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Abstract. 
Dietary fibers are often characterized by high nutritional quality, as they are able to cure many chronic diseases and improve texture, sensory characteristics, and shelf life of foods. Here, the following aspects of dietary fibers have been reviewed: nutritional properties, including the ability to regulate blood sugar levels, effects on microorganisms, antioxidant effect, potential role in losing weight, ability to regulate blood lipids, application in flour products such as bread and Chinese noodles, challenges such as dark color, rough texture, and poor solubility, and potential solutions that include modification methods. The primary purpose of this review is to comprehensively evaluate potential applications of dietary fibers in flour products, addressing common problems and reviewing potential solutions to promote further study and applications of dietary fibers.



1. Introduction
With growing interest in health-promoting functional foods, the demand for natural bioactive additives has increased and the exploration for new sources is ongoing. The food processing industry in most countries generates large quantities of byproducts every year, which are frequently abandoned as wastes. However, many of these byproducts are dietary, functional, and potentially novel sources of nutrition. Of the many materials obtained, dietary fibers are particularly promising ingredients that has attracted considerable interest over the past few decades. The reason for this is their significant availability in most food byproducts, low costs, and positive effects for the prevention and treatment of a diverse range of diseases [1]. The fast growing food industry will likely generate an ever-growing amount of byproducts in future including bran, husk, peel, pomace, and other products that are rich in dietary fibers [2]. Therefore, finding optimal use of dietary fibers becomes increasingly imperative.
Ongoing scientific debates exist over the definition of dietary fibers. Currently, with growing understanding about the structure and composition of dietary fibers, this structure has been described as a series of polysaccharides with a degree of polymerization of three or more that are not digested or absorbed by the small intestine. Consequently, dietary fibers were previously regarded as a nonnutritive substance [3]. However, advancements in nutrition and medical science have revealed a promising potential of dietary fibers to reduce the risk of both common and chronic diseases. Due to the important role that dietary fibers play in maintaining human health, these are now recognized as the seventh largest nutrient group in the human body, after proteins, fats, carbohydrates, vitamins, minerals, and water.
Dietary fibers can be classified based on their solubility in water as soluble dietary fibers (SDF) and insoluble dietary fibers (IDF) [4–6]. IDF mainly consist of hemicellulose, cellulose, and lignin and cannot be degraded by enzymes in the human body or dissolved in water (neither warm nor hot). SDF include pectin, oligosaccharides, guar, and gums, most of which are dietary and healthy additives [7]. Currently, dietary fibers are widely added to a broader range of foods, including noodles, bread, milk, beverages, wine, and cookies [8]. These products have been generally acceptable among consumers and are thus profitable for food manufacturers. According to published data, more than 50% of functional foods in supermarkets are fiber-fortified foods and this proportion is increasing [9].
The aim of this review is to summarize recent findings about the biological activity of dietary fibers in the human body, while simultaneously investigating its application in flour products. Substantial studies focused on the effects of various dietary fibers on flour products; however, few comprehensive reviews exist to date. Considering the important role that flour products play in the human diet, the influence of dietary fibers on bread and Chinese noodles has been described in detail and relevant mechanisms have been investigated. Additionally, with the ever-increasing types of fiber-fortified products, we carefully discussed problems that may limit the popularity of some of these and provide potential strategies to improve the acceptance of fiber-rich flour products.
2. Nutritional Properties of Dietary Fibers
Since the emergence of the hypothesis of the health function of dietary fibers, many comprehensive studies have been performed combining in vitro, animal, and human experiments. A growing number of reports have reported that dietary fibers can counter the effects of several chronic diseases, thus promoting human health.
2.1. Reducing Glycemic Response
In 1985, Harold et al. [10] first reported that dietary fibers have a hypoglycemic effect, and, since then, additional studies to this regard have been published [11, 12]. For example, the content of available carbohydrate in soybean-fortified flour products was lower than the respective level in normal flour products, suggesting that diabetics could consider dietary fibers as safe sugar substitutes and consequently increase their intake. Comparing the glycemic index (GI) of fiber-fortified foods and normal foods, fiber-fortified foods exhibited lower GI and dietary fibers were reported to present the major functional composition for these are undigested and can thus help lower blood sugar levels [13]. Furthermore, the inhibitory effect that dietary fibers exert on the absorption rate of digestible carbohydrates limits the postprandial blood glucose response, thus reducing plasma glucose levels. Hence, problems related to diabetes can be reduced due to the lowered insulin demand.
