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Abstract

:

Sorghum grain nutritional quality can be enhanced by applying dry heat treatments. The purpose of this study was to investigate the effects of dry heat treatment at two temperatures (121 and 140 °C) with three fractionation factors (S fraction < 200 μm, M fraction 200–250 μm and, L fraction > 300 μm) on sorghum flour chemical and functional properties, to optimize processes by means of a desirability function, and to characterize the optimal products. Treatment temperature negatively affected oil- and water-absorption capacity, protein and moisture contents, while the opposite trend was obtained for hydration capacity, swelling power, emulsifying properties, fat, ash, and carbohydrate content. Sorghum flour fractions positively influenced the hydration and water-retention capacities, emulsifying properties, and protein and carbohydrate content, while oil absorption, swelling power, fat, ash, and moisture were negatively affected. The optimal processing determined for each fraction was heat treatment at 121.00 °C for S fraction, 132.11 °C for M, and 139.47 °C for L. Optimal product characterization revealed that the color, bioactive properties, and protein and starch structures of the optimal samples had changed after heat treatment, depending on the fraction. These findings could be helpful for the cereal industry, since sorghum flour could be an alternative for conventional crops for the development of new products, such as snacks, baked goods, and pasta.
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1. Introduction


Cereal-processing industry dynamics and the continuous growth in consumer demand for special purpose foods, such as those with lower glycemic index, higher fiber content, gluten free products, etc. are the key factors that drive researchers and producers to find solutions to diversify the variety of cereal-based products. Sorghum is the sixth most cultivated cereal in the world [1]. The biggest producer of sorghum in the world is the United States [2]. The surface area cultivated with sorghum in Romania in 2020 was 8.4 million ha, with a production of 26.6 thousand tons [3]. A gluten-free cereal, sorghum flour is usually employed for the manufacturing of bread, porridges, fermented beverages [4], tortilla, cookies, and pasta [5].



The results presented in the literature show that sorghum is generally rich in phenolic phytochemicals that may exert important health-promoting properties [6]. It has been stated that sorghum has low protein quality due to the structural property of its predominant protein (kafirin, Figure 1), to deficiency in amino acids, such as threonine, tryptophan, and lysine, and to interactions with phenol molecules, such as condensed tannins, which form complexes with proteins and reduce their digestion [7].



Sorghum grain chemical composition (Table 1) is influenced by genetic and environmental factors. A significant and inverse correlation has been observed for protein with grain weight and starch content, while the ash content was positively correlated with protein content [9]. The main carbohydrates found in sorghum grains are starch, soluble sugar, and fiber. Sorghum is a rich source of slowly digestible starch (SDS), which is beneficial for the digestion and intestinal absorption of carbohydrates in intestine, while the raised amount of dietary fiber (9.7–14.3 g) contributes to digestion enhancement and carbohydrate and cholesterol metabolization [9,10]. Sorghum grain contains low amounts of fat, which is mainly found in the scutellar zone of the germ [9]. Kim et al. [10] reported that sorghum grain contains compounds that could be introduced in foods or dietary supplements to regulate cholesterol levels. Sorghum is rich in minerals and vitamins, which are mainly found in the aleurone coating and germ, being an important fount of B vitamins, except for vitamin B12 [11].



The main structural components of sorghum grain are the pericarp, germ, and endosperm (Figure 2). Sorghum grains are of the caryopsis type, with the pericarp fully merged with the endosperm. Component weights are pericarp 6%, endosperm 84%, and germ 10% [9]. Sorghum grain processing implies the partial removal and/or change of the three most important components (germ, endosperm, and pericarp), some of the techniques applied being decortication, malting, fermentation, roasting, flaking, and grinding [9].



The processing of sorghum grains by milling promotes lipase enzyme release, which results in triglyceride transformation, rise of free fatty acid content, and consequently diminishes the shelf life of the flour [14]. Heat-treatment processing of the grains may be considered a suitable practice for overcoming these disadvantages, causing at the same time changes in final product texture, proximate composition, tannin and antinutrient content, antioxidant properties, digestibility, etc. [15]. Dry heat treatment is a practice in snack manufacturing that has been proved to enhance product edibility, digestibility, and organoleptic characteristics [16]. Schlörmann et al. [17] demonstrated that dry heat treatment of oat up to 160 °C generated an improved sensory profile of the final product and enhanced nutritional value, with lipid, protein, starch, and β-glucan content not being influenced by the treatment, whereas the dietary fiber content was slightly affected. Dry heat treatment of little millet generated the increase of the total phenolic, flavonoid, and tannin content, and antioxidant activity [18].



Milling has a great influence on starch digestibility of cereal-based products, higher digestibility being obtained for lower particle dimensions [19]. On the other hand, obtaining fine particles implies higher energy costs and might not be recommended due to their ability to increase the erosion of the gastrointestinal wall [19]. Furthermore, fine particles may diminish enzyme flow to substrates caused by the release of viscosity, promoting such components as β-glucans, which may influence gastrointestinal residence time, distribution, and digestion [20]. Thus, while it may be preferable to decrease sorghum flour particle-size dimensions for enhanced digestibility, other factors must also be considered to achieve an effective size for a desired product quality. Fractions should be selected according to the purpose of the flour. Alvarenga et al. [21] stated that the fraction containing more sorghum bran resulted in lower expansion and stability when extruded than flour with smaller particles. The chemical and physical properties of sorghum flour fractionated by two milling methods were distinguished depending on the particle size, indicating that sorghum grains were separated into different anatomical parts [22].



The transformation of sorghum grain components into forms that can be readily used in food products without generating negative effects on food sensory characteristics are of interest and under continuous development. To our knowledge, no paper has been published to date regarding the combined effect of sorghum grain dry heat treatment and grain fractionation. The purpose of this paper was: (1) to study the effects of dry heat treatment, temperature, and fractionation on the functional properties and proximate composition of sorghum flour, (2) to optimize the processing conditions for each fraction and compare the characteristics of the optimal samples with untreated ones, and (3) to characterize optimal products regarding molecular, physical characteristics, and bioactive compounds.




