion Factors. Available online: https://www.fao.org/3/y5022e/y5022e05.htm#bm5 (accessed on 9 December 2021).

	



Bordei, D.; Bahrim, G.; Pâslaru, V.; Gasparotti, C.; Elisei, A.; Banu, I.; Ionescu, L.; Codină, G. Quality Control in the Bakery Industry-Analysis Methods. Galați Acad. 2007, 1, 203–212. [Google Scholar]

	



Oladiran, D.A.; Emmambux, N.M. Nutritional and Functional Properties of Extruded Cassava-Soy Composite with Grape Pomace. Starch 2018, 70, 1700298. [Google Scholar] [CrossRef]

	



Elkhalifa, A.E.O.; Bernhardt, R. Combination Effect of Germination and Fermentation on Functional Properties of Sorghum Flour. Curr. J. Appl. Sci. Technol. 2018, 30, 1–12. [Google Scholar] [CrossRef]

	



Zhu, F.; Du, B.; Xu, B. Super fi ne grinding improves functional properties and antioxidant capacities of bran dietary fi bre from Qingke (hull-less barley) grown in Qinghai-Tibet Plateau, China. J. Cereal Sci. 2015, 65, 43–47. [Google Scholar] [CrossRef]

	



Sharma, R.; Sharma, S. Anti-nutrient & bioactive profile, in vitro nutrient digestibility, techno-functionality, molecular and structural interactions of foxtail millet (Setaria italica L.) as influenced by biological processing techniques. Food Chem. 2022, 368, 130815. [Google Scholar] [CrossRef]

	



Dave, G.; Modi, H. FT-IR method for estimation of phytic acid content during bread-making process. J. Food Meas. Charact. 2018, 12, 2202–2208. [Google Scholar] [CrossRef]

	



Yasar, S.; Tosun, R.; Sonmez, Z. Fungal fermentation inducing improved nutritional qualities associated with altered secondary protein structure of soybean meal determined by FTIR spectroscopy. Meas. J. Int. Meas. Confed. 2020, 161, 107895. [Google Scholar] [CrossRef]

	



González, M.; Vernon-Carter, E.J.; Alvarez-Ramirez, J.; Carrera-Tarela, Y. Effects of dry heat treatment temperature on the structure of wheat flour and starch in vitro digestibility of bread. Int. J. Biol. Macromol. 2021, 166, 1439–1447. [Google Scholar] [CrossRef]

	



Liu, F.Y.; Guo, X.N.; Xing, J.J.; Zhu, K.X. Effect of thermal treatments on: In vitro starch digestibility of sorghum dried noodles. Food Funct. 2020, 11, 3420–3431. [Google Scholar] [CrossRef] [PubMed]

	



Alvarenga, I.C.; Ou, Z.; Thiele, S.; Alavi, S.; Aldrich, C.G. Effects of milling sorghum into fractions on yield, nutrient composition, and their performance in extrusion of dog food. J. Cereal Sci. 2018, 82, 121–128. [Google Scholar] [CrossRef]

	



Vargas-Solórzano, J.W.; Carvalho, C.W.P.; Takeiti, C.Y.; Ascheri, J.L.R.; Queiroz, V.A.V. Physicochemical properties of expanded extrudates from colored sorghum genotypes. Food Res. Int. 2014, 55, 37–44. [Google Scholar] [CrossRef]

	



Desai, G.B.; Deshmukh, N.M.; Kshirsagar, R.B. Effect of Malting and Roasting of Grains on Nutritional and Sensory Quality of Sorghum Based Multigrain Roti. Trends Biosci. 2017, 10, 2235. [Google Scholar]

	



He, J.; Torres Lechuga, M.E.; Lei, Y.; Refat, B.; Prates, L.L.; Zhang, H.; Yu, P. Protein molecular structural, physicochemical and nutritional characteristics of warm-season adapted genotypes of sorghum grain: Impact of heat-related processing. J. Cereal Sci. 2019, 85, 182–191. [Google Scholar] [CrossRef]

	