2.2. Induction of Microorganisms
Dietary fibers can be used as a fermentation substrate by several species of intestinal bacteria, helping to reduce the pH value in the gut, restraining the growth of saprophytic bacteria, reducing the accumulation of gut endotoxins, and inhibiting the generation of carcinogens [14]. Generally, dietary fibers promote a suitable microenvironment and create ideal conditions for intestinal flora.
2.3. Antioxidant Effect
Numerous health benefits have been considered to be partly attributed to the antioxidant capacity of phenolic compounds [15]. As a major food source, cereal grains contain abundant phenolic antioxidants, especially phenolic acids. Ferulic acid is one such special phenolic acid, which is the most abundant type of phenolic acid in cereal grains and can be found in cell wall components. Therefore, as the major constituents of plant cell walls, dietary fibers are regarded as an abundant source of phenolic acids. Furthermore, ferulic acid, sinapic acid, and several phenolic acid dehydrodimers were detected in dietary fiber fractions from a wide variety of cereal grains [16]. Due to the existence of phenolic antioxidants, positive correlations have been reported between dietary fibers and a radical scavenging activity [17]. Furthermore, dietary fibers are able to chelate iron and, in the absence of transition metal ions, hydrogen peroxide becomes fairly stable. Nandi and Ghosh [18] compared the antioxidant properties of dietary fibers extracted from defatted sesame husks, rice bran, and flaxseeds and found that these products exhibited different degrees of antioxidant capacity.
2.4. Weight Loss
Excessive caloric intake in the diet led to the currently observed obesity epidemic. Along with the high press, irregular lifestyle, and insufficient exercise of modern society, this tendency is widespread. Observational studies consistently demonstrate that the habitual increased intake of fiber-rich foods is associated with lower body weight [19]. According to a study, dietary fibers may increase fecal moisture and reduce its pH, which may benefit weight management by increasing volume and water content of feces, thus promoting fecal excretion and increasing defecation frequency [20]. Numerous studies found that dietary fibers can increase satiety and decrease appetite, hence indirectly reducing energy intake. Overall, the overwhelming majority of studies reported a positive correlation between fiber-rich food intake and weight loss [21, 22].
2.5. Regulating Blood Lipids
As reviewed in several studies, dietary fibers can reduce the risk of atherosclerosis, coronary heart disease, and hypertension [23]. This has been speculated to be related to mesh adsorption [24, 25]. More specifically, highly viscous dietary fibers have high resilience and strength, and, in the presence of water, reticulation will be formed and absorb certain substances [26]. Since the 1960s, this theory has been tested and several organic compounds such as cholesterol have been proposed to be absorbed by dietary fibers and subsequently eliminated from the body as feces.
