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Abstract

:

Varied cereal plants including, mushrooms, yeast, bacteria and algae are important sources of β-glucans, and many extraction procedures have been used in order to recover these valuable naturally occurring polysaccharides. The rheological and molecular properties of β-glucans can be utilized to be incorporated into various foods and to offer properties extremely beneficial to human health. Their functional effects are mainly determined by their molecular and structural characteristics. Consumption of foods fortified and enriched with β-glucans can contribute to the treatment of certain chronic diseases. Reduced cholesterol, cardiovascular and diabetic risk and moderate glycemic response of foods have been recorded with the consumption of these biologically active compounds. In addition, β-glucans are characterized by anti-cancer, antioxidant, anti-inflammatory and antiviral activities. As β-glucans interact with the foods in which they are incorporated, this review aims to discuss recent applications with quality and nutritional results of β-glucans incorporation with foods such as beverages, dairy, bakery, meat and pasta products, as well as their addition in animal feeds and their uses in other fields such as medicine.
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1. Introduction


Human health is inextricably linked with food safety and nutrition which are considered as two of the most important factors. Food safety aims to the utilization of some natural ingredients derived from plants and animals, as nutraceuticals by hindering chronic diseases and promoting the good health and welfare. In order to overcome some chronic diseases, vast costs are required for treatments, so the development of non-invasive methods based on dietary and nutrition by consuming functional food ingredients is imperative. Functional are considered the foods which have the potential to provide with extra health benefits by encouraging and combating chronic diseases, but also to fulfil the basic human nutrients [1]. In the European countries, high blood pressure, smoking, overweight and obesity are considered as the most significant factors for a high number of deaths [2]. Several studies highlighted the importance of dietary fiber consumption, from whole grains or whole grain products by reducing the risk of some diseases such as cardiovascular disease, cancer and obesity occurrence. According to the European Union, dietary fibers are considered to be the carbohydrate polymers which are composed of three or more monometric units, which are not digested or absorbed by the human intestine [3]. Cereals such as oat and barley are known for their rich soluble fiber content and especially β-glucans. Cereals’ and mushrooms’ β-glucans form bioactive compounds which are found to exhibit various beneficial health effects. Cereal β-glucans are found on their cell walls whereas mushroom β-glucans are derived from their fruiting bodies.



β-Glucans are considered as dietary fibers and a complex of polysaccharides which are derived from various sources. β-Glucans’ origin justifies the differences between structures, degrees of branching and branching patterns as well as molecular weights [4]. Based on their origin, β-glucans are grouped as cereal including oat and barley and non-cereal containing mushroom, algae, bacteria and seaweed β-glucans [5]. β-glucans are characterized as biologically active substances promoting health due to their physicochemical properties. Due to their beneficial effects, they have attracted interest for their exploitation in the food industry as potent means for reducing the risk or incidences of chronic diseases, encouraging lifespan as well as utilizing their anti-aging attributes. The nature of their beneficial effects is associated with their source and categorized as metabolic/GI or immune-modulatory effects [6,7]. Cereal β-glucans, which are composed of 1,3 and 1,4 linkages, usually exhibit metabolic effects, such as reduced cholesterol, cardiovascular and diabetic risk, as well as moderating the glycemic response of foods [8,9], whereas non cereal β-glucans are related with antitumor properties, not by attacking cancer cells directly but stimulating natural killer cells and macrophages (water-insoluble glucans from the edible fungus Ramaria botrytis) [10]. Additionally, they have shown anti-oxidant activity which is able to protect humans and animals by radiations [11,12], as well as immunomodulatory, immunostimulatory, anti-inflammation and antiviral activities against immune system disease properties [13,14,15,16]. These compounds have been used in the food industry for thickening and gelation purposes. For example, it has been observed that in beverages, β-glucans are supplemented in order to modify solution consistency, taking advantage of their thickening effect. Moreover, they are found in milk, bread and yogurt, thus contributing to cholesterol reduction, as well as decrease in energy intake [17]. β-Glucans besides food industry applications have also been used as additives in animal feed.



β-Glucans are considered to be the major components of plants’ cell walls, especially in cereals (such as oat, barley and wheat), fungi, yeast mushrooms and algae but they are not present in human cells [17]. They are composed of D-glucose units linked by β-D-glycosidic bonds. β-Glucans in cereals are considered as linear homopolysaccharides composed of D-glucopyranosyl residues. Cereals’ β glucans are connected with a combination of 1,3 and 1,4 β-glycosidic bonds and present structural differences in the proportions of trimers to tetramers and (1→3)-linkages to (1→4)-bonds (Figure 1) [2,4,18,19,20,21]. Cereals are considered as the most common β-glucans’ source, rationalizing this by the fact that wheat has been found to contain 1% β-glucans whereas oat and barley contain 3–7% and 5–11%, respectively [17]. The structure of β-glucans is associated with their origination, exemplifying thus the differences between their physicochemical properties and beneficial effects. Based on their origin, β-glucans exhibit different physicochemical properties (shape, solubility, degree of branching) which affect their biological activities such as glucose reduction, serum cholesterol, obesity prevention immunomodulation and antitumor activity [2]. They are usually categorized to soluble and insoluble forms which are associated with the degree of polymerization (DP). β-Glucans with DP values over 100, are considered as completely insoluble in water [22]. They have also a predominant role, especially in healthy foods and pharmaceutical products taking advantage of their beneficial properties such as antitumor activity, immunomodulation, glucose reduction and serum cholesterol as well as obesity prevention, hence they are equally used [17].



According to the European Food Safety Authority (EFSA) and the American Agency for Food and Drug Administration (FDA), a daily consumption of at least 3 g of barley or oat beta-glucans (0.75 g/serving) have authorized several health claims, hence vast beneficial effects are connected with their consumption such as reduced blood pressure, decreased serum lipid content, lower blood glucose level, increased stool bulk, antitumor, immunomodulatory and immunostimulatory activities [23,24,25]. The health promoting effects of β-glucans are not limited only to the cholesterol adjustment but also on improved insulin resistance, obesity and the metabolic syndrome, however, the European Union legislation validates health claims concerning only the regulation of cholesterol and glucose reduction [26]. Microorganisms’ β-glucans are composed of linear central backbone of glucose residues connected by β-(1→3) bonds and usually glucose side chains of different sizes are found to be connected by β-(1→6) linkages. Mainly, β-(1→6) change appears every two to three β-(1→3) main chain residues (Figure 2). Despite the fact that β-glucans’ construction depends on their origin, they all are found to be right-handed triple helix structures, stabilized by interchain hydrogen bonds [27,28]. β-glucans derived from microorganisms usually exhibit some biological properties, whereas fungal β-glucans are described to have positive effects on diseases such as cancer, various microbial infections, hypercholesterolemia and diabetes [29].



Additionally, it must be noted that even though the edible mushrooms exceed 3000 species, 200 species have been experimented, 100 are produced on small scale, 60 have a potential commercial use and 10 are exploited on industrial scale [30]. The latter usually have a rapid cultivation and produce big quantities in short periods, providing a secure feedstock for a market that grow up continuously. Besides the use in the food and supplements (tablets/capsules) industry, β-glucans from mushrooms are exploited as feed supplement for chicken and fish. Indeed, it has been shown that this addition stimulates the animal’s immune system, avoiding the large use of antibiotics [30]. Furthermore, β-glucans are widely used in the pharmaceutical industry as well as in the cosmetics sector taking advantage of their beneficial properties.



This review will describe the recent applications of the addition and incorporation of β-glucans derived from cereals, mushrooms and yeasts as additives in both food (dairy, meat, sweets and baked foods), beverages and animal feed.