Queiroz, V.A.V.; da Silva, C.S.; de Menezes, C.B.; Schaffert, R.E.; Guimarães, F.F.M.; Guimarães, L.J.M.; de Guimarães, P.E.; Tardin, F.D. Nutritional composition of sorghum [Sorghum bicolor (L.) Moench] genotypes cultivated without and with water stress. J. Cereal Sci. 2015, 65, 103–111. [Google Scholar] [CrossRef]

	



Xiong, Y.; Zhang, P.; Warner, R.D.; Fang, Z. Sorghum Grain: From Genotype, Nutrition, and Phenolic Profile to Its Health Benefits and Food Applications. Compr. Rev. Food Sci. Food Saf. 2019, 18, 2025–2046. [Google Scholar] [CrossRef]

	



Ragaee, S.; Abdel-Aal, E.S.M.; Noaman, M. Antioxidant activity and nutrient composition of selected cereals for food use. Food Chem. 2006, 98, 32–38. [Google Scholar] [CrossRef]

	



Sharma, R.; Sharma, S.; Dar, B.N.; Singh, B. Millets as potential nutri-cereals: A review of nutrient composition, phytochemical profile and techno-functionality. Int. J. Food Sci. Technol. 2021, 56, 3703–3718. [Google Scholar] [CrossRef]

	



Coțovanu, I.; Mironeasa, S. Buckwheat seeds: Impact of milling fractions and addition level on wheat bread dough rheology. Appl. Sci. 2021, 11, 1731. [Google Scholar] [CrossRef]

	



Gomez, M.; Martinez, M.M. Fruit and vegetable by-products as novel ingredients to improve the nutritional quality of baked goods. Crit. Rev. Food Sci. Nutr. 2018, 58, 2119–2135. [Google Scholar] [CrossRef] [PubMed]

	



Adebowale, K.O.; Olu-Owolabi, B.I.; Olayinka, O.O.; Lawal, O.S. Effect of heat moisture treatment and annealing on physicochemical properties of red sorghum starch. Afr. J. Biotechnol. 2005, 4, 928–933. [Google Scholar] [CrossRef]

	



Zlatanović, S.; Kalušević, A.; Micić, D.; Laličić-Petronijević, J.; Tomić, N.; Ostojić, S.; Gorjanović, S. Functionality and storability of cookies fortified at the industrial scale with up to 75% of apple pomace flour produced by dehydration. Foods 2019, 8, 561. [Google Scholar] [CrossRef]

	



Caprita, R.; Caprita, A.; Cretescu, I. Effect of Heat Treatment and Digestive Enzymes on Cereal Water-Retention Capacity. Sci. Pap. Anim. Sci. Biotechnol. 2015, 48, 94–96. [Google Scholar]

	



Di Cairano, M.; Condelli, N.; Caruso, M.C.; Marti, A.; Cela, N.; Galgano, F. Functional properties and predicted glycemic index of gluten free cereal, pseudocereal and legume flours. LWT 2020, 133, 109860. [Google Scholar] [CrossRef]

	



Žilić, S.M.; Božović, I.N.; Savić, S.; Šobajić, S. Heat processing of soybean kernel and its effect on lysine availability and protein solubility. Cent. Eur. J. Biol. 2006, 1, 572–583. [Google Scholar] [CrossRef]

	



Joshi, A.U.; Liu, C.; Sathe, S.K. Functional properties of select seed flours. Lwt 2015, 60, 325–331. [Google Scholar] [CrossRef]

	



Siroha, A.K.; Sandhu, K.S.; Kaur, M. Physicochemical, functional and antioxidant properties of flour from pearl millet varieties grown in India. J. Food Meas. Charact. 2016, 10, 311–318. [Google Scholar] [CrossRef]

	



Culetu, A.; Susman, I.E.; Duta, D.E.; Belc, N. Nutritional and functional properties of gluten-free flours. Appl. Sci. 2021, 11, 6283. [Google Scholar] [CrossRef]

	



Bastos, D.M.; Monaro, É.; Siguemoto, É.; Séfora, M. Maillard Reaction Products in Processed Food: Pros and Cons; IntechOpen: London, UK, 2012; ISBN 9533079053. Available online: https://www.intechopen.com/chapters/29164 (accessed on 10 December 2021).