2. Materials and Methods


2.1. Materials


White sorghum (ES Albanus hybrid) was acquired from the Secuieni Agricultural Development Research Station (Neamț, Romania).



The dry heat treatment of sorghum grains at two temperatures (121 °C and 140 °C) was performed in a Binder ED53 L convection oven (Binder, Tuttlingen, Germany) for 15 min. The grains were ground in a laboratory mill (grain mill, KitchenAid, model 106 5 KGM, Italy) and sieved in a Retsch AS 200 basic vibratory sieve shaker (Haan, Germany) to get three different fractions: large (L > 300 μm), medium (200 μm < M < 250 μm), and small (S < 200 μm). Optimization of treatment temperature for each fraction considering the functional and proximate composition of the flours was done, then the optimal samples were compared to the control (untreated) fractions and characterized.




2.2. Methods


2.2.1. Functional Properties


Hydration Capacity (HC)


HC was evaluated in duplicate, following the protocol presented by Bordei et al. [23]. An amount of 5 g sorghum flour was weighed and mixed with 30 mL tap water by using a rod for 30 s every 10 min for 1 h. The rod was washed with 10 mL water at the end and the suspension was centrifuged for 20 min at 2300 rpm. The supernatant was discarded and the sample kept at 50 °C for 25 min, then it was weighed after reaching room temperature. The HC was calculated according to Equation (1):


   HC    ( % )  =    (   w 2  −  w 0   )  −  w 1     w 1    × 100   



(1)




where w0 = tube weight, w1 = sample weight before analysis, and w2 = sample weight after water absorption.




Oil-Absorption Capacity (OAC)


OAC was evaluated in duplicate using a protocol adapted from the one described by Elkhalifa and Bernhardt [24]. For this purpose, 3 g sorghum flour was mixed with sunflower oil (30 mL) and stirred for 1 min at 10 min intervals for 30 min. Then, the mix was centrifuged at 3000 rpm for 15 min, the supernatant discarded, and the pellet weighed after 5 min of draining. OAC was calculated using Equation (2):


    OAC     ( % )  =    w 1     w 0    × 100   



(2)




where w0 = sample weight before analysis and w1 = sample weight after supernatant discard.




Water-Retention Capacity (WRC)


WRC was evaluated in duplicate using the method presented by Zhu et al. [25]. An amount of 1 g sorghum flour was mixed with 30 mL distilled water and left for 18 h at room temperature in a sealed tube. After centrifugation at 3000 rpm for 20 min, the supernatant was discarded, the sample dried for 2 h at 105 °C in a convection oven, and weighed. WRC was calculated with Equation (3):


    WRC     (   g g   )  =    w 1  −  w 2     w 2      



(3)




where w1 = sample weight before drying an w2 = sample weight after drying.




Swelling Power (SP)


SP was evaluated in duplicate following the protocol described by Elkhalifa and Bernhardt [24], with some modifications. The sorghum flour (0.5 g) was mixed with 15 mL distilled water and heated in a water bath at 90 °C for 30 min. After cooling at room temperature (15 min) and centrifugation at 3000 rpm for 25 min, the supernatant was discarded and the swollen sorghum flour sediment was weighed.




Emulsion Activity (EA) and Stability (ES)


The emulsifying characteristics of sorghum flour fractions were achieved in duplicate following the protocol presented by Elkhalifa and Bernhardt [24]. For EA determination, 2 g sorghum flour was mixed with 20 mL distilled water at 4 °C and 20 mL of sunflower oil. After stirring for 20 min and centrifugation at 4000 rpm for 10 min, the height of the emulsion layer formed was measured. The EA was calculated with Equation (4):


    EA     ( % )  =    H e     H w    × 100   



(4)




where He = height of the emulsion layer and Hw = height of the whole layer.



For ES evaluation, the emulsion formed in the previous step was heated in a water bath at 80 °C for 30 min, then it was cooled at room temperature for 20 min. After another centrifugation at 4000 rpm for 10 min, the height of the emulsified layer was measured and ES calculated with Equation (5):


    ES     ( % )  =    H  e h      H w    × 100   



(5)




where Heh = height of the emulsion layer after heating and Hw = height of the whole layer.





2.2.2. Proximate Composition


The proximate composition in terms of moisture, protein, fat, and ash of sorghum flour fractions was determined by following the ICC standard protocols: moisture (101/1), fat (104/1), protein (105/2), and ash (105/1). The content of carbohydrates was calculated by difference [26].




2.2.3. Optimization of Sorghum Dry Heat Treatment


The response surface methodology (RSM) and D-optimal design (from Design Expert software, Stat-Ease, Minneapolis, MN, USA, trial version) were employed to evaluate the influence of two factors:treatment temperature (121 and 140 °C) and fractionation (L > 300, M 200–300 and S < 200 μm) on sorghum flour functional (HC—hydration capacity, OAC—oil-absorption capacity, SP—swelling power, WRC—water-retention capacity, EA—emulsion activity and ES—emulsion stability), and proximate composition (protein, ash, fat, moisture and carbohydrates). The maximum and minimum values of the responses used in the data matrix are listed in Table 2.



The effects of factors and their interaction on the considered responses were evaluated through analysis of variance (ANOVA) for the mathematical model fitted to each property. The mathematical model suitability was determined by F sequential test, coefficient of determination (R2), and adjusted coefficients of determination (Adj.-R2). Thus, the 2 FI model (Equation (6)) was selected for all the responses based on the highest R2 and Adj.-R2 values.


   Y =  x 0  +  x 1  A +  x 2  B +  x 3  A B   



(6)




where Y = response, x0–3 regression coefficients, and A and B factors.



Desirability function was considered to optimize the treatment temperature for each of the three fractions. The constraints applied consisted of the maximization of HC, SP, WRC, EA, ES, protein, fat, and ash, minimization of carbohydrates, and maintaining the OAC and moisture content within the range. All the factors and responses received the same importance. Model validation was done by verifying the optimal values through experimental determinations, and the obtained values were compared to the fractions of the control sample. Optimal and control samples were used for further characterization.