2. β-Glucans from Cereals


2.1. Extraction Methods of β-Glucans from Cereals


The most common methods in order to isolate β-glucans are considered to be hot water extraction, alkali extraction, enzyme extraction, acidic extraction and other assisted extraction methods (ultrasound, microwave). Hot water extraction is employed to extract water-soluble β-glucans [17]. Grain sources are homogenized by milling in order to select the suitable samples’ particle size. Prior to the extraction process, samples are refluxed with ethanol which contributes in enzymes’ deactivation (β-glucanase) and lipids’ removal. Additionally, the optimum temperature is considered to be at 47 to 50 °C which hinders the solubility and subsequent gelatinization of starch [31]. Alkaline extraction has been used for the isolation of the water-insoluble β-glucans’ fraction. Bhatty [32] extracted β-glucans of hull-less barley bran and two samples of commercial oat bran. The author stated that by using NaOH, 0.5 M β-glucans’ extraction yield was the most efficient. Acidic extraction of β-glucans is a method that is not widely reported. Ahluwalia and Ellis [31,33] examined the isolation of β-glucans’ content in barley. They used perchloric acid (50 mM) for β-glucans’ extraction. In order to evaluate β-glucans’ content, the extract was hydrolyzed to glucose after sodium acetate buffer treatment and then was measured enzymatically. Extraction of β-glucan from barley using enzymatic method has been performed by Ahmed et al. [34]. More specifically, they performed a refluxing with ethanol to barley sample and subsequently, a treatment of α-amylase and protease in order to extract and precipitate β-glucans. Babu et al. [35] also isolated β-glucans derived from whole oat flour applying the aforementioned method. The authors concluded that the yield of β-glucan on enzymatic extraction was the highest compared to alkaline and acidic extraction methods.




2.2. Cereal β-Glucans as Food Additives


β-glucans are widely used in the food industry sector due to their physicochemical properties. They are known as a functional food ingredient exhibiting beneficial effects in health especially by reducing serum cholesterol levels [36]. Besides their beneficial implications on health and nutrition, β-glucans have been found to exhibit different functional attributes such as thickening, stabilizing, emulsification and gelation justifying their presence very often to many products such as beverages, dairy, bakery, meat, pasta and other products [37]. Table 1 summarizes β-glucans’ incorporation in various food products.




2.3. Dairy Products


β-Glucans derived from oats and barley have been used for the enrichment of various dairy products such as milk, yogurt and kefir which have been studied concerning their physicochemical properties and potential health benefits. The effects of the addition of oat β-glucan to fermented milk products (kefir, yogurt and fermented milk beverages) have been examined in terms of their quality and health characteristics [38]. The addition of 0.6% oat β-glucan to all fermented milk products did not affect the fermentation time but the viscosity resulted in a significant increment. Cultured milk beverages displayed the highest sensory acceptance whereas yogurt beverage was the lowest. Fermented milk beverages are strongly recommended, because after their consumption, a significant alteration was revealed regarding total cholesterol, LDL-cholesterol and HDL-cholesterol [38]. Oat β-glucans have also been used for the preparation of functional yogurt with low-fat and non-fat contents. According to Aboushanab et al. [39], their presence displayed a significant improvement on sensory evaluation results, reduced syneresis, as well as the water capacity being enhanced. In low- and non-fat yogurt formulations, the viscosity recorded a significant increment whereas pH and titratable acidity were not affected. β-glucans also modified their viscoelastic behavior, intensifying its gel-like parameters. Concluding, the observed changes in rheological properties as well as the improved yogurt’s yield resulted in the fat replacement. The addition of 0.10% and 0.20% displayed the best results for the low-fat and non-fat yogurt, respectively. The fortification of fermented milk with 1.4% of oat β-glucans led to a separation between proteins and the incorporated polysaccharide, changing thus the gelation process. This milk’s enhancement was able to deplete the risk of heart diseases by reducing the blood serum cholesterol levels [41].



Barley’s β-glucan supplementation in a full-fat yogurt was investigated regarding its sensory and chemical characteristics during storage. β-glucans’ content incorporation, was applied in four different concentrations. The authors observed that during storage, β-glucans’ addition improved viscosity, whey separation, texture profile and sensory characteristics. Furthermore, properties such as resilience, hardness and cohesiveness were found to be significantly improved. Additionally, the manufactured yogurt with β-glucan additions displayed higher consistency coefficient (K), and a thicker and compact texture was observed. The higher β-glucans’ concentration (1.5–2%) resulted in the higher acceptability [40].




2.4. Bakery Products


Except from dairy products, oat and barley β-glucans have also been used in bakery products. Their addition has been performed as isolates, flour and powder. Londono et al. [42] examined the effects of oat β-glucans’ content and viscosity on the technological properties of oat doughs for gluten-free and gluten-containing system. They revealed that the high β-glucan content depicts to a high dough stiffness but low dough extensibility. β -Glucans’ behavior in dough systems is associated with the concentration and molecular weight, therefore, they concluded that a ratio of at least 2% was essential for improved baking quality. Additionally, β-glucans’ addition showed negative impacts on the elastic properties that additional wheat gluten conferred to oat dough. Bread, which is considered as one of the most common bakery products, was also investigated. Specifically, steamed bread was prepared by replacing wheat flour with the addition of oat β-glucan at three different concentrations of 1%, 3% and 5%. The additions of 1% and 3% did not impact on consumers’ acceptance, unlike 5%, which had negative effects on sensory quality, promoting thus the nutritional quality of steamed bread [45]. Another study revealed the health benefits of β-glucans’ supplementation such as glycemic index (GI) and glycemic load. Mohebbi et al. [48] prepared white bread, enriched with oat β-glucans in three different concentrations (0.8%, 1% and 1.2%). The incorporation of 1% displayed reduced GI, and glycemic load values were compared to the control. Additionally, β-glucans’ enrichment did not have negative effects concerning the physicochemical and sensory properties. The physicochemical properties of a gluten-free yeast-leavened sweet cake were evaluated after its fortification with oat fiber powder, replacing rice or corn flour. Oat fiber powder additions, rich in β-glucans in high concentrations, form ideal alternatives for factors such as thickening and bulking for the preparation of a gluten-free cake. Additionally, the additions of 10% and 15% were optimum, hence porosity and volume were improved and firmness was maintained [46]. Moreover, it was revealed that oat β-glucans’ presence at a ratio of 2.63% resulted not only in an increment of volume and lightness but in reduction of firmness and color difference. The manufactured gluten-free cake presented positive effects on texture and overall sensory quality. Under the aspect of health claims of oat β-glucans, the final product has the potential to be used as a functional alternative for common gluten-free products [47].



In some other studies bread, was also used for the evaluation of β-glucans derived from barley. Particularly, a steamed bread was manufactured by adding barley flour at three different concentrations (10% up to 30%). The authors reported that after the addition of barley flour, the dough, departure and stability time were reduced with the mixing tolerance index showing an increment. Additionally, a rise in the content of barley flour reduced the specific volume, whiteness index and brightness of steamed bread, while hardness and chewiness were found to have increased [43].



Barley flour was used for the production of a new type of biscuits. Specifically, 100% wheat flour was replaced with a mixture of β-glucan-enriched barley flour (70%) and wheat flour (30%). Incorporation of 5.2% β-glucans from barley flour content was performed with the authors evaluating this addition, regarding appetite moods and food intake. The manufactured biscuits were found to be more acceptable by consumers, and their sensory responses were very close to the control. Furthermore, the consumption of these biscuits decreased the desire to eat hence the feeling of satiety was caused to the “subjects” [44].




2.5. Meat Products


The application of the enrichment with β-glucans has also been applied to meat products indicating its potential for fat replacement, as well as for their beneficial health properties.