3. Supplementation of Foods with Dietary Fibers
3.1. Effect of DF Enrichment on the Quality of Bread
Bread has a long history in the West and is currently the most common and popular principal food. Thus, the application of dietary fibers to bread has been studied. A wide spectrum of dietary fibers has been evaluated in order to discover a more suitable additive to improve both bread baking quality and nutritional properties. Pea and broad bean pod fibers were studied to understand their effect on dough and resulting bread at different supplementation [27]. The overall results show that bread made with pea pod (PP) fibers and broad bean pod (BBP) fibers showed lower water retention capacity, which led to a slight increase in hardness. As for bread quality, increased addition of PP and BBP fibers darkened the bread and caused a large number of nonuniform large gas cells, which resulted in damage to the crumb structure. It was assumed that both fibers from PP and BBP have two opposite effects on bread at an addition level of 1 g/100 g. Overall, these materials are not ideal fiber enhancers. Other fibers were not so readily acceptable in bread such as hazelnut testa fibers [28]. Different qualities of hazelnut testae were added to wheat flour to increase the content of dietary fibers and investigate the effect on baking properties. Sensory descriptive analysis showed that many indexes were not as ideal as those of the control bread: darker color and lower loaf volume reduced overall acceptability. Detrimental effects of hazelnut testa fibers on bread properties were excessive and other fiber resources should be investigated. One study reported that the addition of flaxseed hulls (30% of dietary fibers), particularly in higher doses, could increase crumb hardness and depress loaf volume. However, nearly all indices were satisfied with addition of up to 4% flaxseed hull: the colors of both crumb and crust were slightly darker, the aroma and taste remained almost unchanged, and the texture was mildly influenced [29]. Furthermore, adding fenugreek fibers into the bread increased water absorbance and dough strength during farinograph mixing [30]. It was interesting to find that the moisture mobility of fenugreek fiber substituted bread was completely different from the control; thus fenugreek could help maintain bread quality during storage due to the increased water-holding capacity and the ability to prevent starch retrogradation of fenugreek fibers. Despite that, the incorporation of fenugreek fibers was reported to dilute both the gluten protein and wheat starch in flour compared to the control, which may be detrimental to bread texture. Wheat flour was planned to be completely replaced with several types of fibers-rich plant powders such as whole Amaranthus cruentus flour [31]. However, the color was significantly altered and the texture was barely satisfactory, suggesting that dietary fibers should only be used as a partial substitute for wheat flour due to its lack of gluten. Staling is detrimental to bread quality but occurs frequently in the food industry. Wheat flour with high water content was used to retard the staling of starch, and this study suggested fibers with high water-holding capacity such as potato peel to be an ideal additive to solve this particular problem [32]. The water activity of the crust increased during storage due to the migration of water from the crumb to the crust and, thus, the crust moisture content was significantly higher in potato fiber formula breads. In general, potato peel may produce a softer breadcrumb, even if supplied at low levels (0.4 g fibers/100 g flour). Similar results were reported in other papers: bread prepared by replacing 5% and 10% of the flour with banana peel fibers resulted in a better water-holding ability and oil-holding ability, thus promoting the production of high quality bread with a relatively long shelf life [33].
As for gluten-free (GF) produce, adding dietary fibers seems to result in improved quality. GF breads are often characterized by low nutritional quality as they merely contain vitamins, minerals, and, in particular, dietary fibers; therefore, an enrichment of GF baked products with dietary fibers seems to be necessary. Sabanis et al. [34] compared selected properties of GF bread formulation with the addition of different cereal fibers (wheat, maize, oat, and barley) and it became clear that all the dietary fibers at 3 g/100 g and 6 g/100 g improve all sensory properties of bread and adding 3 g/100 g maize fibers led to the highest score for overall acceptability. Similar results were also reported in other paper. It was reported that supplementing GF bread with rice bran helps to greatly improve the final bread quality, with fine taste, uniform crumb texture, brown color, and fresh appearance [35]. Hence, developing fiber-rich GF breads to increase acceptability and dietary fiber intake is a meaningful approach.
Tests with fiber resources resulted in different effects on the bread-making process. To summarize, diverse dietary fibers impact bread to varying degrees, and, possibly, dietary fibers with relatively high moisture content may produce improved quality. Apart from these beneficial effects, addition of fibers also exerted negative impacts that dramatically hampered the popularity of high-fiber breads. Therefore, the identification of the ideal dietary fiber resources and their correct dosages remains a necessary requirement.