[image: Applsci 11 11881 g001 550] 





Figure 1. Effect of dry heat treatment on sorghum flour fractions foaming capacity: CW—Control white sorghum, CR—control red sorghum, T1—dry heat treatment at 121 °C, T2—dry heat treatment at 140 °C, L/M/S—particle sizes, I—integral. Means with distinct letters are significantly different (p < 0.05). 
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Figure 2. FT-IR spectra of untreated (C) and treated (T1, T2) red (R) and white (W) sorghum flours at different particle sizes: integral (I), large (L), medium (M), and small (S). 
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Figure 3. Principal Component Analysis (PCA) bi-plot: CW—Control white sorghum, CR—control red sorghum, T1—dry heat treatment at 121 °C, T2—dry heat treatment at 140 °C, L/M/S—particle sizes, I—integral. 
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Table 1. Effect of dry heat treatment on the proximate composition of sorghum flour fractions.
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	Treatment
	Protein

(%)
	Fat

(%)
	Ash

(%)
	Moisture

(%)
	Total Dietary Fiber

(%)
	Carbohydrates

(%)
	Energetic Value

(kcal/100 g)





	CW_I
	10.35 ± 0.08 ef
	3.07 ± 0.03 ijk
	1.16 ± 0.03 j
	11.50 ± 0.01 c
	8.35 ± 0.24 cde
	65.56 ± 0.29 i
	348.01 ± 0.44 hi



	CW_L
	11.84 ± 0.06 a
	3.12 ± 0.01 ijk
	0.76 ± 0.01 l
	11.29 ± 0.01 d
	5.38 ± 0.51 k
	67.59 ± 0.51 efg
	356.59 ± 1.12 ef



	CW_M
	8.84 ± 0.01 mn
	3.15 ± 0.03 ij
	1.15 ± 0.01 j
	11.20 ± 0.03 e
	5.81 ± 0.02 jk
	69.86 ± 0.02 abc
	354.74 ± 0.14 fg



	CW_S
	10.62 ± 0.19 d
	3.20 ± 0.03 hi
	2.26 ± 0.03 a
	10.98 ± 0.01 g
	5.30 ± 0.34 k
	67.64 ± 0.43 efg
	352.45 ± 0.82 g



	T1W_I
	10.28 ± 0.07 fg
	3.45 ± 0.04 f
	1.17 ± 0.01 j
	8.19 ± 0.04 p
	6.18 ± 0.31 ijk
	70.73 ± 0.27 a
	367.45 ± 0.65 b



	T1W_L
	11.14 ± 0.04 c
	1.62 ± 0.06 n
	0.30 ± 0.01 n
	9.53 ± 0.01 i
	6.49 ± 0.58 hijk
	70.93 ± 0.62 a
	355.74 ± 1.08 f



	T1W_M
	10.44 ± 0.05 def
	4.64 ± 0.15 c
	1.54 ± 0.03 n
	9.52 ± 0.01 i
	6.59 ± 0.10 ghijk
	67.26 ± 0.09 fgh
	365.78 ± 0.59 bc



	T1W_S
	8.68 ± 0.03 no
	5.14 ± 0.06 b
	2.15 ± 0.01 b
	10.01 ± 0.01 h
	6.48 ± 0.48 hijk
	67.53 ± 0.51 efg
	364.08 ± 0.87 c



	T2W_I
	9.48 ± 0.06 jk
	3.01 ± 0.02 k
	1.37 ± 0.01 i
	8.74 ± 0.01 n
	7.14 ± 0.60 efghi
	70.25 ± 0.57 ab
	360.35 ± 1.29 d



	T2W_L
	10.16 ± 0.03 gh
	2.49 ± 0.04 m
	0.80 ± 0.07 l
	8.73 ± 0.01 n
	6.81 ± 0.48 fghij
	71.00 ± 0.46 a
	360.69 ± 1.05 d