Fan et al. [49] investigated the fat replacement in sausage products by incorporating oat β-glucan and marine collagen peptide mixed gel. A ratio of 10:1 was found to be the optimum combination between oat β-glucan and marine collagen peptide mixed gel for replacing fat by 50% in low-fat sausage. Springiness and chewing recorded a significant increase whereas taste and palatability could be compared to the control. Fermented sausage products containing different concentrations of beef fat and oat β-glucans, were manufactured in order to evaluate the effects of β-glucans’ incorporation in terms of their physicochemical textural and sensorial properties, etc. It was observed that β-glucans’ addition did not impact on quality parameters, such as fatty acids and physicochemical composition, and reduced the reactive substances of thiobarbituric acid [52]. β-Glucans were also used for the production of beef emulsion. Specifically, the supplementation by 3.13% of β-glucans in beef emulsion presented improved hardness, a homogeneous structure and normal thermal behavior which permits the preparation of such products containing high amounts of β-glucans by exhibiting desired functional properties. It must be mentioned that emulsions which contained higher amounts of β-glucans recorded less cooking loss and better hardness, cohesiveness and springiness values [50]. Oat β-glucans, were also investigated, in order to evaluate their impact on the physicochemical properties of low-fat beef patties. This study revealed that the addition of 13.45% β-glucans increased the cooking yield while simultaneously maintained fat and moisture content. Finally, the manufactured low-fat beef patties showed to be less acceptable for taste but were significantly juicer than control, making oat fiber as a promising material for fat replacement in low-fat beef patties [51]. Oat β-glucan concentrates were investigated for their impact on the physicochemical properties of beef burgers as fat replacers. Specifically, two β-glucans with concentrates of 15% and 30% were isolated from oat grain, which were incorporated in four different ratios. Oat β-glucan concentrate of 15% was added at 8% and 12% in the manufactured burgers, whereas the oat β-glucan concentrate of 30% was supplemented at 4% and 6%. It was found that beef tallow replacement by oat β-glucan resulted in an increment of water holding capacity and decreased cholesterol in the manufactured beef burger. Additionally, the fortification with oat β-glucans contributed to the rise of pH values. The use of 15% and 30% oat β-glucan concentrates led to an increment of texture parameters such as hardness, springiness, chewiness etc., and the profile of volatile compounds of low-fat beef burgers was observed to be altered. The authors concluded that the majority of sensory properties’ acceptance was changed, except for color [53].




2.6. Pasta Products


Oat β-glucans were evaluated as food additives in pasta products. Choo and Aziz [54] prepared noodles by adding banana flour and oat β-glucans, for the determination of its nutritional and sensory attributes. They reported that the manufactured product exhibited higher total dietary fibers and essential minerals’ content, with GI values as well as carbohydrate digestibility rate presenting a significant reduction. The effect of the addition of oat flour on white salted noodles at three different concentrations (10–30%) regarding their quality characteristics was examined. It was observed that the increment of oat flour concentration led to higher protein, ash and firmness content. Furthermore, the incorporation of oat flour resulted in reduced lightness and color stability [56] whilst Nguyen et al. [57] revealed that the addition of wholemeal oat flour over 50% displayed increased hardness and pasting viscosities. The addition of oat fiber powder, rich in β-glucans on fresh pasta, was also investigated. The authors concluded that the concentration of 16% was the optimum. Specifically, according to the aforementioned β-glucans’ incorporation, the consumers evaluated the manufactured pasta as more acceptable finding them more attractive. Moreover, it was shown that an increment of bran odor and flavor could lead to a higher perceived liking [55].




2.7. Beverages


Wan and Xu [58] added oat β-glucan and whey protein isolate to the orange juice beverage. They investigated the effects of this fortification as for the physicochemical properties. This study revealed that acceptance, smoothness and sweetness of the prepared beverage were quite similar to the control. After 36 h of storage, acidity was decreased. After 6 h of storage, color values recorded an increment while higher β-glucans’ content improved viscosity values [58].





3. Cereal β-Glucans’ Additions in Animal Feed


Besides β-glucans’ exploitation in the food industry, they have also been used widely as animal feed (Table 2), utilizing thus their beneficial effects on animals’ performance, health and welfare. Notwithstanding β-glucans’ positive effects, a lot of studies revealed that their incorporation in poultry nutrition had adverse effects on performance and growth rate, so they are considered as antinutritional factors. Barley-based diets have a negative impact in growing birds, hence their consumption regarding birds’ performance is considered as poor. High fiber content due to barley’s hull was thought to be the major antinutritional factor, but several studies showed that barley varieties with less hull content led to similar results. Other studies showed that supplementation of isolated barley’s β-glucan to a corn- based diet, led to a decreased performance, and viscosity was found to be increased by the collected samples [59]. Jha et al. [60] also reported that poultry nutrition based on fiber is not preferred due to their negative impact on low performance and nutrient utilization. The authors mentioned that some plant ingredients, such as cellulose and hemicellulose, cannot help poultry’s gastrointestinal tract thus cannot be well digested. Moreover, the presence of arabinoxylans and pentosans in cereals result in a low nutritional value. Barley’s high β-glucan concentration is responsible for its low nutritional value. Several studies with alfalfa revealed that its content of saponins had the potential to decrease egg production, reduce growth performance in mammals and birds, and hinder hypercholesterolemia. Pectin, which is a soluble fiber, augmented intestinal viscosity, and displayed negative effects on the young chick with low growth performance. The byproduct derived from raffinose’s fermentation by microbial enzymes contributes in production of gases as well as diarrhea.



Oat β-glucan’s incorporation in dogs’ diet has been investigated with regard to the nutritional, immunological metabolic and physiological effects in adult dogs. This study revealed that 1% supplementation of oat β-glucan had positive effects hence total cholesterol was reduced, and immune response was found to be stimulated. Furthermore, these findings are very promising, hence they are indicative of the potential use of oat β-glucan in order to feed obese animals [61]. Metzler-Zebeli et al. [62] evaluated the impact of oat β-glucans’ addition combined with a diet composed of low- and high-phosphate content at a ratio of 8.95% in weaned pigs. They concluded that oat β-glucans increased intestinal bacterial populations including lactobacilli and bifidobacteria. Moreover, they reported that oat β-glucans’ content is completely fermented in pigs’ digestive tract thus upregulating cytokine production, as well as their large intestine function [63].



A diet consisting of low (1.54%) and high (1.80%) β-glucan content in barley was offered to growing pigs. The authors reported that the presence of short chain fatty acids was notably increased. Barley’s consumption with high β-glucans’ concentration led to increased population of beneficial bacteria such as Lactobacillus with positive impact in piglets. Finally, they concluded that diets with high β-glucans’ content resulted in reduced nutrient digestibility and animal performance, however, their use for a limited time after weaning has the potential to ameliorate their digestive health avoiding antibiotics [64,65]. The impact of barley-derived β-glucans’ incorporation in weanling pigs’ diet has also been investigated. More specifically, low-, medium- and high-β-glucan-containing barley-based diet containing 1.73%, 3.55% and 7.37% β-glucans’ content, respectively, was used. Authors stated that, in general, barley β-glucans contributed in the change of immune and intestinal activity by mostly raising CD4 cells and in the increment of intestinal barrier permeability, without negative impacts on animal growth and health. Regarding adult pigs’ feed rich in β-glucans, ammonia emission and odors of feces were found to be decreased, while simultaneously, β-glucans contributed in augmented butyric acid levels in the intestine [63,66].




4. β-Glucans from Mushrooms


4.1. Extraction Methods of β-Glucans from Mushrooms


β-Glucans’ exploitation by the food and supplement market has attracted interest due to their therapeutic features. This fact has brought an increasingly intensive study on extraction methods, which permit to incorporate β-glucans in foods or tablets. Extracting these components from mushrooms, in some cases, can imply some problems due to the cell walls of the fungi and to the residues of pigments in the final extract. Commonly, the techniques used to obtain and fraction these important polysaccharides aim at destructing or weakening hydrogen bonds in mushrooms’ cell walls by means of hot water, and, in some cases, followed by a severe alkaline treatment [67,68]. More in detail, considering the mushroom species cited in this review, we have hereby reported some examples of extraction methods used.



