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Abstract

:

Most monosaccharides in nature are hexoses, which have six carbon atoms; the most well-known hexose is d-glucose. Various hexoses with distinct characteristics can be produced from inexpensive polysaccharides for applications in the food industry. Therefore, identification of the health-related functions of hexose will facilitate the consumption of hexoses in food products to improve quality of life. The hexoses available in foods include N-acetyl glucosamine, d-glucosamine, d-fructose, d-mannose, d-galactose, other d-hexoses, and l-hexoses. Here, an updated overview of food industrial production methods for natural hexoses by microbial, enzymatic, and chemical methods is provided.
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1. Introduction


In nature, carbohydrates exist mainly as polysaccharides, including chitin, chitosan, cellulose, and starch (Figure 1). Most monosaccharides making up these polysaccharides are hexoses, which have six carbon atoms. d-Glucose is a representative hexose. Hexoses are produced at an industrial scale for food production using polysaccharides that are abundant in nature and available at low cost. Thus, identification of hexoses with functional value may facilitate the improvement of the human diet and lead to greater quality of life. In this review, various hexoses are described (e.g., N-acetyl-d-glucosamine (GlcNAc), d-glucosamine, d-fructose (Fru), d-mannose, d-galactose, other d-hexoses, and l-hexoses) and the health benefits and industrial production methods of natural hexoses for use in dietary supplements, processed foods, and beverages, are discussed.




2. N-Acetyl-d-Glucosamine


GlcNAc is a monosaccharide in which the 2-hydroxyl group of glucose is substituted with an acetylamino group (Figure 2). GlcNAc is a chitin-based monomer that is found in animal casings, such as those of insects and crustaceans. In the human body, this amino sugar is a component of the extracellular matrix and the sugar chain of glycoprotein [1]. In foods, GlcNAc is also found in milk [2].



Chitin from shells of crabs and shrimps is mildly hydrolyzed into chitin oligosaccharides [3]. Chitin oligosaccharides are degraded by chitinase [4]. However, it is difficult to obtain GlcNAc inexpensively using this method, and the amino group of the molecule is largely enhanced under acid conditions, needing precise control of the reaction. A method in which chitinase and a reverse osmosis membrane were combined was developed for efficient production of GlcNAc [5]. Recently, Zhang et al. presented an efficient and integrated affinity adsorption-enzymatic reaction to produce GlcNAc from crude chitin powder [6]. The product GlcNAc was easily separated from hydrolysates after destaining, concentrating, crystallizing, and drying processes with a high purity of 98%. Additionally, a high yield of 29.6 g/L GlcNAc from 30 g/L chitin as the substrate was reported.



GlcNAc has low solubility in water and is a neutral molecule that is different from glucosamine (2-amino-2-deoxy-d-glucose (GlcN)), which contains a free amino group. Thus, it is necessary to refine the reaction solution by cooling crystallization after desalting the GlcNAc-containing solution after the reaction [4]. The production of GlcNAc is more complex and demanding than that of GlcN; accordingly, the cost of GlcNAc production is higher than that of GlcN production, despite the fact that the raw material is the same as chitin (Table 1).




3. d-Glucosamine


GlcN is the main unit of chitosan and chitin, which are produced in nature by arthropods, fungi, and cephalopods. GlcN is different from GlcNAc with regard to the presence or absence of the free amino group. GlcN is industrially manufactured for dietary supplements by the hydrolysis of crustacean exoskeletons, which are mainly composed of chitin. GlcN has been reported to prevent and treat osteoarthritis in humans [7,34] and has been found to alleviate symptoms of skin aging in a clinical study [35].



To produce GlcN, shells of crustaceans, such as crabs and shrimps, are generally used as the starting material. Chitin extracts are purified to remove protein in a dilute sodium hydroxide solution, followed by dicalcium treatment in dilute hydrochloric acid (Figure 3). Next, the purified chitin (α-chitin) is hydrolyzed at a high temperature in concentrated hydrochloric acid to produce GlcN [8]. To obtain highly purified GlcN for use in the food industry, the GlcN is dissolved in water, impurities are filtered out, and low-temperature concentration is performed [9]. GlcN is a polar molecule; thus, cation/anion ion exchange is usually employed. Refinement is performed using a trap during ion exchange, and the trap is released by HCl to yield pure GlcN as GlcN-Cl salt. The crystallization is conducted using salt, resulting in lower solubility, which is called “salting-out”. Bao et al. reported three enzymes, isolated from Thermococcus kodakaraensis, that catalyze the sequential conversion of α-chitin into GlcN and developed a multi-enzyme assembly cascade system immobilized on a biofilm, which enabled a one-pot reaction [36]. This system also exhibited a superior reaction temperature, good pH stability, and high survival rate for enzyme activity.