	T2W_M
	10.08 ± 0.03 hi
	4.30 ± 0.03 d
	1.53 ± 0.03 h
	8.96 ± 0.01 k
	7.57 ± 0.19 efgh
	67.55 ± 0.17 efg
	364.40 ± 0.37 c



	T2W_S
	8.58 ± 0.02 o
	6.32 ± 0.03 a
	2.03 ± 0.02 c
	8.91 ± 0.01 k
	5.42 ± 0.16 k
	68.73 ± 0.18 cde
	377.00 ± 0.28 a



	CR_I
	11.40 ± 0.05 b
	2.84 ± 0.02 l
	1.34 ± 0.00 i
	11.08 ± 0.03 f
	7.82 ± 0.28 defg
	65.51 ± 0.28 i
	348.89 ± 0.54 h



	CR_L
	11.94 ± 0.18 a
	2.77 ± 0.04 l
	0.88 ± 0.04 k
	11.15 ± 0.06 e
	9.94 ± 0.39 ab
	63.32 ± 0.54 j
	345.84 ± 0.85 i



	CR_M
	9.66 ± 0.18 j
	3.10 ± 0.03 ijk
	1.75 ± 0.03 f
	11.80 ± 0.03 b
	7.69 ± 0.39 defgh
	66.00 ± 0.36 hi
	345.91 ± 0.80 i



	CR_S
	10.58 ± 0.13 d
	3.28 ± 0.04 gh
	2.30 ± 0.03 a
	12.01 ± 0.05 a
	6.49 ± 0.31 hijk
	65.33 ± 0.31 i
	346.16 ± 0.60 i



	T1R_I
	10.53 ± 0.05 de
	2.73 ± 0.16 l
	1.39 ± 0.04 i
	8.02 ± 0.03 q
	9.41 ± 0.08 bc
	67.92 ± 0.06 defg
	357.21 ± 0.86 ef



	T1R_L
	11.48 ± 0.03 b
	1.16 ± 0.04 o
	0.66 ± 0.01 m
	8.80 ± 0.02 lm
	10.75 ± 0.95 a
	67.14 ± 0.98 gh
	346.43 ± 1.85 hi



	T1R_M
	9.29 ± 0.03 l
	3.40 ± 0.03 fg
	1.52 ± 0.01 h
	8.75 ± 0.01 mn
	8.38 ± 0.40 cde
	68.65 ± 0.39 cde
	359.13 ± 0.88 de



	T1R_S
	8.51 ± 0.03 o
	4.04 ± 0.06 e
	1.91 ± 0.03 e
	8.94 ± 0.01 k
	8.02 ± 0.01 def
	68.58 ± 0.10 cdef
	360.75 ± 0.07 d



	T2R_I
	9.35 ± 0.00 kl
	3.04 ± 0.04 jk
	1.54 ± 0.01 h
	8.67 ± 0.01 o
	7.64 ± 0.37 defgh
	69.76 ± 0.37 abc
	359.07 ± 0.66 de



	T2R_L
	9.93 ± 0.05 i
	1.62 ± 0.03 n
	0.93 ± 0.01 k
	8.82 ± 0.02 l
	8.11 ± 0.68 cdef
	70.58 ± 0.67 a
	352.88 ± 1.30 g



	T2R_M
	9.21 ± 0.05 l
	3.40 ± 0.03 fg
	1.64 ± 0.01 g
	9.07 ± 0.01 j
	7.64 ± 0.26 defgh
	69.03 ± 0.29 bcd
	358.90 ± 0.48 de



	T2R_S
	8.93 ± 0.03 m
	4.13 ± 0.03 e
	1.97 ± 0.01 d
	8.96 ± 0.01 k
	8.95 ± 0.51 bcd
	67.05 ± 0.52 gh
	359.02 ± 0.94 de