2.2.4. Characterization of Optimal Samples


Color Evaluation


The color parameters of sorghum flour fractions were measured by reflectance using the CIE Lab system on a Konica Minolta CR-400 (Konica Minolta, Tokyo, Japan) device. The parameters recorded in triplicate were: L* (luminosity), a* (describing red nuance if positive or green nuance if negative), and b* (describing yellow nuance if positive or blue nuance if negative).




Starch Digestibility


Starch fractions, such as rapidly digestible starch (RDS), slowly digestible starch (SDS), resistant starch (RS), and total digestible starch (TDS), and total starch contents of sorghum flour fractions were determined in triplicate following the international AOAC 2017.16 protocol using a Megazyme kit (K-DSTRS; Megazyme, Bray, Ireland). The principle consists of spectrophotometric measurement (at 510 nm) of the glucose released after sample digestion with α-amylase and amyloglucosidase for 20 min (RDS), 120 min (SDS), or 240 min (RS, TDS) using GOPOD reagent.




Total Polyphenols and Antiradical Activity


The extract was prepared by mixing 1 g sorghum flour with methanol 99.9% (1:20 w/v), then the mix was sonicated at 50 °C, at 40 kHz for 30 min.



For total polyphenol content (TPC) determination, 0.2 mL extract was mixed with 2 mL Folin–Ciocâlteu reagent and 1.8 mL sodium carbonate (7.5%). After resting at room temperature in the darkness for 30 min, the absorbance was read at 750 nm [27]. The calibration curve made with gallic acid had R2 = 0.99 and the equation y = 0.00949x + 0.02950.



For antiradical activity (AA) of sorghum flour evaluation, the 2,2 diphenyl-1-picrylhydrazyl (DPPH) method was used. The extract (2 mL) was mixed with DPPH reagent (2 mL) and the absorbance read at 517 nm after 30 min of resting in the darkness at room temperature. The DPPH AA was calculated by using Equation (7).


    DPPH   AA     ( % )  =  (  1 −    A  s a m p l e      A  b l a n k      )  · 100   



(7)








Starch and Protein Molecular Characteristics


Sorghum flour starch and protein characteristics were evaluated by ATR-FTIR analysis, on a Thermo Scientific Nicolet iS20 (Waltham, MA, USA) device. Three spectra were recorded in the range of 650 cm−1 to 4000 cm−1, with a resolution of 4 cm−1 and 32 scans. After ATR correction of all spectra, the fractions of amide I (1652 cm−1 for α-helix structure and 1624 cm−1 for β-sheets) and starch (1049 cm−1 for crystalline area and 1022 cm−1 for the amorphous region) were evaluated after applying Fourier self-deconvolution on the average spectra. The ratio of structures was determined by reporting the corresponding peak areas [28,29]. Background was collected after each sorghum flour sample.





2.2.5. Statistics


The differences among the experimental and predicted values of the optimal samples were evaluated trough Student’s t test. The differences among the optimal and control samples were checked trough ANOVA and Tukey’s test. The significance level was 95%. All statistical tests and Pearson correlations were done using XLSTAT for Excel 2022 version (Addinsoft, New York, NY, USA) software.






3. Results and Discussion


3.1. Functional Properties and Proximate Composition


3.1.1. Influence of Factors


The experimental data obtained for sorghum flour fraction functional properties and chemical properties were successfully fitted to the 2 FI model (Table 3). The ANOVA results revealed that the model proposed was significant for all the responses, since the F-values were significant at p < 0.05, while R2 values were 0.58–0.97.



HC was positively influenced by both factors—treatment temperature and fraction dimension—and their interaction (Table 3), but only in the case of the fraction factor was the effect significant (p < 0.05). The increase in HC with temperature and fraction-dimension increase (Figure 3a) could be related to the increase of damaged starch induced by gelatinization during heat treatment [15]. As the determination method implied the application of an external force to the sample, as stated by Jacobs et al. [30], the nanopores caused by fractionation present on the surface of the sorghum flour particles could play an essential role. A similar trend of HC was reported by these authors for wheat bran with different particle sizes.



A negative effect of fractionation was observed for sorghum flour OAC (Table 3). OAC decreased with treatment temperature and fraction dimensions decreased, as can be seen in Figure 3d. Almaiman et al. [31] also reported a decrease in OAC of sorghum flour when microwave treatment was applied, probably as a result of the changes in protein hydrophobic properties, oil-absorption capacity being affected by starch–protein–lipid linkages, sequence of polypeptides, various conformational properties of macromolecules, and quantity of apolar amino acids [32]. Furthermore, OAC has been proved to be influenced also by the ability of oil physical entrapment of the sample, surface area, size of macromolecules, charge, and hydrophobicity [33].



Sorghum flour SP was positively influenced by treatment temperature and negatively by fractionation (p < 0.01), as shown in Table 3. A similar increasing trend of SP was obtained by Zou et al. [34] for thermally treated maize starch, which could be explained by the modification of starch granule surface, which determines higher water absorption, SP also being influenced by amylose/amylopectin ratio, molecular weight, and starch–lipid complexes. The milling process affects starch, protein, and cell wall components of sorghum grains, leading to changes in their capacity to bind water and release soluble components [20].



Fractionation exhibited significant positive (p < 0.01) effects (Table 3) on sorghum flour WRC, while treatment temperature and the interaction between factors had a negative influence (p < 0.05). The increase in fraction dimensions resulted in proportional rise of flour WRC (Figure 3b), while an opposite trend was obtained when temperature was increased. The reduction in WRC at the higher treatment temperature could be due to physical damage to the fiber structure at high temperatures, which may lead to changes in water-retention ability [35]. Heat treatment causes a rupture of weak linkages between polysaccharide chains, high temperatures also being able to break the glycosidic bonds in the polysaccharides [35]. The structure of sorghum flour particles comprising nanopores could be responsible for the water binding of sorghum flour, since this water is likely to be retained even when subjected to external forces, such as centrifugation due to capillary forces and the cell walls’ mechanical strength [30].