4. d-Fructose


Fru is an isomer of d-glucose (Figure 2). Fru is the most popular hexose in the food industry (except d-glucose) and is present in most fruits, including grapes, bananas, strawberries, oranges, and apples [10]. This monosaccharide is a component of sucrose and is highly sweet (140% the sweetness of sucrose), leading to its frequent use in the food industry, particularly for beverage production. Thus, Fru consumption is common in the beverage industry, in which more sweetness is often needed [10]. In the field, Fru is used as a mixture of glucose and Fru, e.g., high Fru corn syrup, which is easy and inexpensive to manufacture from glucose. Notably, Fru may have health benefits compared with some other sugars because of its low glycemic response [37]. On the other hand, excessive consumption of Fru could lead to metabolic syndrome, which has become a problem [38,39].



The corn industry produces abundant amounts of d-glucose, which is a simple product of starch hydrolysis. In the 1960s and 1970s, Takasaki and other researchers found an enzyme that catalyzed the conversion of glucose to Fru [40,41,42], whereas Kainuma developed an alkaline isomerization to produce Fru from d-glucose [43,44]. Owing to some difficulties with this latter chemical method, the enzymatic method is more commonly used in the corn industry [11]. Immobilized enzymes for glucose isomerase (Fru-producing enzyme) have also been developed [12,13]. Industrial production of Fru is one of the first examples of the industrial utilization of immobilized enzymes.



d-Glucose solutions containing 50–60% glucose can be incubated at 50–70 °C for reaction through an immobilized Streptomyces species enzyme, which is obtained after immobilizing the enzyme and/or microorganism using a carrier binding and covalent bonding method with polymers. The mixture of d-glucose and Fru can be separated chromatographically after desalination. High-purity Fru syrup undergoes crystallization at 10–50 °C after concentration (Figure 4). Thus, Fru crystals are continuously produced [14] and refined. The raw material, i.e., d-glucose solution, is easily obtained from the corn industry, thereby reducing the cost of Fru. Recently, as research and development in the starch industry has progressed, starches have been produced at lower costs than other carbohydrates. Accordingly, the starch industry tends to use starch or starch degradation products as research and development materials. For example, 1,5-anhydro-d-fructose, which is a product of the starch degradation reaction, has been developed and produced industrially [45].




5. d-Mannose and other Fru-Related Hexoses


d-Mannose is a C-2 epimer of glucose and an isomer of Fru (Figure 2). d-Mannose is abundantly present in nature as part of the polysaccharide mannan and a sugar chain of glycoprotein [46]. This sugar is also used as a dietary supplement to prevent urinary tract infections [46]. D-Mannose is also reduced to mannitol, similar to the reduction of d-glucose to sorbitol [47].



Fru can be isomerized to d-mannose using immobilized Agrobacterium radiobacter, which produces a thermostable mannose isomerase [15]. The microbe cells are immobilized by adsorption on chitosan or by glutaraldehyde crosslinking in the presence of albumin. Optimum conditions for mannose isomerase activity are 60 °C and pH 7.5. Continuous reaction at 55 °C was achieved with immobilized cells packed in a column to produce d-mannose [16]. Additionally, cellobiose 2-epimerase from Caldicellulosiruptor saccharolyticus was cloned, expressed in Escherichia coli, and applied for mannose production [17]. A recent review described the details of d-mannose production [18].



d-Allulose is a C-3 epimer of Fru and suppresses metabolic syndrome [48]. This sugar has been discussed in so many reports by Izumori [49,50,51]. d-Allulose-containing sugar syrup is produced from high Fru corn syrup at an industrial scale by an alkaline isomerization method [19,20]. Moreover, in a study using the immobilized enzyme column reaction method, the total d-allulose production yield was 215 kg/L immobilized enzyme, which is the highest reported enzyme yield to date [21]. d-Allose is an isomer of d-allulose, is also a C-3 epimer of d-glucose, and has inhibitory effects on cancer for experimental animals [52]. This production method from d-allulose using l-Rhamnose isomerase enzymes and/or the immobilized enzyme was previously reported by Izumori et al. [53,54].




6. d-Galactose and d-Tagatose


Lactose is a disaccharide derived from the condensation of d-galactose and d-glucose, which forms a β-1→4 glycosidic linkage. Lactose makes up around 2–8% of milk [55]. Several million tons of lactose are produced annually as a by-product of the dairy industry [56]. Milk is consumed by people worldwide; however, lactose in milk may cause health problems in individuals with lactose intolerance [57,58]. Thus, methods for lactose degradation in milk have been extensively studied [59,60].