CW—Control white sorghum, CR—control red sorghum, T1—dry heat treatment at 121 °C, T2—dry heat treatment at 140 °C, L/M/S—particle sizes, I—integral. Each experiment was carried out in duplicate and data were reported as means ± standard deviation (SD). Means in the same column with different letters are significantly different (p < 0.05).
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Table 2. Effect of dry heat treatment on the water absorption, oil absorption capacity, water retention capacity, hydration capacity, swelling, and solubility index of sorghum fractions.
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	Treatment
	Water Absorption Capacity (%)
	Oil Absorption Capacity (%)
	Water Retention Capacity (g/g)
	Hydration Capacity (%)
	Swelling Power (g/g)
	Solubility Index (%)





	CW_I
	208.80 ± 1.13 defghi
	162.05 ± 0.25 g
	1.29 ± 0.04 ab
	92.41 ± 0.55 fgh
	3.35 ± 0.01 kl
	0.10 ± 0.00 ab



	CW_L
	202.00 ± 1.41 hij
	152.36 ± 0.76 ij
	1.31 ± 0.11 ab
	98.11 ± 1.26 e
	3.51 ± 0.01 h
	0.04 ± 0.00 fgh



	CW_M
	208.60 ± 0.28 defghi
	166.71 ± 0.54 e
	1.06 ± 0.03 defg
	97.80 ± 1.98 e
	3.98 ± 0.01 d
	0.12 ± 0.01 a



	CW_S
	207.40 ± 0.14 efghij
	171.33 ± 0.61 bc
	1.32 ± 0.02 ab
	91.30 ± 2.12 ghi
	4.31 ± 0.01 a
	0.08 ± 0.00 bc



	T1W_I
	201.00 ± 0.54 hij
	163.45 ± 0.00 f
	1.30 ± 0.11 bcd
	94.60 ± 0.30 f
	3.38 ± 0.07 jk
	0.08 ± 0.00 bc



	T1W_L
	209.10 ± 1.27 defgh
	151.95 ± 0.41 jk
	1.21 ± 0.03 abcd
	94.58 ± 0.01 f
	3.28 ± 0.00 m
	0.02 ± 0.00 h



	T1W_M
	216.50 ± 0.71 bcd
	176.99 ± 0.47 a
	0.84 ± 0.01 h
	99.60 ± 0.57 cde
	3.82 ± 0.00 e
	0.03 ± 0.01 gh



	T1W_S
	200.50 ± 0.71 ij
	170.99 ± 0.15 bc
	0.85 ± 0.05 h
	89.00 ± 0.28 i
	4.02 ± 0.00 cd
	0.04 ± 0.00 fgh



	T2W_I
	199.00 ± 1.98 jk
	166.38 ± 0.08 e
	1.05 ± 0.01 defg
	99.40 ± 1.13 cde
	4.04 ± 0.00 c
	0.03 ± 0.00 gh



	T2W_L
	221.60 ± 1.41 cde
	151.01 ± 0.49 k
	0.89 ± 0.13 fgh
	101.29 ± 0.43 bcd
	3.42 ± 0.00 ij
	0.02 ± 0.00 h



	T2W_M
	219.40 ± 3.11 abc
	166.53 ± 0.93 de
	0.77 ± 0.00 h
	102.29 ± 0.42 b
	4.21 ± 0.00 b
	0.03 ± 0.00 gh



	T2W_S
	209.20 ± 2.26 cdef
	170.90 ± 0.61 bc
	0.81 ± 0.04 h
	89.91 ± 0.30 hi
	4.35 ± 0.00 a
	0.05 ± 0.03 efg



	CR_I
	208.78 ± 1.72 defghi
	163.97 ± 0.61 f
	1.27 ± 0.14 abc
	93.30 ± 0.42f g
	3.32 ± 0.00 lm
	0.11 ± 0.00 a



	CR_L
	199.50 ± 0.70 jk
	160.11 ± 0.83 h
	1.39 ± 0.01 a
	98.74 ± 0.88 de
	3.32 ± 0.00 lm
	0.08 ± 0.00 bc