The EA and ES parameters were positively influenced by treatment temperature and fractionation (p < 0.05), while the interaction between factors showed significant positive influence (p < 0.05) (Table 3). The EA is mainly dependent on the dispersion of proteins at the surface tension of water and air by unfolding its structure, while ES is determined by the creation of a dense cohesive layer around the air bubble [36]. Similar enhancement of the emulsifying properties was obtained by Hassan et al. [36] when radio-frequency heat treatment was applied to maize grains. The increase in protein content as the fraction dimension was higher could represent an explanation for the enhanced EA and ES of sorghum flour with greater fraction size. The different nutritional composition could be explained by the different fractions obtained from sieving.



Sorghum flour protein content was positively influenced (at p < 0.01) by fractionation (Figure 4a), while treatment temperature and the interaction between factors had a significant negative effect. Treatment temperature significantly influenced (p < 0.05) in a positive way fat and ash content, while the fractionation negatively affected (p < 0.01) these parameters (Table 3).



Sorghum flour moisture content was negatively affected (p < 0.01) by both factors, while their interaction positively influenced this parameter (Table 3). Positive effects of both factors on the carbohydrate content of sorghum flour were observed, but only the fractionation exhibited a significant effect (p < 0.01). Sorghum fractions can determine the contents of macronutrients and digestion rate [37]. Increased protein (Figure 4a) and carbohydrate (Figure 4e) contents as the fraction size raised was observed. Alvarenga et al. [21] stated that the proteins were most abundant in the fibrous mill-feed fraction because the aleurone layer in the pericarp and the peripheral endosperm tissue, which would be found in the sorghum mill-feed, are rich in proteins. On the other hand, the ash (Figure 4c) and moisture (Figure 4d) contents decreased with fraction dimension increase, which is explainable since the endosperm, which is mostly found in smaller fractions, is abundant in minerals [38] and moisture loss can occur during milling [21]. A reduction trend with particle-size increase was also observed for fat (Figure 4c) content, which seems to be more abundant in the germ [22]. The decrease in protein and moisture content with treatment temperature could be due to the denaturation of proteins and moisture loss induced by heating, similar results being reported by Mahajan and Gupta [39] for roasted sorghum. Higher amounts of fat, ash, and carbohydrates were obtained as the treatment temperature raised, which could be due to changes in lipid complexes with other molecules and partial starch gelatinization during heating, which also affects nutrient digestibility [40]. Dharmaraj and Malleshi [40] stated that the extractability of bound lipids increased after hydrothermal processing of millet, changing the fatty acid profile due to the formation of complexes between linoleic acid and amylose.




3.1.2. Pearson Correlations between Variables


Pearson correlation coefficients are presented in Table 4. The protein content was negatively correlated (p < 0.05) with OAC (r = −0.52) and SP (r = −0.75), while with WRC (r = 0.50), HC (r = 0.55), and EA (r = 0.60), significant positive correlations were obtained. The correlations of SP with protein and carbohydrates support the fact that polysaccharide–protein complexes have good emulsifying activity, their capacity to stabilize interfaces being led to the isoelectric point of proteins [41].



Sorghum flour fat content was negatively correlated with WRC (r = −0.69), HC (r = −0.44), and EA (r = −0.83), while with OAC (r = 0.82) and SP (r = 0.80), positive relationships were observed. These correlations support the observation made by Joshi et al. [42] that different amounts and types of lipids, proteins, and carbohydrates can impact the WRC and HC because they may have distinct polarity and thus different water-binding and -retention capacities. Similar to the fat content variable, the ash content was positively correlated with OAC and SP (r = 0.84, p < 0.05) and negatively with WRC, HC, and EA (−0.41 > r > −0.75, p < 0.05). The moisture content and EA were negatively correlated (r = −0.51, p < 0.05), a negative correlation also being observed between OAC and EA (r = −0.80, p < 0.05).



Significant negative (p < 0.01) correlations were obtained for carbohydrates with OAC (r = −0.85) and SP (r = −0.68) and positive with WRC (r = 0.68) and EA (r = 0.87). WRC and HC are strongly influenced by carbohydrate content and structure, damaged starch, and fibers playing an essential role [22]. The ES parameter was significantly positively (p < 0.01) correlated with HC (r = 0.69) and EA (r = 0.60). OAC is determined by the physical oil entrapment and fat binding to apolar protein molecules, and it is directly dependent on the lipophilicity, amino acid composition, and surface polarity [14].




3.1.3. Optimization and Model Validation


The optimization process for each sorghum flour fraction revealed that dry treatment at 121.00 °C would be recommended for S fraction, 132.11 °C would be appropriate for the M fraction, while for L fraction a temperature of 139.47 °C (Table 5) can be applied to obtain the desired functional and nutritional properties.



Mathematical model validation revealed that the differences between the predicted and experimental values were less than 10%. Compared to Control S, the Optimal S sample presented higher OAC, SP, ES, fat, and ash contents, while the WRC, EA, and carbohydrates were lower. The Optimal M sample exhibited higher EA, ES, protein, fat, and ash contents and lower SP, WRC, and carbohydrates than Control M. Raised HC and ash content and smaller WRC, EA, ES, protein, fat, and carbohydrates values were observed for the Optimal L sample than Control L. Fractionation can lead to nutrient structure changes, mainly due to photo-oxidation, and to the decrease of some compounds’ bioavailability [12]. Previous research revealed that sorghum grain processing through thermal treatment, soaking, and steaming can significantly influence physical tissue structure, nutrient levels, and functional properties of grains [43].