d-Galactose is a C-4 epimer of glucose (Figure 2). d-Galactose can be produced industrially by lactase (β-galactosidase) derived from food microorganisms [61]. However, due to its low sweetness and limited research regarding its safety and functions [62], utilization of pure galactose in the food industry is not yet widespread [63]. Notably, marine algal biomass, including Gelidium amansii, have been reported to produce galactose [22]. Optimal conditions for the production of galactose have been identified as a reaction temperature of 108 °C, reaction time of 45 min, and catalyst concentration of 3%. From these studies, more economical and efficient systems for the production of galactose and chemicals from marine biomass have been developed [22]. Neutral β-galactosidase from Kluyveromyces sp. was immobilized on porous glass modified by glutaraldehyde binding, with retention of high activity [23]. Thus, d-galactose has attracted attention as a raw material for tagatose production [24], as described below.



d-Tagatose is a C-3 epimer of d-galactose (Figure 2). d-Tagatose is contained in many dairy products [64]. With regard to health benefits, this sugar has low caloric value [65], has inhibitory effects against metabolic syndrome, and is beneficial to teeth by suppressing the growth of S. mutans [66]. Recent reviews on the efficacy of tagatose have described this sugar in detail [25]. Tagatose is manufactured by chemical methods or enzymatic methods. In alkaline solution, d-galactose is isomerized to tagatose via enolization reaction through enediol. Moreover, this chemical catalyst (a solid Lewis acid which is presented by Sn-BEA zeolite) was recently reported to enable selective transformation of d-galactose, giving rise to d-tagatose in 24% yield at 29% conversion of the substrate [26]. Using the chemical method, raw material sugar and food chemical additives are mixed in the reaction tank and agitated at a high temperature for conversion reaction. The mixture is separated chromatographically after desalting. The d-tagatose syrup after concentration is crystallized (Figure 4). Compared with the chemical method, enzymes from some microbes (ex. Thermotoga species), including l-arabinose isomerase, also catalyze the conversion of d-galactose to d-tagatose [25]. Thus, d-tagatose production has been achieved by chemical and enzymatic methods.




7. l-Hexoses


Among l-hexoses, l-sorbose, l-fucose, and l-rhamnose are commonly used in the food industry (Figure 5). The former is made from starch [67], whereas the latter two products are respectively obtained from natural polysaccharides [68] and complex carbohydrates [32,69].



l-Sorbose is a ketose monosaccharide containing a ketone group [70]. This compound has a sweetness that is equivalent to that of sucrose [27]. In the food industry, l-sorbose has been used as a low-calorie sweetener and a source material for the preparation of other products. The commercial production of vitamin C often begins with l-sorbose [28]. l-Sorbose is the configuration of the naturally occurring sugar and is obtained by fermenting d-glucose or sorbitol with Gluconobacter species or Acetobacter species [28]. In the general fermentation method, raw sugar, microbes, and food chemical reagents are mixed in a fermentation tank and agitated at optimal temperature with bubbling. The mixture is separated into microbes and solution by centrifugation or using a membrane filter. The syrup produced after desalting, separation, and concentration is then crystallized (Figure 6).



l-Fucose is the main unit of fucoidan and is an abundant component of the plant cell wall [29,30]. Human milk oligosaccharides also contain this sugar [30]. There are only a few industrial production processes for l-fucose, and chromatographic separation of this valuable component from hemicellulose hydrolysates could be a feasible alternative. However, chromatographic separation of l-fucose with sufficient purity from various other monosaccharides is difficult at the industrial level [31]. Additionally, the price of this sugar in the food market is still high because fucoidan is relatively difficult to obtain from natural resources, such as seaweeds.



l-Rhamnose is a naturally occurring deoxy sugar that occurs as 6-deoxy-l-mannose [33]. As a method for obtaining l-rhamnose for cosmetic ingredients or food additives, glycoside contained in the pericarp, bark, or flowers of Rutin or Citrus is isolated, and the fermented product is then concentrated, separated, hydrolyzed, and separated again to obtain l-rhamnose. Recent studies have described a process for readily and efficiently preparing l-rhamnose using a marine alga. Briefly, rhamnan sulfate is extracted from a marine alga belonging to the family Monostromaceae, and the obtained extract is hydrolyzed by adding acids, followed by heating or treating with a cation exchange resin and subsequent heating to give a solution containing free l-rhamnose. Because this solution contains large amounts of salts, the removal of these salts is essential for the preparation of l-rhamnose [32]. Thus, an effective process may be obtained by combining this new approach with a conventional method using an ion exchange resin to establish an efficient desalting process. Alternatively, to increase the purity of l-rhamnose, baker’s yeast, which selectively ferments various sugars, may be added to the solution containing l-rhamnose [32].