	CR_M
	209.55 ± 0.78 defg
	171.66 ± 0.60 b
	1.09 ± 0.01 cde
	97.50 ± 0.99 e
	3.63 ± 0.00 g
	0.05 ± 0.00 efg



	CR_S
	209.30 ± 0.14 defgh
	170.00 ± 0.82 c
	1.30 ± 0.02 ab
	91.65 ± 1.48 gh
	3.70 ± 0.01 f
	0.07 ± 0.00 cde



	T1R_I
	201.99 ± 1.68 ghij
	168.05 ± 0.08 d
	1.21 ± 0.11 abcd
	93.04 ± 3.08 fg
	3.43 ± 0.00 i
	0.08 ± 0.01 bcd



	T1R_L
	226.80 ± 0.57 a
	160.00 ± 0.48 h
	0.87 ± 0.08 gh
	107.71 ± 1.00 a
	3.37 ± 0.00 k
	0.05 ± 0.05 defg



	T1R_M
	210.08 ± 0.96 defg
	168.16 ± 0.71 d
	0.90 ± 0.03 efgh
	101.50 ± 0.42 bc
	3.60 ± 0.01 g
	0.03 ± 0.00 gh



	T1R_S
	191.10 ± 0.99 k
	170.99 ± 0.61 bc
	0.88 ± 0.01 fgh
	91.21 ± 0.83 ghi
	3.68 ± 0.01 f
	0.04 ± 0.00 fgh



	T2R_I
	203.39 ± 3.12 fghij
	163.50 ± 0.70 f
	1.07 ± 0.02 def
	105.50 ± 1.27 a
	3.77 ± 0.08 e
	0.06 ± 0.02 cdef



	T2R_L
	224.76 ± 5.71 ab
	153.65 ± 0.66 i
	0.87 ± 0.06 gh
	107.60 ± 0.28 a
	3.32 ± 0.00 lm
	0.02 ± 0.00 h



	T2R_M
	210.08 ± 0.57 abc
	167.27 ± 0.87 de
	1.31 ± 0.26 ab
	107.10 ± 0.15 a
	3.42 ± 0.00 ij
	0.02 ± 0.01 h



	T2R_S
	210.08 ± 1.41 cde
	170.09 ± 0.94 c
	0.89 ± 0.01 fgh
	93.01 ± 0.59 fg
	3.79 ± 0.00 e
	0.05 ± 0.01 efg







CW—Control white sorghum, CR—control red sorghum, T1—dry heat treatment at 121 °C, T2—dry heat treatment at 140 °C, L/M/S—particle sizes, I—integral. Each experiment was carried out in duplicate and data were reported as means ± standard deviation (SD). Means in the same column with different letters are significantly different (p < 0.05).
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Table 3. Effect of dry heat treatment on the bulk density and emulsifying properties of sorghum flour fractions.
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Treatment

	
Bulk

Density

(g/cm³)

	
Emulsifying Properties

	
Foaming Stability (%)




	
Emulsifying

Activity (%)

	
Emulsion

Stability (%)