3.2. Characterization of the Optimal Samples


3.2.1. Total Polyphenols, DPPH Antiradical Activity (AA), and Starch Digestibility


Dry heat treatment and fractionation significantly influenced TPC and DPPH AA (Table 6). TPC of the optimal samples was higher compared to the corresponding controls, except for the L fraction. The main polyphenols of sorghum are represented by phenolic acid, flavonoid, procyanidin, and stilbenoids [44]. Woo et al. [45] reported higher flavonoid content in sorghum bran compared to other fractions. Cardoso et al. [46] demonstrated that flavonoids were more sensitive to heat than other phenolics. Considering that, maybe the decrease of TPC in the L fraction could be related to the thermal degradation of the sensitive phenolics. Heat treatment determined a decrease of DPPH AA for all the fractions. Both TPC and DPPH AA reduced as the fraction size increased, the fraction containing the highest amount of bran registering the lowest values. Sharanagat et al. [14] also reported raised levels of DPPH free radical-scavenging activity in native sorghum flour compared to the roasted samples, which may be due to the diminishing of flavonoids that are the most active phenolic compounds after treatment. Zhu et al. [25] stated that the superfine grinding of hull-less barley led to an increase of AA DPPH and TPC, probably because the fiber matrix was damaged, thus causing some phenolic compounds to be released or exposed. The data obtained by Almaiman et al. [31] showed that microwave treatment of sorghum grains raised the TPC in a power-dependent manner, which could lead to the release of phenolic compounds from glycosidic components and to the disintegration of larger phenolic compounds into smaller ones.



Starch digestibility was affected by heat treatment, the magnitude of changes depending on the fraction. The content of SDS, TDS, RS, total starch, and RDS increased after heat treatment compared to the control samples, except for SDS in the L fraction sample. SDS formation can lead to some interactions that occur between starch and fat during thermal treatment [47], a fact that may possibly explain the lower SDS in the L optimal sample compared to the control, since it had the lowest lipid content (Table 5). Furthermore, the formation of polyphenol–starch complexes during treatment could also be related to this decrease, it being known that the bran is richer in phenolic compounds compared to other fractions [44,48]. The results for RS and total starch were comparable with those previously reported [37]. The increase in digestible starch content with fraction dimension reduction is the result of the higher substrate–enzyme contact surface and/or of the different composition of the fractions. Starch digestibility is directly influenced by granule size, structure, crystalline pattern, degree of crystallinity, presence of pores or channels on the granule surface, degree of polymerization, nonstarch components, and their interactions with starch [20]. Kanagaraj et al. [49] reported that dry heat treatment methods were found to increase RS content in both rice and barnyard millet, depending on the temperature and time. These results could be due to the reorganization of amylose and amylopectin chains of starch during heating [50].




3.2.2. Color and Molecular Characteristics


The color properties of optimal sorghum flours compared to the controls are presented in Table 7. No significant differences regarding L*, a* and b* values were recorded between Optimal S and Control S, while in the case of M and L fractions the optimal samples exhibited higher L* and lower a* and b* compared to the controls. All the studied samples showed red nuances indicated by the positive values of a* and yellow nuances suggested by the positive values of b*. Fraction dimension increase determined a decrease of L*, while the values of the a* parameter increased. The color of sorghum products is influenced by the quantity and type of phenols and metal ions found in the grains [51]. The differences between the three fractions in terms of color and luminosity may be attributed to the distribution of these phenolics in the sorghum grain, it being known that the color of the pericarp seems to be generated by a combination of primarily anthocyanin and anthocyanidin pigments and other flavonoid compounds [52]. Winger et al. [51] reported an increase in redness of tortillas as the fraction size was higher due to the presence of larger quantities of bran.



FT-IR spectra (Figure 5) interpretation allowed the identification of the main molecular characteristics of the optimal and control samples. The results obtained showed that for L fraction, the FT-IR spectra of the optimal sample registered some differences among peaks in the regions 1545, 1746 and 2338–2367 cm−1 (Figure 5a). The peaks found at 1200 to 1900 cm−1 indicate some functional groups and compounds, such as amides, amino acids, –C=O in aldehydes, C–O in esters, CˆO in anhydrides, =O in lactones, t-butyl groups, N–O pyridine groups, esters, lactones, etc. [14]. Changes in the amide II fraction after dry heat treatment can be observed at 1545 cm−1, which is given by the joining of N–H bond vibrations with CN stretching [53]. A prominent peak was observed at 1746 cm−1 for the Optimal L sample, suggesting the changes of amide I fractions caused by the heat treatment that determined denaturation of sorghum proteins. The differences in the 2338–2367 cm−1 regions could be related to the browning reactions that may occur during heat treatment that could lead to the increase in unsaturated carbonyl groups, the degradation of amino acids to aldehydes and their condensation with carbohydrate fractions, furfurals, and other species to set up chromophores and off-flavors [14].



For M and S fractions, no significant changes between optimal and control samples were observed regarding peak occurrence (Figure 5b,c). Peak intensities exhibited differences among fractions, the smallest values being obtained for L fraction. The band appeared at around 3328–3342 cm−1 suggesting the O–H bond stretching from starch and protein–starch interaction and also from water molecules, alcohol, phenolic compounds, or carboxylic acid, while the modification in peak intensity indicates the degree of formation of hydrogen bonds (inter- and intramolecular) [54]. The lower intensities of peaks at 3328–3342 cm−1 for all the optimal samples compared to the corresponding controls could lead to a rise in dehydroxylation reactions upon dry heat treatment [14]. The modification of this band position towards a lower peak intensity suggests an enhancement in the bond strength caused by the interaction within starch molecules and starch with other compounds [55]. The bands observed at about 1156, 1081, and 865 cm−1 for all the studied samples suggest the presence of alcohol (C–O), anhydrides (C=O), and alkane (C–H) groups, respectively [54]. The modification in the intensities of these bands in the optimal samples could be related to the deformation of angular C–H bond, the vibration of—1–4 glycosidic bonds (C–O–C) and C–O linkages in the esters (developed between the –COOH and O–H group of protein and starch, respectively), and could have led to the appearance of new functional groups [14,54].