Yea-Woon Kim et al. [61] extracted β-glucans derived from Agaricus blazei by using hot water in thrice (100 °C) for three hours, and then the extract was purified by a weak anion exchanger [69]. Hot water extraction is used also for Pleurotus ostreatus and Agaricus bisporus [70]. Their glucans are precipitated by addition of ethanol and then centrifuged and the sediment is dialyzed [71]. For the species of Pleurotus citrinopileatus, boiling water has been adopted after six days of percolation of the dried fruiting bodies with cold EtOH [72]. Water extraction at 4 °C followed by addition to excess of EtOH, filtration and centrifugation is used for Pleurotus florida. At the end, the precipitate is dialyzed to remove low-molecular weight material and freeze-dried [73].



Extraction with NaOH followed by centrifugation to separate hydrophobic part (glucan-containing hydrolysate) from the hydrophilic part (soluble heteroglycan extracts) of Ganoderma lucidum, has been performed by Kao et al. [65]; after separation step, the glucan-containing hydrolysate has been purified through gel-filtration chromatography [74]. Blafková et al. [14] have extracted β-glucans from Agaricus blazei, using NaOH solution at 90 °C for two hours. Alkaline extraction is usually performed also for Lentinus edodes mushroom [75], as well as innovative technologies such as ultrasound-assisted extraction (UAE) or subcritical water extraction [76].




4.2. Mushrooms’ β-Glucans’ Additions in Foods


In the last decade, several research groups with the aim of understanding and improving the modifications of the biological and sensorial properties, as well as the shelf life, have examined β-glucans as food additives. Table 3 shows studies with mushrooms’ β-glucans addition in foods.



Hozová et al. [80] combined white and fruit yogurts with two kinds of hydrogels of β-glucan, specifically pleuran from Pleurotus ostreatus and lentinan from Lentinus edodes. The analysis performed at 1st, 15th and 30th day of the storage showed an unchanged fermentation capability, pH and sensory suitability. In general, the yogurts with glucans do not vary considerably in the parameters evaluated and they do bring natural supplements to ordinary yogurts [80].



Brennan et al. [81] have analyzed the decrease in glycemic response of extruded snack products with an addition of mushroom β-glucan-rich fractions (Lentinus edodes). Adding 5% or 10% of mushroom material that replaces the wheat flour in the snack recipe, the total dietary fiber rises to 7.34 and 10.51%, respectively, having a positive result on the texture of products, which is acceptable to customers, lowering product hardness and increasing the expansion. Furthermore, during the digestion time of starch, the total glucose detected is reduced to 18% and 25% for the 5% and 10% inclusion of mushroom material, respectively [81].



Going on a healthier way, Kim et al. [82] have incorporated powder of β-glucans from Lentinus edodes mushroom in foods and have studied them as a high-fiber and low-calorie flour substitute for baked foods. The mushroom powder was dispersed in distilled water and then filtrated. The residue was suspended in distilled water and autoclaved at 120 °C for 10 min. The enriched cake batter presented increased viscosity, shear-thinning behaviors and elastic properties. At the same time, the food with higher contents of β-glucans has increased its hardness and reduced volume, while for the control sample and cake of 1 g of β-glucan per serving, there were no considerable differences. The quantity that makes a “heart-healthy” claim on food labels is 0.75 g of β-glucan per serving from oats and “a good source of fiber” if it contains 2.5 g or more of fiber. For these reasons, this study promotes mushrooms as a fiber enrichment source in commercial food processing [82,91].



A 3% enrichment with β-glucans in flours and tortillas from blue corn has been carried out by García-Rojas et al. [84] through an addition of Pleurotus agaves mushroom. The research focused on the effects on physicochemical and sensory properties of flours, doughs and tortillas made with traditional nixtamalization (TN) and ecological nixtamalization (EN). TN is a process that involves boiling the grain of corn with calcium hydroxide, therefore, in a strongly alkaline environment. Therefore, EN replaces Ca(OH)2 with CaCl2. The mushrooms have been dehydrated in drying oven to reach a moisture content of 10% and then sieved. The 9% of mushroom powder enriches the flour of the tortilla dough and brings some variation in properties. They have seen a strong rise in the antioxidant capacity but on the other side, the high process of nixtamalization and cooking temperatures reduced some compounds such as flavonoids, anthocyanins, vitamins, fats, proteins and dietary fiber. However, EN process, having lower pH than TN, retains more nutrients. The sensory quality is guaranteed and improved by the addition of mushrooms combined with EN treatment. In conclusion, the tortillas produced with EN process associated with a 9% content of Pleurotus agaves are the most similar to the TN-0% and represent a satisfactory and healthier alternative [84].



Considering dairy products, reduced fat yogurt with added β-glucans from Pleurotus citrinopileatus mushroom has been investigated by Pappa et al. [85]. Sensory properties, gel formation, microbial and physicochemical characteristics have been examined and compared to control yogurt (no addition of β-glucans) and added yogurt (with β-glucans) during 1, 7, 14 and 21 days of storage. The lyophilized powder of mushroom was treated with ethanol using a Soxhlet extractor for 8 h. The residue of the mushroom was soaked in 0.9% NaCl solution at 70 °C for 24 h, centrifuged to remove the water-soluble polysaccharide, and the residue was extracted with 1 M NaOH at 40 °C for 8 h. The percentages of β-glucans added were 0.0% w/w for the control, 0.3% w/w, 0.4% w/w and 0.5% w/w for the added yogurt. Protein content, pH, fats and total solids did not differ with the sample at 0.3% concentration, whereas for the 0.5% sample, the lowest values for each parameters have been registered. Considering rheological properties, the viscosity decreases with the growing percentage of β-glucans. The microbial population was not affected by the different concentrations of the three samples for the entire storage period. Generally, the yogurts with β-glucans were the most appreciated, taking into account flavor, texture and appearance color [85]. β-Glucans, components of soluble or insoluble dietary fiber, have been included through Pleurotus sajor-caju, a variety of Pleurotus ostreatus mushroom, in a chicken patty by Wan Ishak et al. [87]. The group has focused on color, textural properties, cooking characteristics, fiber content and all the possible modifications related with the addition of 25% or 50% of fresh mushrooms in the recipe. What the β-glucans affect is the content of the total dietary fiber, which goes from a value of around 1.90 g/100 g for a sample with no mushroom addition to 3.40 g/100 g for a patty with 25% of addition and 4.90 g/100 g with 50% of addition. All the other characteristics taken into consideration at a commercial level, such as color, hardness, water retention and chewiness did not compromise the potential appreciation by customers, in particular, in the case of 25% of mushroom fraction [87].



β-Glucans’ textural properties’ improvements have been observed by Kondyli et al. [88] who have analyzed the manufacture of reduced fat white-brined cheese with the addition of 0.4% β-glucans from Pleurotus ostreatus. The lyophilized powder of mushroom was treated with ethanol using a Soxhlet extractor for 8 h. The residue of the mushroom was soaked in 0.9% NaCl solution at 70 °C for 24 h, centrifuged to remove the water-soluble polysaccharide, and the residue was extracted with 1 M NaOH at 40 °C for 8 h. Physicochemical properties such as pH, moisture, moisture in non-fat substances, fat and fat in dry matter contents have been recorded during 180 days of ripening and storage, and no significant differences appeared between the cheeses made with or without the addition of β-glucans. Differently, the values of hardness and brittleness see an opposite trend until the period of 180 days, where they are almost the same. The hardness reduction gives a better effect in textural properties. Regarding color measurements, it has been noticed that the two analyzed cheeses present the same colors as well as the same organoleptic characteristics. The content of total free fatty acids varies only after 180 days of storage at which beta glucans added to cheese shows higher values; acetic and capric acid are the majority. Globally, β-glucans can be added to soften the cheese and to propose a healthier choice to the customers [88].



