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    PREFACE




    


    


    


    


    


  




  

    Nuclear Magnetic Resonance (NMR) spectroscopy has emerged as one of the most powerful techniques for the identification of materials, and for the study of their dynamic properties. As a result, the technique has found tremendous uses in almost all fields of physical, natural, and health sciences.




    Volume 8 of the book series entitled Applications of NMR Spectroscopy is mainly focussed on the practical uses of NMR spectroscopy in solving various key problems in biomedical, health, and food sciences. The contents include NMR based analysis of common sugars, plant based constituents, nucleic acids and proteins, as well as NMR- based metabolomics and MRI for the diagnosis of chronic and acute health disorders.




    The review contributed by Yang et al. provides an overview of the use of quantitative NMR (qNMR) techniques for the analysis of six common sugars in complex food matrices, after derivatization with naphthimidazole (NAIM). Coffee plants contain many constituents which effect cognitive functions. Valderrama et al. have analysed the constituents of various coffee types, and correlated them through the use of the psychological attention test. Evran et al. have reviewed the recent literature on the NMR-based structures of aptamers (single stranded DNA and RNA molecules) selected via an iterative process called Systematic Evolution of Ligands by Exponential Enrichment (SELEX). The applications of NMR for the identification of the ligand binding mechanisms are discussed. The review contributed by Ibrahim and Gopalsamy describes various NMR techniques used in metabolomics-based diagnosis of common diseases. The next chapter by Asmaa and Mansour provides a critical analysis of various MRI-based diagnostic approaches to study diverse human cancers. Proteins are fascinating molecules, both because of their complex structures and their interactions with other biomolecules. NMR techniques have evolved over the years to determine the structures and functions of protein molecules. This is the key theme of chapter 6 by Bashir and Rashid.




    We wish to thank all the eminent scientists for their scholarly contributions. The editorial team of Bentham Science Publishers, particularly Ms. Fariya Zulfiqar (Manager Publications) and team leader Mr. Mahmood Alam (Director Publications), deserves our deepest appreciation for compiling an excellent volume in a time efficient manner. We are confident that like the previous volumes of this book series, the current treatise will also receive wide appreciation for both the readers and practitioners of NMR spectroscopy.
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      Abstract




      Nuclear magnetic resonance (NMR) spectroscopy is capable of quantifying molecules. The term so called quantitative NMR (qNMR), has been used for determination of the concentration and purity of small molecules. Carbohydrates are found in various beverages and dietary foods, including crops, milk, fruits, and vegetables. Commercial products frequently use “added sugar” in soft drinks, cookies, candies, and foods. The added sugar in beverages can be sucrose, high-fructose corn syrup (HFCS) and glucose. Here, we report a quantitative method to measure 6 common sugar ingredients in foods from a single one-dimensional 1H-NMR and by using naphthimidazole (NAIM) derived sugars, which are chemically tagging aldoses with 2,3-naphthalenediamine (NADA) at the reducing ends to assist assignment of sugars. The aldoses in native sugars contain α and β anomeric isomers, and may have overlapping signals in 1H-NMR spectra. In contrast, both the anomeric isomers can be converted into a single sugar-NAIM derivative, which resolves the problem of overlapping signals to simplify the NMR quantitative analysis. This NAIM method is especially useful for identification and quantification of multiple kinds of sugars in beverages and foods. This study is to facilitate the quantification of six common sugars in beverages and foods. Our results suggest that a simple treatment of beverage and food with the NAIM labeling method provides a more extensive success rate for the quantification of sugar ingredients.
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      INTRODUCTION