The amide I structure study revealed that α-helix/β sheet ratio was higher in Optimal S than Control S, while an opposite trend was observed for L and M fractions (Table 7). All the studied samples showed a predominant α–helix protein conformation that increased with fraction size decrease and was reduced after heat treatment of sorghum grains. This means that heat treatment promoted the rise in β-sheet formation, which could indicate protein aggregation [56]. Regarding starch structure, the crystalline areas were more abundant compared to the amorphous ones in all samples and increased after dry heat treatment. Higher crystalline/amorphous ratios were obtained for treated samples than controls, except for L fraction (Table 7), indicating the increase in crystalline molecular structures, a similar trend being reported by González et al. [57] for wheat starch and flour treated at temperatures up to 150 °C. The loss of water molecules during treatment seems to have played an essential role in the reorganization and recrystallization of starch chains.






4. Conclusions


Dry heat treatment of sorghum grains and fractionation significantly impacted flour properties in terms of functional and nutritional characteristics. Treatment temperature and fraction dimension rises determined the increase of sorghum flour hydration capacity, emulsifying properties, and carbohydrate content and the decrease of oil-absorption capacity and moisture content. Positive effects were observed for swelling power, fat, and ash contents when temperature increased gradually, while fractionation affected these parameters. The optimal conditions for the dry heat treatment of sorghum grains for each fraction were 121.00 °C for S fraction, 132.11 °C for M fraction, while for L fraction a temperature of 139.47 °C would be indicated. The optimal samples showed lower red and yellow nuances compared to the untreated samples, while fraction dimension increase determined lightness reduction. TPC increased after dry heat treatment, while antiradical activity slightly decreased. Starch digestibility was affected by heat treatment depending on the fraction type, higher amount of resistant starch, total digestible starch, rapid digestible starch, and total starch being obtained. Molecular characteristic analysis revealed that dry heat treatment induced structure changes in proteins and starch. These results may help producers to select the appropriate processing conditions of sorghum grains depending on the final product type in order to obtain the best quality. Further studies regarding the effects of dry heat treatment and fractionation on dough rheology and final product characteristics are needed. The main limitations of this study are related to the use of a single variety of sorghum grains and the temperature range, which was restrained. The main advantages of using dry heat treatment and milling for sorghum processing led to the eco-friendly character of these techniques and the possibility to enhance the nutritional value of the flour by reducing non-nutritious factors. The sorghum flours after processing could be used in the production of gluten-free baked goods, such as bread, biscuits, and cakes, but also for pasta production. The fraction needed should be selected according to the desired characteristics of the final product.
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Figure 1. Kafirin structure. Image adapted from Zhu et al. [8] with permission from Elsevier. 
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Figure 2. Sorghum grain structure. Image reproduced after Taylor and Emmambux [13] with permission from Elsevier. 
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Figure 3. Three-dimensional graphic showing the combined effects of factors (treatment temperature and fractions) on the sorghum flour: (a) hydration capacity (HC), (b) water-retention capacity (WRC), (c) swelling power (SP), (d) oil-absorption capacity (OAC), (e) emulsion activity (EA), and (f) emulsion stability (ES). 
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Figure 4. Three-dimensional graphic showing the combined effects of factors (treatment temperature and fractionation) on the sorghum flour content of: (a) protein, (b) fat, (c) ash, (d) moisture, and (e) carbohydrates. 
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Figure 5. FT-IR spectra of control and optimal sorghum flour with: (a) L, (b) M, (c) S fraction. 
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Table 1. Sorghum grain fraction chemical composition, adapted from Taylor and Duodu [12] with permission from Elsevier.
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	Anatomic Part
	Whole Kernel

(%)
	Protein

(%)
	Fat

(%)
	Ash

(%)
	Starch

(%)





	Whole grain
	100
	11.5–12.3
	3.6
	1.6–1.7
	72.3–75.1



	Endosperm
	81.7–86.5
	8.7–13.0
	0.4–0.8
	0.3–0.7
	81.3–83.0



	Germ
	8.0–10.9
	17.8–19.2
	26.9–30.6
	3.9–10.4
	-



	Pericarp
	4.3–8.7
	5.2–7.6
	3.7–6.0
	2.0–3.8
	-
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Table 2. Minimum and maximum values of the responses used in the experimental design.






Table 2. Minimum and maximum values of the responses used in the experimental design.





	Variable
	Minimum Value
	Maximum Value





	HC (%)
	88.80
	102.59



	OAC (%)
	150.66
	177.33



	SP (g/g)
	3.28
	4.35



	WRC (g/g)
	0.77
	1.23



	EA (%)
	38.00
	55.00



	ES (%)
	56.00
	66.00



	Protein (%)
	8.57
	11.17



	Fat (%)
	1.58
	6.35



	Ash (%)
	0.29
	2.16



	Moisture (%)
	8.72
	10.02



	Carbohydrates (%)
	67.00
	71.58







HC—hydration capacity, OAC—oil-absorption capacity, SP—swelling power, WRC—water-retention capacity, EA—emulsion activity, ES—emulsion stability.
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Table 3. ANOVA results for the 2 FI model fitted for the functional properties of sorghum flour.
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Factor

	
HC

(%)

	
OAC

(%)

	
SP

(g/g)

	
WRC

(g/g)

	
EA

(%)

	
ES

(%)

	
Protein

(%)

	
Fat

(%)

	
Ash

(%)

	
Moisture

(%)

	
Carbohydrates

(%)