3.2. Effect of DF Enrichment on the Quality of Chinese Noodles
Noodles are a popular traditional Chinese food and constitute the main part of the Chinese diet [36]. However, the nutritional value of noodles decreased due to increasingly sophisticated processing techniques. To improve the nutritional properties of noodles, it is feasible to add some nutrients, such as dietary fibers. In fiber-fortified noodles, many indexes such as hardness, adhesiveness, cohesiveness, chewiness, and resilience are likely to be significantly changed due to the functional characteristics of dietary fibers. To obtain an ideal formula, the amount of soluble fibers, dough mixing time, and different water levels were investigated, and the results showed that optimized values for soluble fiber level, water level, and mixing time were 3.4 g/100 g of flour, 36.0 mL/100 g of flour, and 5 min, respectively. Under these conditions, a softer texture, maximum cohesiveness, chewiness, resilience, and minimum adhesiveness of noodles were obtained, suggesting that the successful utilization of dietary fibers in noodles is possible [37]. Additionally, the effects of particle size and the amount of wheat bran on the quality of dry white Chinese noodles were studied and apparent trends were observed, suggesting significant correlations of the above two factors with noodle quality [38]. Generally, most of the values showed a decreasing trend with increasing addition and size of wheat bran, especially for high addition levels and for using coarse bran. An apparent decrease in peak viscosity and breakdown may alter the quality parameters of cooked dry white Chinese noodles, such as appearance, stickiness, and smoothness. However, the cooking time exhibited an increasing trend and this differed from another study, which reported a shorter required cooking time due to physical damage of the gluten network [39]. As for quality evaluation, remarkable decreasing trends of color, taste, and appearance were caused by more than 5% addition of wheat bran or coarse bran [40]. Another study confirmed that supplementation with arabinoxylans from wheat bran in wheat flour should be relatively low and the appropriate quantity to be added should range within 0.25–1.0% to promote both cooking characteristics and texture of cooked noodles [41]. At this level, the cooking-loss rate was significantly suppressed and exhibited a distinct decreasing trend due to enhanced water absorbing capacity. As the amount of arabinoxylans increased, especially after 1% arabinoxylans addition, almost all the indicators declined, indicating that excessive addition of dietary fibers may cause undesirable effects on noodles. From the above studies, it can be deduced that the amount of dietary fibers should be controlled at a relative low level, or other food-quality-improving agents should be added to maintain noodle quality. Several studies suggested that a fineness degree was required; however, the opposite conclusion found that coarse bran was likely to have stronger water-holding power than fine bran [42]. Referring to Fan et al.’s work, arabinoxylans with a high molecular weight had a better effect on noodles than low molecular weight arabinoxylans. This is largely due to its remarkable ability to retain water and increase S–S content. Hence, finding the optimal granularity will require further evaluation.
3.3. Impact of DF Enrichment on Dough
Overall, research indicated two main reasons for dietary fibers to work in flour products: the unique physicochemical properties of dietary fibers and the effect on starch and protein in wheat flour. Many studies have been performed to evaluate how dietary fibers affect dough and the interaction among starch, protein, and dietary fibers. Among all the functional properties, hydroscopicity plays a crucial role in affecting dough properties such as hardness, cohesiveness, resilience, cooking characteristics, springiness, and uniformity. The porosity surface of dietary fibers could act as active carbon, which leads to high water absorption, thus increasing cooking characteristics of noodles [12]. There are many nonstarch polysaccharides such as mannan, phenolic groups, xylan, and pectin, whose molecular structures are characterized by a large number of hydroxyl groups that allow better water inhibition [43]. When adding a certain level of dietary fibers, a sticky gel network is formed via noncovalent interaction such as hydrogen bonds among main chains. This matrix can work similarly to a gluten network and expand the volume, thus improving uniformity and springiness, leading to a velvety texture of the resulting bread [44]. Evidence indicated that a high water maintaining ability promotes the maintenance of the gluten network and therefore strengthens the tensile performance of noodles [38–40]. Regarding staling, numerous tests showed that the addition of dietary fibers increased the water content of breadcrumbs and led to reduced deterioration during storage. The interaction of proteins, starches, and dietary fibers in cereal products could affect texture properties, and studies have reported a vulnerable fiber-starch-protein network structure. In the presence of dietary fibers, and particularly when the addition is below a relatively low level, this structure may emerge and thus retain more water and suppress excess expansion and diffusion of starch. However, this matrix may be easily destroyed when the addition exceeds a certain threshold. As a result, the stability of the gluten network may be hindered [41]. Dietary fibers can significantly affect the properties of dough in both positive and negative ways. As the amount, particle size, variety, and solubility vary, the influence of dietary fibers on flour products differs. Studies about the reverse impact of dietary fibers on gluten reported a dilution effect on the gluten network, which could reduce the gas-holding capacity and thus limit the expansion of air cells [45]. Other studies reported that the consistency of wheat gluten may be damaged by fibers, adversely affecting the specific volume of the bread [46]. Furthermore, considerable research findings supported by Fourier transform infrared spectroscopy, nuclear magnetic resonance, infrared spectroscopy, and Raman spectrum suggested that dietary fibers can compete with gluten to impede the formation of a gluten network and modify the secondary structure of gluten proteins [47–49]. Dietary fibers are chiefly composed of IDF including cellulose, hemicellulose, and xylogen, supplying more than three-quarters of some natural dietary fibers. As a consequence, the gluten matrix may be subjected to physical damage. Some studies indicated that IDF can break the bubble interface in fermented dough and damage the stability and uniformity of the gluten matrix [50, 51]. Based on the above analysis, dough is a complex system, and, given the sophisticated relationship of dietary fibers, starch, and proteins, further study is required to further our understanding of the effects of dietary fibers on dough properties.