Aida et al. [89] have analyzed the literature discovering that probiotics such as inulin and oligosaccharides have been widely studied as functional food ingredients able to beneficially stimulate the growth and the activity of specific bacteria in the colon. In particular, humans cannot digest β-glucans’ carbohydrates from mushrooms and hence, as it is a condition to be considered a probiotic, it enables mushrooms to be considered as a potential source of prebiotic. The study highlights the fact that incorporating mushroom extract in commercial foods could be an inexpensive and healthy choice since the material used is abundant. Moreover, it brings medicinal benefits such as prebiotic effects, in particular for Pleurotus ostreatus and Pleurotus eryngii, and also antitumor activities [89].



In food industry, microencapsulation is often used to guarantee a better stability of some products, in particular, protecting them from oxygen and humidity. Umaña et al. [77] investigated β-glucans derived from A. bisporus mushrooms as substitute for maltodextrin (13.5% w/w dry matter) and Tween® 20 (totally substituted) in the sunflower oil microencapsulation process by spray drying. The mushrooms have been treated first with aqueous ethanol solution and then with acoustic energy for 20 minutes. Ergosterol have been added as an antioxidant agent. The encapsulation efficiency registered was of 89%, and the samples with higher content of mushroom material rich in β-glucans showed an improved oxidative stability during microencapsulation process as well as a bigger diameter. Solubility in water was found to be decreased by 12% and linoleic acid recorded a reduction of 28% after 150 days of storage. Overall, the study reports mostly encouraging results that see polysaccharides from A. bisporus as possible replacement for synthetic emulsifiers [77].




4.3. Mushrooms’ β-Glucans’ Additions in Animal Feed


Freitas et al. [78] have evaluated changes in the immune system and the quality of eggs of hens, as well as general zootechnical performances, after the introduction of A. blazei mushroom flour into the animals’ daily diet. The percentages of mushroom flour additions were 0% (control sample), 0.04%, 0.08%, 0.12% and 0.16%. The parameters taken into consideration were the egg production rate, their weight and mass, along with the percentages of components, the yolks’ color intensity and the shell thickness. No significant variations have been registered in general, but a level of 0.07% of mushrooms, adding substances like β-glucans, chitin, hemicellulose, galactans and xylans promoted beneficial effects on the immune system and on the gastrointestinal tract of the birds [78].



Edible mushrooms and their glucans’ effects on animals have been studied also by Maiti et al. [86]. Their research focuses on the immunostimulant effects of β-glucans from Pleurotus florida, added in food feeding of Indian Major Carp. Glucan was isolated from the oyster mushroom by ethanol precipitation followed by cation and anion exchange chromatography. The concentrated polysaccharides were analyzed by gel permeation chromatography. The gel permeation produced three fractions. The one with the most polysaccharide, with a protein ratio of 24.6 was frozen at −20 °C, lyophilized and stored in a desiccator. To determine the non-specific immune system response, intraperitoneal injection of Aeromonas hydrophila bacterium has been done at the end of two weeks of experimental feeding with glucans, then two weeks later (4 weeks of feeding) and, at last, after two other weeks (6 weeks of feeding). The quantity of glucans used is 0.5 g or 1 g/kg of normal feed. For the former (0.5 g), an important superoxide anion production enhancement has been registered after two and four weeks; for the latter (1 g), just after four weeks. Phagocytosis activity has been noticed for both the concentrations after two and four weeks, and bactericidal activity after four and six weeks of glucan feeding. In both cases, the survival rate has increased substantially [86].



β-Glucans from Ganoderma lucidum and Coriolus versicolor mushrooms have been added in cultured, orange-sported grouper diet and by their effects being studied by Chang et al. [79]. Both the mushroom species were treated with homogenizer and ultrasonic vibration, and the residual carbohydrate molecules filtered using a ceramic membrane. They observed that adding 1 g and 2 g of a mixture containing 34.06% of β-glucans boosts the lysozyme activity, bursting respiration and the phagocytic activity of the fishes [79].



Moreover, rainbow trout (Oncorhynchus mykiss) have been analyzed for the splenic immune responses to bacterial lipopolysaccharide after their feeding with a supplement of lentinan, a β-glucan from mushroom Lentinus edodes. The immunostimulant response has been proved after 37 days of feeding with 0.2% and 0.4% of total nutrition, when fish were infected by the researcher with bacterial lipopolysaccharide that induces inflammation. In the control fishes group, the inflammatory response was higher in particular for interferon (IFN)-related and tumor necrosis factor (TNF)-dependent genes involved in Major Histocompatibility Complex (MHC) class I antigen presentation and leukocyte recruitment. Therefore, for markers of oxidative and cellular stress, a comparable trend has been registered [83].



Non-specific immune response has been checked also by Katya et al. [90] during their experiment with juvenile amur catfish, Silurus asotus. The fishes have been experimentally fed with fermented by-product of mushroom, Pleurotus ostreatus, rich in β-glucans. The mushroom by-product was fermented for 24 h at 30 °C with Lactobacillus and yeast. The percentages of the mushroom by-products used were 0%, 5%, 10%, 20% and 30%. The researchers have observed that the lysozyme activity was higher in fishes fed with 0% and 5% of experimental feeding, which was of 72.1 U/mL and 69.2 U/mL, respectively. For 10%, 20% and 30% of experimental feeding, the values were 60.5 U/mL, 56.4 U/mL and 54.6 U/mL, respectively [90].



Brewers’ spent grain nutritional upgrade through solid state fermentation (SSF) was investigated in terms of its use as animal feed. It was found that by applying SSF process initiated by the edible fungi Pleurotus ostreatus, led to increased β-glucans’ content, hence P. ostreatus constitutes a natural source of them. According to the results, all the examined nutritional characteristics were improved so authors indicated brewers’ spent grain potential for use in animal feed [18].





5. Yeast β-Glucans as Food Additives


5.1. Yeast β-Glucans as Food Additives


Yeast β-glucans have been also used in the food industry in many conventional products by exploiting their beneficial properties such as flavor enhancing, etc. β-Glucans’ presence in yeast forms an alternative protein source and are defined by 1,3 linkages branched by 1,6 β-glycosidic bonds [92].



The FDA characterized β-glucans from yeast as safe, by setting the daily intake up to 3 g/day [93]. EFSA attributed the safety claim of β-glucans in order to be incorporated as food additives at a ratio of 375 up to 600 mg/day. The European Union Directive finalized the above claim by revising and concluding in 2019 that β-glucans derived from S. cerevisiae could be incorporated to other foods such as drinks (1.3 g/kg), powdered milk (25.5 g/kg), biscuits (6.7 g/kg), cereals for breakfast (15.3 g/kg) and up to 3.8 g/kg in dairy products [92]. Yeast β-glucans addition in various foods is shown in Table 4.



Homemade bread was evaluated as for its physical parameters and sensorial characteristics after β-glucans’ addition derived from yeast. This incorporation was performed by adding 65 up to 125 mg of β-glucans, which was in line with EFSA’s guidelines. β-Glucans’ presence in bread darkened the crumb, enlarged crumb and crust springiness, impacted on volatile profile, and revealed a significant increment on hexanal without affecting sensory characteristics [94]. Martins et al. [95] prepared bread by adding β-glucans and proteins/proteolytic enzymes from brewers’ spent yeast. Bread crust was browned, however, the addition of protein/proteolytic enzymes’ extract resulted to lower specific volume whilst supplementation with β-glucans resulted to uniform pores. The nutritional upgrade was achieved after β-glucans’ incorporation, resulting thus to a noteworthy increment of total dietary fibers. Wheat flour dough and bread were fortified with brewers’ spent yeast β-glucan (0.25–2.00%, w/w of wheat flour) in order to be examined as for their properties, during chilled storage at 4 °C for 8 days. Dough’s fortification with 0.75% resulted in the highest levels concerning strength, work of adhesion and stickiness. Bread with 0.75% addition led to the lowest crumb hardness, chewiness and staling rate. Higher supplementations with β-glucans had adverse effects. Finally, incorporation of 0.75% displayed the overall acceptance after 4 storage days [96].