	
Constant

	
96.17

	
164.78

	
3.85

	
0.90

	
45.36

	
61.67

	
9.85

	
4.09

	
1.39

	
9.28

	
68.80




	
A

	
1.77

	
−1.86

	
0.14 **

	
−0.07 **

	
1.53 **

	
0.50

	
−0.24 **

	
0.28 *

	
0.06 *

	
−0.41 **

	
0.30




	
B

	
4.16 *

	
−9.73 **

	
−0.41 **

	
0.11 **

	
5.63 **

	
1.25 *

	
1.01 **

	
−1.84 **

	
−0.77 **

	
−0.17 **

	
1.44 **




	
A × B

	
1.37

	
−0.21

	
−0.05

	
−0.07 *

	
2.12 **

	
2.75 **

	
−0.22 *

	
−0.08

	
0.16 **

	
0.08 *

	
−0.30




	
Model fitting




	
p-value

	
<0.05

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.05




	
R2

	
0.58

	
0.69

	
0.90

	
0.73

	
0.93

	
0.68

	
0.90

	
0.93

	
0.97

	
0.95

	
0.58




	
Adj.-R2

	
0.49

	
0.62

	
0.88

	
0.67

	
0.91

	
0.61

	
0.88

	
0.91

	
0.96

	
0.94

	
0.49








* p < 0.05, ** p < 0.01, HC—hydration capacity, OAC—oil-absorption capacity, SP—swelling power, WRC—water-retention capacity, EA—emulsion activity, ES—emulsion stability, A—treatment temperature factor, B—fractions factor.
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Table 4. Pearson correlation coefficients.
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	Variables
	Protein
	Fat
	Ash
	Moisture
	Carbohydrates
	OAC
	WRC
	HC
	SP
	EA
	ES





	Protein
	1.00
	
	
	
	
	
	
	
	
	
	



	Fat
	−0.77 **
	1.00
	
	
	
	
	
	
	
	
	



	Ash
	−0.86
	0.93 **
	1.00
	
	
	
	
	
	
	
	



	Moisture
	−0.12
	0.19
	0.23
	1.00
	
	
	
	
	
	
	



	Carbohydrates
	0.51 *
	−0.89 **
	−0.82 **
	−0.53 **
	1.00
	
	
	
	
	
	



	OAC
	−0.52 *
	0.82 **
	0.84 **
	0.26
	−0.85 **
	1.00
	
	
	
	
	



	WRC
	0.50 *
	−0.69 **
	−0.66 **
	−0.28
	0.68 **
	−0.50 *
	1.00
	
	
	
	



	HC
	0.55 **
	−0.44 *
	−0.41 *
	−0.35
	0.38
	−0.21
	−0.11
	1.00
	
	
	



	SP
	−0.75 **
	0.80 **
	0.84 **
	0.16
	−0.68 **
	0.71 **
	−0.70 **
	−0.14
	1.00
	
	



	EA
	0.60 **
	−0.83 **
	−0.75 **
	−0.51 *
	0.87 **
	−0.80 **
	0.44 *
	0.59 **
	−0.66
	1.00
	



	ES
	0.20
	−0.34
	−0.11
	−0.11
	0.28
	−0.15
	−0.15
	0.69 **
	−0.07
	0.60 **
	1.00







* p < 0.05, ** p < 0.01, HC—hydration capacity, OAC—oil-absorption capacity, SP—swelling power, WRC—water-retention capacity, EA—emulsion activity, ES—emulsion stability.
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Table 5. Model validation. Properties of the optimal samples compared to the control samples.
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Property

	
Optimal S

	
Optimal M

	
Optimal L

	
Control S

	
Control M

	
Control L




	
Predicted

	
Experimental

	
Predicted

	
Experimental

	
Predicted

	
Experimental






	
Treatment (°C)

	
121.00

	
121.00

	
132.11

	
132.11

	
139.47

	
139.47

	
-

	
-

	
-




	
HC (%)

	
91.60 ± 3.86 a

	
96.55 ± 0.11 ax

	
96.47 ± 3.86 a

	
101.74 ± 0.54 aw

	
103.29 ± 3.86 a

	
110.84 ± 0.08 aj

	
91.30 ± 1.50 y

	
97.80 ± 1.40 z

	
98.11 ± 0.90 k




	
OAC (%)

	
176.16 ± 6.28 a

	
179.71 ± 0.06 ax

	
164.47 ± 6.28 a

	
174.77 ± 0.15 aw

	
153.10 ± 6.28 a

	
158.94 ± 0.38 aj

	
171.33 ± 0.43 y

	
166.71 ± 0.39 z

	
152.36 ± 0.54 k




	
SP (g/g)

	
4.08 ± 0.14 a

	
4.32 ± 0.06 ax

	
3.87 ± 0.14 b

	
4.13 ± 0.04 aw

	
3.52 ± 0.14 a

	
3.74 ± 0.06 aj

	
4.31 ± 0.01 x

	
3.98 ± 0.01 z

	
3.51 ± 0.01 k




	
WRC (g/g)

	
0.79 ± 0.09 a

	
0.83 ± 0.02 ay

	
0.88 ± 0.09 a

	
0.94 ± 0.01 az

	
0.87 ± 0.09 a

	
0.93 ± 0.01 ak

	
1.32 ± 0.02 x

	
1.06 ± 0.03 w

	
1.31 ± 0.08 j




	
EA (%)

	
40.33 ± 1.65 a

	
41.75 ± 1.06 ax

	
45.62 ± 1.65 a

	
46.75 ± 1.06 aw

	
54.43 ± 1.65 a

	
57.75 ± 1.06 aj

	
41.50 ± 0.50 x

	
45.50 ± 0.50 w

	
56.50 ± 0.50 j




	
ES (%)

	
62.67 ± 1.95 a

	
64.50 ± 0.72 ax

	
61.75 ± 1.95 a

	
63.50 ± 0.72 aw

	
65.98 ± 1.95 a

	
66.50 ± 0.72 aj

	
62.50 ± 0.50 y

	
54.50 ± 0.50 z

	
66.50 ± 0.50 j




	
Protein (%)

	
8.86 ± 0.34 a

	
8.87 ± 0.06 ay

	
9.81 ± 0.34 a

	
8.96 ± 0.06 bw

	
10.42 ± 0.34 b

	
11.3 ± 0.06 ak

	
10.62 ± 0.14 x

	
8.83 ± 0.02 z

	
11.85 ± 0.05 j




	
Fat (%)

	
5.56 ± 0.48 a

	
5.69 ± 0.01 ax

	
4.13 ± 0.48 a

	
4.22 ± 0.03 aw

	
2.44 ± 0.48 a

	
2.53 ± 0.04 aj

	
3.20 ± 0.02 y

	
3.15 ± 0.02 z

	
3.12 ± 0.01 k




	
Ash (%)