4. Problems and Solutions of Dietary Fibers in Flour Products
4.1. Dark Color
Many studies reported a darker color of fiber-rich products. It is true that dietary fibers can create a dull color, thus reducing acceptability. Especially for principle foods such as noodles, steamed buns, and breads, the presence of unattractive color potentially limits the public acceptability of these products. Therefore, optimal strategies for decolorization are required. Since pypocholoride could produce residual chlorine and result in a undesired chlorine smell in the modern decoloration industry, hydrogen peroxide is more frequently used. Compared to pypocholoride, hydrogen peroxide is a more secure decolorizer that mainly ionizes hydrogen ions and peroxide ions in water. For example, apple pomace is a byproduct of the beverage industry; however, it is rich in highly active dietary fibers. During the manufacturing process, the integrity of cells may be greatly destroyed and many enzymes such as polyphenol oxidases may be released, leading to brown coloring and limiting its incorporation in food. An experiment was conducted to investigate the bleaching of apple pomace by hydrogen peroxide, showing that alkaline peroxide treatment allowed a more even and better bleaching effect compared to sodium chlorite [52]. The conditions of bleaching were also studied and it was revealed that high pH and high concentrations of hydrogen peroxide affect bleaching, yields, and the swelling capacity. However, low yields were observed, suggesting alternative methods are required to improve the bleaching procedure without decreasing yields and sacrificing quality. A key reason for excessive addition of peroxide is that it is a labile compound that is easily affected by transition metals [53]. To solve this problem, experiments have been performed utilizing chitosan, the presence of which may absorb several transition metals such as iron, copper, and manganese and increase deacetylation [54]. These properties inhibit the degradation of peroxide and consequently accelerate the bleaching process. Further studies will be required to determine the ideal conditions to reduce the required amount of hydrogen peroxide and decrease bleaching time.