Cookies were examined in terms of their sensory attributes, oxidative stability, antioxidants and quality evaluation by adding yeast β-glucans. More specifically, wheat flour was substituted with β-glucans’ isolates derived from yeasts by 1, 2 and 4%. It was observed that 2% fortification of β-glucans did not have a negative impact on cookies’ sensory acceptability but it could be interesting under consumers’ aspect thus, sensorial attributes and antioxidants were upgraded. The manufactured cookies with high β-glucans’ content displayed retardation in freshness losses as well as reduced glucose content. Finally, cookies’ microbial load was insignificant whereas oxidative stability was enhanced [97].



β-Glucans from brewer’s spent yeast were added to yogurt in order to investigate their impact concerning its structure, stability and sensory attributes. β-Glucans’ supplementation affected yogurt’s sensory and flavor characteristics such as thickness, smoothness, acid, bitter etc., as well as its structure stability. Specifically, it was reported that β-glucans’ addition up to 0.3% preserved sensory quality and structure stability [98]. Mejri et al. [99] also conducted a study using β-glucans’ extracts, derived from spent brewer’s yeast which were used at four proportions (0, 0.5, 1 and 1.5%) for the preparation of a non-fat yogurt. To the manufactured yogurt, β-glucans were incorporated as fat replacers following the aforementioned ratios in order to evaluate their physicochemical and rheological characteristics compared to control (full-fat yogurt). All the examined physicochemical and rheological values were found to be improved. Addition of 1.5% displayed the best results hence, its physicochemical and rheological properties were similar to the control. A skimmed-milk yogurt was fortified with powdered β-glucan isolate originated from brewer’s spent yeast by 0.2–0.8% w/w. The manufactured yogurt, was evaluated in the terms of its nutritional values, physicochemical and sensory characteristics. The authors stated that β-glucans’ addition impacted on gel network formation, reducing thus the fermentation time. Physicochemical characteristics were not affected whereas textural properties displayed an incremental increase with parallel β-glucan increment. Additionally, this study indicated that 0.8% w/w of β-glucans’ addition presented a negative effect at overall acceptance, however, the evaluation scores between the manufactured and control yogurt were not significant, displaying thus its potential for commercialization [100]. β-Glucans’ isolates from Saccharomyces cerevisiae were extracted and used for the production of skimmed-milk yogurts. Specifically, β-glucans’ extracts were added by 0.5% and 1% to the manufactured yogurt and were compared with full-fat and skimmed-milk yogurt as controls, in the terms or their physicochemical and sensory properties. By adding 0.5% β-glucans, skimmed-milk yogurt firmness was increased, as well as its microstructure was more stable. Additionally, the supplementation of 0.5% displayed lower values concerning sensory analysis, and despite the similar presented values to the control, the authors were discouraged by its commercialization [7].



Fat substitution by 25, 50 and 75% with β-glucans from brewer’s spent yeast was examined in mayonnaise. The results for the prepared mayonnaises displayed significant lower energy content but high water content, which was more intense as β-glucans’ addition was increased. After one day of storage, pH values were not affected as compared to control, but after two months, pH values of the manufactured mayonnaises were found to be decreased. All the prepared mayonnaises were found to be microbiologically safe, hence their microbial load during storage was within acceptable limits. β-glucans’ addition had a negative impact with regard to appearance and color, resulting in a significantly reduced sensory quality as compared to the control. Nevertheless, the authors stated that a maximum addition of 50% would be acceptable regarding the sensory attributes [101]. These findings are in accordance with Marinescu et al. [102] who also examined the application of using β-glucans as fat replacer, performing partial fat replacement in mayonnaise with β-glucans originating from brewer’s spent yeast and following the same proportions.



Apostu et al. [103] investigated the addition of yeast β-glucans in meat products in order to reformulate them. Specifically, they incorporated yeast-derived ingredients consisting of β-glucans to meat batters and they found an increased emulsifying capacity, improved water holding capacity and emulsion stability. Yeast β-glucans’ supplementation at a ratio of 1.5% led to total fluid reduction. Hardness and fracturability were also decreased whereas samples’ structural cohesiveness was preserved, probably due to the growth of humidity. The authors also reported that the addition of 3% was considered as the highest proportion which did not affect meat batters’ sensory characteristics. Yeast β-glucans’ incorporation contributed to the upgrade of reformulated meat products’ nutritional value and minimized cooking loss. Finally, the perceived saltiness without affecting sensory attributes was found to be increased.




5.2. Yeast β-Glucans’ Additions in Animal Feed


Besides the incorporation of yeast β-glucans in food industry, they have been promoted for use in animal feed. Bacterial infections form a major factor for animals’ health and productivity. Antibiotics are usually used in order to regulate these bacterial infections. Antibiotic residues are considered as their major drawback with many countries taking action by hindering their addition in animals’ diets. β-Glucans have attracted interest considering their properties, hence they promote animal health and welfare as well as forming an ideal option for replacement of antibiotics [104]. Yeast β-glucans’ addition in animal feed is depicted in Table 5.



The effects of β-glucans’ addition derived from Agrobacterium sp. R259 KCTC 10197B on kefir was examined with regard to growth performance, blood profiles, relative organ weight and meat quality in broiler chickens. Specifically, 308 broilers were fed with five dietary treatments for 5 weeks. It was found that during 0–3 weeks of the experiment, the dietary treatment which was incorporated with 0.1% of β-glucans, led to a higher body weight gain. Additionally, liver’s relative weight displayed an increment, and cooking loss was decreased. Finally, the authors concluded that supplementation of broilers’ dietary treatment with 0.1% β-glucan contributes to growth performance and improves meat quality in broiler chickens [105]. Reared Haidong chicks were fed with diets fortified with β-glucans at different concentrations under hypoxic conditions, in order to evaluate growth performances, immunity and intestinal morphology effects. Diets were supplemented with 0.05%, 0.1% and 0.2% β-glucans’ isolates from S. cerevisiae. Body weight and body weight gain were found to be increased in chicks which were fed with β-glucan-fortified dietary treatments, as well as feed conversion displayed better results for the addition of 0.1 and 0.2%. This study also revealed that the chosen immune parameters were improved by 0.1% and 0.2% of β-glucans’ addition, a fact that promotes this inclusion in poultry diet for the reduction and replacement of antibiotics [106]. Rajapakse et al. [107] examined Shophy β-glucans’ effects (a type of β-1,3-1,6 glucan produced by the black yeast Aureobasidium pullulans) on immunity and growth performance in broilers since they were exposed to Infectious Bursal Disease. It was found that birds’ dietary supplementation with 1% β-glucans showed significant increased body weight and mean antibody titers revealing β-glucans’ immune stimulating properties. Another study evaluated broiler chickens’ dietary supplementation with yeast β-glucans with regard to their effects in necrotic enteritis treatment caused by Clostridium perfringens. The authors found that after consumption of diet, incorporated with 200 mg/kg of β-glucans, the infected birds presented a significant increment in their body weight and antibody levels whereas feed efficiency was improved. β-Glucans’ addition also exhibited their beneficial effects by improving gut health, hindering intestinal C. perfringens’ growth and enhancing humoral immunity [108].