      Carbohydrates are found in various beverages and dietary foods, including rice, noodles, bread, meat, milk, fruit, vegetables, and drink [1, 2]. Carbohydrates are




      also used as “added sugar” in soft-drinks, cookies, candies, and many kinds of foods. For example, the added sugar in beverages can be sucrose, fructose, glucose, maltose and other sweeteners. Though carbohydrates are needed for living, an excessive uptake of sugar may induce health problems such as decayed teeth and chronic diseases [3-5]. In addition, foods of low glycemic index (GI) are suggested for diabetic patients. It is important to know the content and quantity of sugar in foods. Thus, developing a rapid and convenient qualitative/quantitative method for sugar measurement in foods is needed. Furthermore, many countries have introduced the sugar tax and soft-drink tax in order to reduce sugar consumption [6]. Therefore, a suitable method to verify the sugar content in foods can be provided to the government for policy implementation. The appropriate “fine sugar” or “added sugar” intake is 25 grams per day according to the scientific recommendation by the World Health Organization (WHO) [7]. Since August 2015, Taiwan Food & Drug Administration (TFDA) has proposed to regulate common sugars in foods, including glucose (Glc), galactose (Gal), fructose (Fru), lactose (Lac), maltose (Mal), and sucrose (Suc). The amounts of sugars must be labeled in the “Nutrition Facts Panel” for the products of beverages and foods. Even though the information of sugar content surely benefits consumers, this regulation will impose challenges to the food industry concerning the identification and quantification of the six common sugars in beverages and foods.




      At present, high performance liquid chromatography (HPLC) and high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) are more common instrumental methods for sugar determination in foods. NMR spectroscopy is also a powerful method for identification and quantification of low molecular weight compounds. Though 1H-NMR spectra are commonly used in the routine quantitative analysis of individual sugars [8, 9], using NMR to identify each sugar in a mixture and simultaneously quantify its content is still challenging because the spectrum is usually complicated by the existence of anomeric isomers and by the similar structures of sugar components. The quantitative NMR (qNMR) technique is designed for determination of the concentration and purity of small molecules [10]. qNMR can be applied for direct quantification of multiple components in a mixture without pretreatment of sample. However, recording a qNMR spectrum would take a much longer acquisition time than a routine 1H-NMR spectrum. In another approach, we performed a simple treatment on beverages and foods with a naphthimidazole (NAIM) labeling kit to provide the sugar-NAIM derivatives for quantification by 1H-NMR spectral analysis. This method combining NAIM derivatization and NMR analysis is successfully applied to the measurement of six common sugars in foods. Our objective is to establish a convenient method for profiling and quantifying sugar ingredients in beverages and foods by using one-dimensional 1H-NMR spectroscopy via a simple treatment with NAIM labeling kit.


    




    

      RESULTS




      

        Workflow 1: Measurement of 6 Common Sugars in Foods




        Using 1H-NMR for six common sugars (Glc, Gal, Fru, Suc, Mal, and Lac), the identification process was followed stepwise by sample preparation, NMR processing and statistical analysis. Fig. (1) shows the flowchart.
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Fig. (1))


        Workflow of using 1H-NMR for determination of six common sugars.



        

          Sample Preparation




          Six standard sugar solutions (Glc, Gal, Fru, Suc, Mal, and Lac) were prepared in varied concentrations using 5.0, 2.5, 1.25 and 0.25 mg, respectively. The samples of beverage and food in solution-state were ready for determination without pretreatment or separation. A less than 50 μL of sample solution was directly taken to reduce the absorption of H2O (at 4.8 ppm) in 1H-NMR spectra. For solid-state or paste samples, 1.0 gram was dissolved in 10.0 mL of H2O, and 50 μL of the solution was taken for measurement. Sample solution was concentrated in vacuum (3 min), and then deuterium solution was added for NMR experiment.