4.2. Rough Texture
As was mentioned above, dietary fibers are an indigestible substance with a hard and coarse texture. When added to food, particularly to flour products, a rough taste can be generated, consequently limiting the acceptance of these products. The reduction of particle size via micron technology could help to promote intestinal health and other functional properties, including water-holding capacity, water retention capacity, oil binding capacity, and swelling capacity. Additionally, with smaller particle sizes, the fiber structure could be broken down, thus exposing an increased surface area for bacterial growth and allowing a remarkable increase of bacterial mass and the amount of fecal output [55, 56]. Physical, chemical, and biological methods can all be applied to reduce particle size. Commonly used technologies include the superfine grinding technology, as well as enzyme, and fermentation approaches. Of these, various micronization methods have been applied for the processing of functional foods. Several common grinding methods exist: ball milling, jet milling, and high-pressure micronization, all used to reduce the particle sizes of dry material to different micron scales [55]. All treatments could successfully diminish the sizes of the insoluble fiber particles to different microsizes; however, there were significant differences in the required processing time. More specifically, ball milling and jet milling reduced particle sizes to 90.6% and 78.6%, respectively; however, jet milling took only a few seconds compared to ten hours of ball milling. Hence, jet milling seems a more efficient approach. High-pressure micronization treatment can pulverize a fine powder to 7.23 μm, but there are only few studies that utilize this technology [57]. Thus, further studies using this method are required. A further way to produce a smooth texture is the microfluidization treatment. This approach has been proven beneficial for the dispersion stability of wheat bran in water. With smaller particle size, better dispersion occurred due to the restrained formation of dense structures, which could help to produce uniform and stable dispersion in food [58]. Combined with the satisfying dispersion stability, an apparent decreasing trend of corn bran particle size was also observed; however, the degree of dissociation after microfluidization was lower than that after ball milling and jet milling. This suggests that microfluidization is not as good as both milling treatments to produce a finely ground bran [59]. The rough texture of fiber-enriched foods may be caused by many factors. In addition to fineness, dispersion and uniformity should also be considered, and combining methods may help to improve milling efficiency. As reported, several notable side effects such as improved water-holding capacity, swelling capacity, and oil-holding capacity were also observed, due to the substantially increased specific surface area and porosity caused by high-pressure microfluidization or other micronization methods. These results suggest ultrafine grinding to be an advantageous method to both produce smaller fragments and enhance other functional properties [60, 61].
4.3. Poor Solubility
The optimal mass ratio of SDF and IDF was reported to be 1 : 3 and real ratios in food can even reach 1 : 9, which severely affects its digestion and absorption in the human body as well as its physicochemical properties in cereal products [62]. To some extent, a high SDF content may be more efficient and acceptable due to it being more inclined to form gels and being readily incorporated into foods [63–67]. In contrast, IDF promotes gastrointestinal motility and fecal output; however, it also exerts adverse effects on foods [68]. Extrusion is a thermal processing method that involves the application of high heat, high pressure, and shear forces and can be used to treat uncooked masses such as cereal foods [69]. Compared to other treatments, it yields more SDF at a shorter processing time, low energy, and low cost [70]. Zhang et al. [71] optimized the extrusion conditions for yields of oat bran SDF and obtained 14.2 g/100 g at 140°C incubation temperature and 10% feed moisture. In addition to the frequently used extrusion processing, a modified technology named blasting processing has been introduced, which has shown great potential in extracting SDF from wheat bran and soybean residue [72, 73]. In Chen et al.’s work, using this technology produced almost 10-fold increased SDF values, which supplied a satisfactory result. The amount of soybean residue SDF was considerably enhanced from % to % with treatment at 170°C at 150 r/min extrusion screw speed, suggesting excellent efficacy of blasting processing. However, a relatively small change from % (w/w, %) to % (w/w, %) was reported for wheat bran [73] and the increment seemed not severe in contrast to Chen et al.’s work. This might be attributed to differences in raw materials. Accordingly, using blasting extrusion processing to produce SDF shows great potential [69]. Several IDF dissolved in water after ultrafine grinding treatment, suggesting that this technology could be used to simultaneously produce two types of effects: decreasing IDF particle sizes and improving solubilization. In previous studies, almost all micron technologies promoted solubility to varying degrees by increasing the surface area exposure and significantly damaging fiber structures [56]. Similarly, microfluidization may create a puffed morphology and a loose microstructure, thus enhancing the solubility of IDF. In addition to the above physical methods, some enzymes such as cellulose and hemicellulose can promote solubilization via collapsing the hard cell wall and lowering molecular weight. Due to more sophisticated procedures of enzymatic process, physical means are more frequently used.
5. Conclusions
This paper summarizes the nutritive properties and applications of dietary fibers. Dietary fibers receive increasing interest due to their great potential for treating several diseases and, consequently, substantial studies have been performed to develop fiber-rich products. However, several problems such as dark color and rough texture have been severely limiting the popularity of fiber-fortified products; therefore, relevant strategies have also been discussed to address these problems. Generally, further studies should be conducted to effectively solve these problems and to better use dietary fibers in grain products.
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