The impact of dietary supplementation with β-glucans originating from S. cerevisiae on immune response and hematology were evaluated at Ictalurus punctatus juveniles. β-Glucans were added at different concentrations of 0.05, 0.1 and 0.5% in the fishes’ diet. The addition of 0.5% resulted into the best values concerning immunostimulation and hematological parameters. The authors concluded that the consumption of a diet supplemented with 0.5% β-glucans improves the immune system [109]. Another study concerning β-glucans from Sacharomyces uvarum as well as whole cell yeast incorporation was conducted. β-Glucans were evaluated for their impact on Cyprinus carpio’s immune response, concerning disease resistance to Aeromonas hydrophila by oral administration. The results revealed that by adding 1% of whole cell yeast and β-glucans in fishes’ diet, β-glucans’ supplementation recorded the highest survival rate of the exposed fish to pathogen, hence they enhanced the cellular and humoral immune response in C. carpio [110].



Luo et al. [111] studied the supplementation of β-glucans in finishing pigs’ diet for their effects in growth performance, carcass traits and meat quality. The experimental diets were fortified with 50, 100 and 200 mg/kg of β-glucan from Agrobacterium sp. ZX09. The addition between 100 to 200 mg/kg showed a significant increment of carcass length while the addition of 100 mg/kg presented the best results. The supplementation of 100 mg/kg led to augmented daily gain feed conversion ratio and intramuscular fat content, and the ratio of saturated fatty acids and unsaturated fatty acids was found to altered. The authors concluded that the aforementioned supplementation of 100 mg/kg was able to upgrade growth performance, carcass length, nutrient digestibility and pork quality of finishing pigs. Evaluation of β-glucans’ influence derived from S. cerevisiae in terms of growth performance and blood characteristics in weaned pigs, administered with Escherichia coli lipopolysaccharide, was also performed. Addition of 200 mg/kg indicated that β-glucans’ incorporation in pigs’ diet exhibited a positive impact according to body weight gain which was related with the reduced inflammation response after lipopolysaccharide (LPS) administration [112].



This study investigated β-glucans’ impact from S. cerevisiae in rabbits’ treatment, which were infected by Pythium insidiosum. Specifically, dietary consumption which was fortified with 500 mg of β-glucans revealed their antioxidant, immunomodulatory and anti-inflammatory profile against pythiosis, hence their presence was considered as a treatment adjuvant enhancing thus immunity and antioxidant attributes of the animals [113].



β-Glucans’ isolates from S. cerevisiae were investigated regarding their effects on meat and milk performance, as well as on selected non-specific indicators of humoral and cellular defense. Ewes’ diet fortified with 3 g/kg of β-glucans resulted to higher milk performance, proteins and fat content while somatic cell count was reduced. Additionally, lambs’ growth rate and muscle tissue were improved. Concerning results, β-glucans are encouraged for use, thus, their beneficial properties in animal feed were revealed without exceeding the ratio of 3 g/kg, avoiding thus, the implied risk of toxicity [114].





6. Other β-Glucans’ Applications


Apart from β-glucans’ exploitation in food and feed industry by reaping their nutritional and health beneficial effects, they have also been utilized by medicine and cosmetic industries. In the field of medicine, they have been used in vaccine applications, for dermatological treatments such as antiaging cures and for healing of eye ulcers [21,115]. Additionally, they have been found to have an impact on hypertension, obesity, Alzheimer’s disease and pancreatitis, etc. [116]. Furthermore, the cosmetics sector used β-glucans in applications such as protective creams, ointments, powders, for treating eczema, etc. β-Glucans have been examined for their ability to decrease wrinkles and treat skin aging [21]. Mushrooms’ β-glucans have been investigated for their contribution as exophthalmia’s adjuvants. Several clinical trials have been conducted by utilizing β-glucans as wound dressing material taking advantage of their large inner cavity diameter. Finally, cereal β-glucans play a key role in the reduction of blood cholesterol sugar and insulin level, as well as in the reduced risk of cardiovascular diseases [115,117].




7. Conclusions


Consumption of foods with β-glucans has been proven to contribute to human health with many beneficial properties. Their additional ability to act as thickeners, emulsifiers, and stabilizers makes them ideal additives in the dairy, confectionery, meat, pasta and bakery industries. Addition of β-glucan cereals to animal nutrition have also been studied by the scientific community with the results of research varying and in need of further investigation for each animal category and in each β-glucans’ origin. In addition, their use has been extended to other fields such as cosmetics and medicine with quite promising results.
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Figure 1. Structure of (1→3) β-glucan linkages with (1→4) branches. 
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Figure 2. Structure of β-glucan molecules with (1→3) chains separated by (1→6) linkages. 
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Table 1. β-Glucans’ incorporation in various food products.






Table 1. β-Glucans’ incorporation in various food products.





	
Category

	
Type

	
Product

	
Concentration

	
Physiochemical Effects

	
Health Effects

	
Reference






	
Dairy products

	
Oat β-glucan

	
Fermented milk products (kefir, yogurt and fermented milk beverages)

	
0.6% w/w

	
Oat β-glucan addition did not affect the fermentation time, modified sensory properties and improved the apparent viscosity

	
Significant reduction of total and low lipoprotein cholesterol

	
[38]




	
Oat β-glucan

	
Yogurt

	
0.1%, 0.15%, 0.20% w/w

	
Improved sensory characteristics, reduced syneresis and better water holding capacity

	

	
[39]




	
Barley β-glucan

	
Yogurt

	
(0.5, 1, 1.5, and 2%, w/w)

	
During storage: better whey separation and viscosity, enhanced texture profile and sensory characteristics

	

	
[40]




	
Oat β-glucan

	
Fermented milk

	
1.4% w/w

	
Separation between proteins and incorporated polysaccharide changing gelation process

	
Reduced blood serum cholesterol levels

	
[41]




	
Bakery products

	
Oat β-glucan

	
Dough

	
At least 2% w/w

	
Increased β-glucan content led to increased dough stiffness as well as to reduced dough extensibility

	

	
[42]




	
Barley flour

	
Steamed bread

	
10%–30% w/w

	
Dough development, departure and stability time are reduced whereas the mixing tolerance index is increased

	

	
[43]




	
Barley flour (enriched with β-glucan)

	
Biscuits

	
5.2% w/w

	
Increased acceptability by consumers. Sensory responses were evaluated as similar to the control

	

	
[44]




	
Oat β-glucan

	
Steamed bread

	
1% and 3% w/w

	
Consumers’ acceptance was comparable

	

	
[45]




	
Oat fiber powder

	
Gluten-free yeast-leavened cake

	
5–20% w/w

	
Improved springiness, cohesiveness, porosity and volume

	

	
[46]




	
Oat β-glucan powder

	
Gluten-free yeast-leavened cake

	
2.63% w/w

	
Improved impacts on volume, texture and sensory acceptance

	

	
[36,47]




	
Oat β-glucan

	
Bread

	
0.8%, 1% and 1.2% w/w

	
No negative effects concerning the physicochemical and sensory properties

	
Glycemic index and glycemic load were found to be lower compared to control

	
[48]




	
Meat products

	
Oat β-glucan and marine collagen peptide mixed gel

	
Low-fat sausage (50% fat reduced)

	
Ratio 10:1 (w/w)

	
Increment of chewing and springiness as well as taste and palatability can be compared with control

	

	
[36,49]




	
Cereal β-glucan commercially

	
Beef emulsions

	
3.13% w/w

	
Higher β-glucans’ content showed less cooking loss and improved cohesiveness, hardness and springiness values.