	
10 min

	
20 min

	
30 min

	
40 min

	
50 min

	
60 min






	
CW_I

	
0.71 ± 0.01 ij

	
47.50 ± 0.72 fg

	
60.50 ± 0.72 fg

	
115.00 ± 0.00 ab

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
105.00 ± 0.00 c

	
105.00 ± 0.00 c

	
105.00 ± 0.00 bc




	
CW_L

	
0.83 ± 0.00 d

	
56.50 ± 0.72 a

	
66.50 ± 0.72 a

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 ab




	
CW_M

	
0.70 ± 0.00 jk

	
45.50 ± 0.72 ghi

	
54.50 ± 0.72 j

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 a




	
CW_S

	
0.72 ± 0.00 ghi

	
41.50 ± 0.72 jk

	
62.50 ± 0.72 de

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
105.00 ± 0.00 c

	
105.00 ± 0.00 bc




	
T1W_I

	
0.70 ± 0.00 jk

	
50.00 ± 1.41 de

	
61.50 ± 0.72 ef

	
115.00 ± 0.00 ab

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 ab




	
T1W_L

	
0.88 ± 0.00 b

	
48.50 ± 0.72 ef

	
59.50 ± 0.72 g

	
-

	
-

	
-

	
-

	
-

	
-




	
T1W_M

	
0.62 ± 0.00 m

	
41.50 ± 0.72 jk

	
61.50 ± 0.72 ef

	
115.00 ± 0.00 ab

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 ab




	
T1W_S

	
0.73 ± 0.00 gh

	
41.50 ± 0.72 jk

	
62.50 ± 0.72 de

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 a




	
T2W_I

	
0.64 ± 0.01 l

	
47.50 ± 0.72 fg

	
63.50 ± 0.72 cd

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
105.00 ± 0.00 bc




	
T2W_L

	
0.89 ± 0.01 ab

	
54.00 ± 1.41 b

	
64.50 ± 0.72 bc

	
105.00 ± 0.00 c

	
105.00 ± 0.00 c

	
105.00 ± 0.00 c

	
105.00 ± 0.00 c

	
105.00 ± 0.00 c

	
105.00 ± 0.00 bc




	
T2W_M

	
0.62 ± 0.00 m

	
48.50 ± 0.72 ef

	
65.50 ± 0.72 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
110.00 ± 0.00 bc

	
-




	
T2W_S

	
0.73 ± 0.00 gh

	
38.50 ± 0.72 l

	
56.50 ± 0.72 hi

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
115.00 ± 0.00 a




	
CR_I

	
0.72 ± 0.01 fg

	
51.50 ± 0.72 cd

	
63.50 ± 0.72 cd

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 ab




	
CR_L

	
0.90 ± 0.00 a

	
53.50 ± 0.72 bc

	
62.50 ± 0.72 de

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
105.00 ± 0.00 c

	
105.00 ± 0.00 bc




	
CR_M

	
0.69 ± 0.00 k

	
44.00 ± 1.41 i

	
55.50 ± 0.72 ij

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
105.00 ± 0.00 bc




	
CR_S

	
0.69 ± 0.01 k

	
43.50 ± 0.72 ij

	
62.50 ± 0.72 de

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
110.00 ± 0.00 ab




	
T1R_I

	
0.72 ± 0.01 hij

	
46.50 ± 0.72 fgh

	
59.50 ± 0.72 g

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
110.00 ± 0.00 ab




	
T1R_L

	
0.86 ± 0.00 c

	
55.50 ± 0.72 ab

	
62.50 ± 0.72 de

	
-

	
-

	
-

	
-

	
-

	
-




	
T1R_M

	
0.65 ± 0.00 l

	
46.50 ± 0.72 fgh

	
61.50 ± 0.72 efg

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
110.00 ± 0.00 bc

	
110.00 ± 0.00 bc

	
-




	
T1R_S

	
0.75 ± 0.00 ef

	
43.50 ± 0.72 ij

	
61.50 ± 0.72 ef

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
120.00 ± 0.00 a

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 a




	
T2R_I

	
0.65 ± 0.00 l

	
50.00 ± 1.41 de

	
57.50 ± 0.72 h

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
100.00 ± 0.00 c




	
T2R_L

	
0.83 ± 0.00 d

	
55.00 ± 1.41 ab

	
64.00 ± 1.41 bcd

	
105.00 ± 0.00 c

	
105.00 ± 0.00 c

	
105.00 ± 0.00 c

	
105.00 ± 0.00 c

	
105.00 ± 0.00 c

	
105.00 ± 0.00 bc




	
T2R_M

	
0.75 ± 0.01 ef

	
44.50 ± 0.72 hi

	
60.50 ± 0.72 fg

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
-

	
-




	
T2R_S

	
0.76 ± 0.00 e

	
40.50 ± 0.72 kl

	
61.50 ± 0.72 ef

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
115.00 ± 0.00 ab

	
105.00 ± 0.00 c

	
105.00 ± 0.00 bc








CW—Control white sorghum, CR—control red sorghum, T1—dry heat treatment at 121 °C, T2—dry heat treatment at 140°C, L/M/S—particle sizes, I—integral. Each experiment was carried out in duplicate and data were reported as means ± standard deviation (SD). Means in the same column with different letters are significantly different (p < 0.05).
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Table 4. Pearson’s correlation coefficients.