	
2.26 ± 0.13 a

	
2.29 ± 0.01 ax

	
1.40 ± 0.13 a

	
1.47 ± 0.01 aw

	
0.83 ± 0.13 a

	
0.86 ± 0.01 aj

	
2.26 ± 0.02 x

	
1.15 ± 0.01 z

	
0.76 ± 0.01 k




	
Moisture (%)

	
9.93 ± 0.11 a

	
10.13 ± 0.01 ay

	
9.21 ± 0.11 b

	
9.89 ± 0.02 az

	
8.80 ± 0.11 a

	
8.87 ± 0.01 ak

	
10.98 ± 0.01 x

	
11.20 ± 0.02 w

	
11.30 ± 0.03 j




	
Carbohyd. (%)

	
66.76 ± 1.19 a

	
73.01 ± 0.08 bx

	
68.85 ± 1.19 b

	
75.45 ± 0.00 az

	
70.23 ± 1.19 b

	
76.41 ± 0.01 aj

	
72.93 ± 0.15 x

	
75.65 ± 0.02 w

	
72.98 ± 0.06 k








(a,b) different letters in the same row for each sample mean significant statistical differences between predicted and experimental values (p < 0.05), different letters in the same row indicate significant differences among optimal and control sample (x,y for S particle size, w,z for M fraction and j,k for L fraction) (p < 0.05), HC—hydration capacity, OAC—oil-absorption capacity, SP—swelling power, WRC—water-retention capacity, EA—emulsion activity, ES—emulsion stability.
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Table 6. Total polyphenols, antiradical activity, and starch digestibility of optimal and control samples.






Table 6. Total polyphenols, antiradical activity, and starch digestibility of optimal and control samples.





	
Property

	
Sample




	
Optimal S

	
Control S

	
Optimal M

	
Control M

	
Optimal L

	
Control L






	
TPC (mg GAE/g)

	
21.76 ± 0.00 xB

	
21.06 ± 0.08 yG

	
25.80 ± 0.06 wA

	
21.74 ± 0.00 zF

	
11.01 ± 0.00 kC

	
16.10 ± 0.06 jH




	
DPPH AA (%)

	
89.22 ± 0.14 yB

	
99.81 ± 0.00 xF

	
97.57 ± 0.14 zA

	
99.03 ± 0.00 wG

	
77.57 ± 0.14 kC

	
85.34 ± 0.14 jH




	
RDS (g/100 g)

	
9.38 ± 0.04 xB

	
8.45 ± 0.04 yG

	
10.02 ± 0.02 wA

	
9.75 ± 0.04 zF

	
4.57 ± 0.06 jC

	
4.29 ± 0.04 kH




	
SDS (g/100 g)

	
0.66 ± 0.04 xB

	
0.46 ± 0.08 yH

	
1.02 ± 0.02 wA

	
1.00 ± 0.00 wF

	
0.29 ± 0.02 kC

	
0.77 ± 0.08 jG




	
TDS (g/100 g)

	
12.68 ± 0.02 xB

	
11.63 ± 0.02 yG

	
13.53 ± 0.02 wA

	
13.13 ± 0.06 zF

	
11.38 ± 0.04 jC

	
10.97 ± 0.02 kH




	
RS (g/100 g)

	
4.04 ± 0.05 xB

	
3.65 ± 0.02 yG

	
8.45 ± 0.05 wA

	
8.33 ± 0.07 wF

	
3.90 ± 0.05 jC

	
3.55 ± 0.05 kG




	
Total Starch (g/100 g)

	
16.73 ± 0.03 xB

	
15.28 ± 0.04 yG

	
21.98 ± 0.07 wA

	
21.46 ± 0.13 zF

	
15.29 ± 0.01 jC

	
14.51 ± 0.07 kH








TPC—total polyphenol content, DPPH AA—DPPH antiradical activity, RS—resistant starch, SDS—slowly digestible starch, RDS—rapidly digestible starch, TDS—total digestible starch, different letters in the same row indicate significant differences among optimal and control sample (x,y for S fraction, w,z for M fraction, and j,k for L fraction), different capital letters in the same row indicate significant differences among control samples (A–C) and among optimal samples (F–H) with various particle sizes (p < 0.05).
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Table 7. Color and molecular characteristics of optimal and control samples.






Table 7. Color and molecular characteristics of optimal and control samples.





	
Property

	
Sample




	
Optimal S

	
Control S

	
Optimal M

	
Control M

	
Optimal L

	
Control L






	
L*

	
85.23 ± 0.04 xF

	
85.51 ± 0.03 xA

	
84.54 ± 0.04 wG

	
83.25 ± 0.07 zB

	
78.88 ± 0.12 jH

	
77.08 ± 0.17 kC




	
a*

	
0.97 ± 0.01 xF

	
0.78 ± 0.03 yC

	
1.11 ± 0.02 zF

	
1.23 ± 0.03 wB

	
1.11 ± 0.05 kG

	
1.93 ± 0.03 jA




	
b*

	
11.68 ± 0.07 xF

	
11.69 ± 0.01 xC

	
12.00 ± 0.05 zG

	
12.63 ± 0.01 wB

	
15.24 ± 0.04 kH

	
15.80 ± 0.11 jA




	
α-helix/β sheets

	
3.80 ± 0.37 xF

	
2.11 ± 0.15 yA

	
2.46 ± 0.09 wG

	
3.01 ± 0.69 wA

	
1.66 ± 0.21 kH

	
2.36 ± 0.02 jA




	
Crystallin/amorphous

	
1.96 ± 0.00 xG

	
1.06 ± 0.01 yB

	
1.79 ± 0.02 wH

	
1.05 ± 0.01 zB

	
2.03 ± 0.03 jF

	
2.06 ± 0.16 jA








Different lowercase letters in the same row indicate significant differences among optimal and control sample (x,y for S fraction, w,z for M fraction and j,k for L fraction), different capital letters in the same row indicate significant differences among control samples (A–C) and among optimal samples (F–H) of various fractions (p < 0.05).
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