	

	
[50]




	
Oat-soluble fibers

	
Beef patties

	
13.45% w/w

	
Optimum concentration in order to be used as a fat replacer in low-fat beef patties maintaining though fat and moisture. Improved cooking yield

	

	
[51]




	
Oat β-glucan

	
Fermented sausage

	
0–2% w/w

	
Addition of β-glucans did not affect quality characteristics of sausages

	
Reduction of reactive substances of thiobarbituric acid

	
[52]




	
Oat β-glucan

	
Beef burgers

	
15% w/w (8%, 12%) and 30% w/w (4%, 6%)

	
Growth of water holding capacity, pH values, texture parameters, as well as improved sensory properties

	
Reduced cholesterol

	
[53]




	
Pasta

	
Oat β-glucan

	
Noodle

	
10% w/w

	
Increment of total dietary fiber and essential minerals. Reduction of glycemic index and carbohydrate digestibility rate

	

	
[54]




	
Oat β-glucan fiber powder

	
Fresh pasta

	
16% w/w

	
Increased acceptability by consumers

	

	
[55]




	
Oat flour

	
Noodles

	
10–30% w/w

	
Noodles with 10% up to 30% of oat flour exhibited a higher β-glucan content as well as firmness, while lightness, color and stability were reduced

	

	
[56]




	
Wholemeal oat flour

	
Noodles

	
>50% w/w

	
Improved pasting viscosities as well as noodle hardness

	

	
[57]




	
Beverages

	
Oat β-glucan

	
Orange juice beverage

	
0.5% w/v

	
Factors of smoothness, sweetness as well as acceptance were found to be like control. Improved stability, reduced acidity after 36 h storage, changes in color, increased viscosity

	

	
[58]
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Table 2. Cereal β-glucans’ incorporation in animal feed.
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Category

	
Type

	
Product

	
Concentration

	
Physiochemical Effects

	
Health Effects

	
Reference






	
Animal Feed

	
Oat β-glucan

	
Dog diet

	
1% w/w

	

	
Total cholesterol reduced, immune response stimulated

	
[61]




	
Oat β-glucan

	
Pig diet

	
8.95% w/w

	

	
Increased intestinal bacterial populations, regulated cytokine production

	
[62]




	
Barley β-glucan

	
Growing pigs’ diet

	
1.54%, 1.80% w/w

	

	
Increased population of beneficial bacteria

	
[63]




	
Barley β-glucan

	
Weanling pigs’ diet

	
1.73%, 3.55%, 7.37% w/w

	

	
Increment of intestinal barrier permeability

	
[64]
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Table 3. Studies with mushrooms’ β-glucans’ additions in foods.
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Mushroom Species

	
Type of Food Enriched with β-Glucans

	
Properties

	
Extraction Method

	
Reference






	
Agaricus bisporus

	
Sunflower oil

	
Improved oxidative stability

	
Hot water

	
[77]




	
Agaricus blazei

	
Zootechnical food

	
Beneficial effects on immune system and gastrointestinal tract

	
Hot water

	
[78]




	
Ganoderma lucidum

	
Cultured fish diet

	
Improved immune response

	
Alkaline

	
[79]




	
Lentinus edodes

	
Yogurt

	
Natural supplements

	
Alkaline

	
[80]




	
Extruded snacks

	
Decreasing of glycemic response

	
[81]




	
Baked foods

	
Fiber source

	
[82]




	
Cultured fish diet

	
Immunostimulant activity

	
[83]




	
Pleurotus agaves

	
Flour and tortillas

	
Improved sensory quality

	
Hot water

	
[84]




	
Pleurotus citrinopileatus

	
Reduced fat yogurt

	
Improved flavor, texture and color

	
Hot water

	
[85]




	
Pleurotus florida

	
Cultured fish diet

	
Increased survival rate

	
Hot water

	
[86]




	
Pleurotus ostreatus

	
Yogurt

	
Natural supplements

	
Hot water

	
[80]




	
Chicken patty

	
Fiber source

	
[87]




	
Reduced-fat cheese

	
Textural improvements

	
[88]




	
Commercial food

	
Probiotic source

	
[89]




	
Cultured fish diet

	
Improved immune response

	
[90]
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Table 4. Yeast β-glucans’ addition in various food products.
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Category

	
Type

	
Product

	
Concentration

	
Physiochemical Effects

	
Reference






	
Food

	
Yeast β-glucan

	
Bread

	
65 up to 125 mg

	
Darkened crumb, enlarged crumb and crust springiness impacted on volatile profile and significant increment on hexanal

	
[93]




	
β-Glucans in brewers’ spent yeast

	
Bread

	

	
Bread crust was browned

	
[94]




	
Brewers’ spent yeast β-glucan

	
Bread

	
0.75% w/w of wheat flour

	
Darkened the crumb, enlarged augmented crumb and crust springiness, increment of total dietary fibers

	
[95]




	
Yeast β-glucan

	
Cookies

	
2% w/w of wheat flour

	
Sensorial attributes and antioxidants upgraded

	
[96]




	
Brewers’ spent yeast β-glucan

	
Yogurt

	
0.3%, w/w

	
Preserved sensory quality and structure stability

	
[97]




	
Brewers’ spent yeast β-glucan

	
Non-fat Yogurt

	
1.5% w/w

	
Physicochemical and rheological properties were similar to the full-fat yogurt

	
[98]




	
Brewers’ spent yeast β-glucan

	
Skimmed-milk yogurt

	
0.2–0.8% w/w

	
Reduced the fermentation time, textural properties increased

	
[99]




	
β-glucans from Saccharomyces cerevisiae

	
Skimmed-milk yogurt

	
0.5–1% w/w

	
Yogurt firmness increased, microstructure more stable

	
[7]




	
Brewers’ spent yeast β-glucan

	
Mayonnaise

	
25%, 50% and 75% w/w

	
Negative impact at appearance and color

	
[100]




	
Brewers’ spent yeast β-glucan

	
Mayonnaise

	
25%, 50% and 75% w/w

	
Negative impact at appearance and color

	
[101]




	
Yeast β-glucan

	
Meat products

	
1.5–3% w/w

	
Increased emulsifying capacity, improved water holding capacity and emulsion stability

	
[102]
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Table 5. Yeast β-glucans’ addition in animal feed.
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Category

	
Type

	
Product

	
Concentration

	
Physiochemical Effects

	
Health Effects

	
Reference






	
Animal Feeding

	
β-glucan from Agrobacterium sp. R259 KCTC 10197B

	
Broiler chickens’ diet

	
0.1% w/w of wheat flour

	
Improved meat quality in broiler chickens

	

	
[104]




	
β-glucan from Saccharomyces cerevisiae

	
Reared Haidong chicks’ diet

	
0.05%, 0.1% and 0.2% w/w

	

	
Improved immune parameters and weight gain

	
[105]




	
β-glucan from Aureobasidium pullulans

	
Broiler chickens’ diet

	
1% w/w

	

	
Improved immune stimulating properties and weight gain

	
[106]




	
β-glucan from Clostridium perfringens

	
Broiler chickens’ diet

	
200 mg/kg

	

	
Increment in body weight and antibody levels, improving gut health

	
[107]




	
β-glucan from Saccharomyces cerevisiae

	
Ictalurus punctatus juveniles’ diet

	
0.05%, 0.1% and 0.5% w/w

	

	
Improved immune system

	
[108]




	
β-glucan from Saccharomyces uvarum

	
Cyprinus carpios’ diet

	
1% w/w

	

	
Enhanced cellular and humoral immune response

	
[109]




	
β-glucan from Agrobacterium sp. ZX09

	
Pigs’ diet

	
100 mg/kg

	

	
Upgraded growth performance, carcass length, nutrient digestibility

	
[110]




	
β-glucan from Saccharomyces cerevisiae

	
Weaned pigs’ diet

	
200 mg/kg

	

	
Body weight gain, reduced inflammation response

	
[111]




	
β-glucan from Saccharomyces cerevisiae

	
Rabbits’ diet

	
500 mg

	

	
Enhanced antioxidant, immunomodulatory and anti-inflammatory profile against pythiosis

	
[112]




	
β-glucan from Saccharomyces cerevisiae

	
Ewes’ diet

	
3 g/kg

	
Higher milk performance, proteins and fat content

	
Growth rate and muscle tissue were improved

	
[113]
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