8. Other Monosaccharides


Among other monosaccharides and related polyols, d-xylose, l-arabinose, d-ribose, xylitol, and erythritol are sometimes used in foods (Figure 7). d-Xylose, l-arabinose, d-ribose, and xylitol are pentoses, which have five carbon atoms, whereas erythritol is a tetrose, which has four carbon atoms.



d-Xylose and l-arabinose are produced industrially from plant biomass. d-Xylose is often used as a food browner [71]. The sugar causes Mallard reactions with amino acids during food processing. l-Arabinose is sometimes used as a dietary supplement that can suppress blood glucose levels after meals [72]. d-Ribose is a component of ribonucleic acid in living organisms. In the food industry, d-ribose is sometimes used as a dietary supplement [73] or a component of energy drinks. d-Ribose can be produced by fermentation of d-glucose [74]. In contrast, xylitol and erythritol are sugar alcohols rather than pure sugar. These two products are bulk, low-calorie sweeteners. Xylitol is often used as a component of chewing gum or dental-related products [75,76], whereas the latter is often used as a component of beverages or general processed foods [77,78]. Although d-xylose is chemically reduced to xylitol [79], erythritol is converted from d-glucose by fermentation under a reduction state in yeast [80]. Both are commercially available, produced in large quantities, and not expensive. Additionally, in some countries, gluconic acid as sodium gluconate is used as a food additive to adjust pH or increase shelf-life. Gluconic acid can be produced chemically by oxidation of d-glucose. Gluconic acid is a mild organic acid derived from glucose by a simple oxidation reaction catalyzed by the enzymes d-glucose oxidase from fungi and d-glucose dehydrogenase from bacteria, such as Gluconobacter [81].




9. Discussion and Summary


Hexoses are carbohydrates that have six carbon atoms. In the food industry, these sugars are industrially produced by microbial, enzymatic, and chemical methods rather than organic synthesis methods owing to difficulties in the latter approach for industrial-scale production and similarities in the molecular structures of carbohydrates and material resources. Three methods have been used to convert 1-3-position of the molecular structure’s carbons. To date, fermentation, chemical, and enzymatic methods have been used to produce monosaccharides. These above-mentioned methods for producing hexoses are inexpensive and produce high yields, making these compounds useful for applications in the food industry. Thus, the research and development of these three manufacturing methods will continue. However, new microorganisms and catalysts are also emerging, and new approaches are expected. On the other hand, if we identify the new uses of monosaccharides, research on the production of such monosaccharides may progress rapidly. Moreover, these compounds may have various beneficial effects on health [18,37,78,82,83]. Accordingly, the addition of hexoses to foods during food production may improve the health and quality of life of consumers.
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Figure 1. Hexoses derived from natural resources in the food industry. 
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Figure 2. d-Hexoses in the food industry. 
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Figure 3. Schematic diagram of hexose production using hydrolytic enzymes or food chemical reagents. 
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Figure 4. Schematic diagram of hexose production using immobilized enzymes. 
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Figure 5. L-hexoses in the food industry. 
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Figure 6. Schematic diagram of hexose production using fermentation. 
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Figure 7. Pentoses and sugar alcohols in the food industry. 
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Table 1. Characteristics of hexose production and its use.
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	Sugar
	Production Method
	Use or Origin Microbe
	Raw Material
	Use
	Health Benefits
	References





	N-Acetyl-d-glucosamine
	Enzymatic/Acidic hydrolysis
	Streptomyces species
	Chitin
	Dietary supplement
	Skin health
	[3,4,5]



	d-Glucosamine
	Hydrolysis by HCl
	-
	Chitin/Chitosan
	Dietary supplement
	Joint health/Anti-aging
	[7,8,9]



	d-Fructose
	Immobilized enzyme from hydrolysis
	Streptomyces species
	Glucose from starch
	Bulk sweetener
	Low glycemic response
	[10,11,12,13,14]



	d-Mannose
	Immobilized enzyme/Hydrolysis by HCl
	Agrobacterium radiobacter
	Fructose/Mannan
	Dietary supplement
	Prevention of urinary-tract infection
	[15,16,17,18]



	d-Allulose
	Immobilized enzyme/Alkaline reaction by NaOH
	Arthrobacter species
	Fructose
	Food ingredient
	Anti-metabolic syndrome
	[19,20,21]



	d-Galactose
	Enzymatic hydrolysis
	Kluyveromyces species
	Lactose
	Food ingredient
	Immunostimulation
	[22,23]



	d-Tagatose
	Immobilized enzyme/Alkaline reaction by CaOH
	Thermotoga species
	Galactose
	Food ingredient
	Anti-metabolic syndrome/Tooth friendly
	[24,25,26]



	l-Sorbose
	Fermentation
	Gluconobacter or Acetobacter species
	Sorbitol from glucose
	Sweetener
	Low calorie
	[27,28]



	l-Fucose
	Hydrolysis by HCl
	-
	Fucoidan
	Food ingredient
	Immunostimulation
	[29,30,31]



	l-Rhamnose
	Fermentation extraction
	Acinetobacter species
	A Rhamnus or Toxicodendron vernix plant
	Cosmetic/Food ingredient
	Skin health
	[32,33]











© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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