Table 4. Pearson’s correlation coefficients.





	
Variables

	
FC

	
Protein

	
Fat

	
Ash

	
Moisture

	
Fiber

	
Carbohydrates

	
Energy

	
WAC

	
OAC

	
WRC

	
HC

	
SP

	
SI

	
BD

	
EA

	
ES






	
FC

	
1.00

	
−0.34

	
0.52

	
0.78

	
0.27

	
−0.16

	
−0.37

	
0.04

	
−0.26

	
0.72

	
0.11

	
−0.50

	
0.44

	
0.35

	
−0.63

	
−0.64

	
−0.20




	
Protein

	

	
1.00

	
−0.57

	
−0.57

	
0.33

	
0.19

	
−0.38

	
−0.53

	
0.09

	
−0.50

	
0.53

	
0.13

	
−0.51

	
0.18

	
0.45

	
0.64

	
0.46




	
Fat

	

	

	
1.00

	
0.69

	
−0.04

	
−0.40

	
−0.12

	
0.70

	
−0.23

	
0.67

	
−0.35

	
−0.48

	
0.69

	
−0.04

	
−0.50

	
−0.72

	
−0.17




	
Ash

	

	

	

	
1.00

	
0.12

	
−0.23

	
−0.26

	
0.23

	
−0.18

	
0.84

	
−0.14

	
−0.46

	
0.66

	
0.08

	
−0.59

	
−0.80

	
−0.17




	
Moisture

	

	

	

	
1.00

	
−0.23

	
−0.63

	
−0.62

	
−0.14

	
0.05

	
0.52

	
−0.33

	
0.00

	
0.48

	
0.05

	
−0.04

	
−0.08




	
Fiber

	

	

	

	

	

	
1.00

	
−0.40

	
−0.45

	
0.18

	
−0.07

	
−0.07

	
0.34

	
−0.48

	
0.00

	
0.22

	
0.31

	
0.08




	
Carbohydrates

	

	

	

	

	

	
1.00

	
0.54

	
0.08

	
−0.31

	
−0.32

	
0.27

	
0.06

	
−0.38

	
0.01

	
0.09

	
−0.11




	
Energy

	

	

	

	

	

	

	

	
1.00

	
−0.09

	
0.24

	
−0.52

	
−0.13

	
0.49

	
−0.36

	
−0.31

	
−0.38

	
−0.06




	
WAC

	

	

	

	

	

	

	

	

	
1.00

	
−0.15

	
−0.32

	
0.56

	
−0.09

	
−0.24

	
0.12

	
0.14

	
0.08




	
OAC

	

	

	

	

	

	

	

	

	

	
1.00

	
−0.20

	
−0.37

	
0.60

	
0.17

	
−0.73

	
−0.84

	
−0.36




	
WRC

	

	

	

	

	

	

	

	

	

	

	
1.00

	
−0.18

	
−0.37

	
0.45

	
0.18

	
0.19

	
0.01




	
HC

	

	

	

	

	

	

	

	

	

	

	

	
1.00

	
−0.29

	
−0.38

	
0.12

	
0.55

	
0.14




	
SP

	

	

	

	

	

	

	

	

	

	

	

	

	
1.00

	
−0.01

	
−0.55

	
−0.64

	
−0.16




	
SI

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1.00

	
−0.15

	
−0.03

	
−0.33




	
BD

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1.00

	
0.54

	
0.25




	
EA

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1.00

	
0.46




	
ES

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
1.00








Values in bold are significant at p < 0.05, FC—foaming capacity, WAC—water absorption capacity, OAC—oil absorption capacity, WRC—water retention capacity, HC—hydration capacity, SP—swelling power, SI—solubility index, BD—bulk density, EA—emulsifying activity, ES—emulsion stability.
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