        




        

          NMR Experimental Process




          The deuteriated water (D2O, 99.9%, Sigma Aldrich, USA) 1.0 mL with 0.03 mol% of dimethylsulfoxide (DMSO, 99.9%, extra dry, H2O < 50 ppm, Acros, New Jersey, USA) as internal standard was added to a dried sample in 5 mm NMR tube for recording the 1H-NMR spectrum. The 1H-NMR spectra were recorded on a Bruker AV600 MHz NMR spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) with a 5 mm dual cryoprobe DCI 1H/13C. Quantification of sugars was based on the integration areas of the characteristic proton signals (e.g. C1-H in Glc, the α-anomeric H showing a doublet with J = 6.4 Hz at 5.20 ppm, and the β-anomeric H showing doublet with J = 9.8 Hz at 4.61 ppm) by comparison with that of DMSO (integration region from δ 2.79 to 2.73 ppm for six protons of the two methyl groups). 1H-NMR acquisition parameters: 90o pulse, P1 = 9.95 μs, PL1 = −0.8 dB; relaxation delay D1 = 2 sec; number of acquisition aq = 1.9530824 (s); type of baseline correction: quad; window function: EM; LB = 0.5 Hz; software for spectral processing and regression analysis: TopSpin 3.0.


        




        

          Statistical Analysis




          Calculation of 6 common sugars in foods is based on the integration areas of 1H-NMR spectra. In general, HDO signal is fixed at 4.80 ppm and the integration area of DMSO (δ 2.79 to 2.73 ppm for six protons of the two methyl groups) was set at 6.00. The corresponding peaks of 6 common sugars are shown in Table 1. In addition, we also use a coefficient K to facilitate the calculation of 6 common sugars in foods. In brief, using qNMR concept the molar proportion of integration areas between DMSO (0.03% in 1.0 mL of D2O) and sugars (Glc, Fru and Gal have molecular weight 180 g/mol; Suc, Mal and Lac have molecular weight 342 g/mol) were calculated to converse to a unit of g sugar/100 mL or g sugar/100 g in food. To simplify the calculation, we provide a formula as follows for quantification of sugar in foods.




          The content of six common sugars in foods (in gram/100 mL or gram/100 g) = K (sugar coefficient) * IA (integration area of sugar in 1H-NMR) * D (times of dilution from original sample/food, i.e., solution-state sample = 1.000; solid-state or paste samples = 10.000).




          

            Table 1 The 1H-NMR integration regions and coefficient K of 6 common sugars.
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          The empirical equation (coefficient K) is to facilitate quantification of each common sugar by the integration area of the selected proton signals.




          Fig. (2) shows the 1H-NMR spectra of six common sugars in D2O solution (1.0 mL) containing 0.03% DMSO as internal standard. At anomeric center, the C1-H (α- and β-isomers) of Glc (at 5.26 and 4.47 ppm) and Gal (at 5.29 and 4.60 ppm) was calculated as one proton (1 H) in the integration region (Table 1). In comparison, Fru at 4.13 ppm has 0.5 H in the integration region, whereas disaccharides Mal (at 5.44 ppm), Lac (at 4.48 ppm) and Suc (at 4.23 ppm) respectively have 1 H in the integration region. The signal of HDO was set at 4.80 ppm. The signal of (CH3)2SO was set 6 H in the integration region of 2.79−2.73 ppm.
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Fig. (2))


          1H NMR spectra of six common sugars in D2O solution (1.0 mL) containing 0.03% (CH3)2SO as internal standard: (A) Glc, (B) Gal, (C) Fru, (D) Mal, (E) Lac, and (F) Suc. The signal of HDO was set at δ 4.80 ppm, and the signal of (CH3)2SO occurred at δ 2.73 ppm.

        


      




      

        NMR Spectral Analysis of Six Common Sugars in Beverages and Foods




        We first examined the 1H-NMR spectrum of six common sugars (Fig. 2). Taking the integration areas of the characteristic proton signals, one can calculate the amount of each sugar. We used qNMR method and statistical analysis to calculate 6 common sugars in foods. The results are shown in Table 2. For examples, in the solution-state samples, orange juice has 10.2 g sugar/100 mL comprising Glc (4.1 g), Fru (5.7 g) and Suc (0.4 g); Yogurt milk 2 has 9.2 g sugar/100 mL comprising Glc (2.0 g), Gal (1.7 g), Suc (5.3 g) and Lac (0.2 g); Red wine 2 (wine beverages in Taiwan is no longer to label sugar in “Nutrition Facts Panel”, but uses other sweeten labels) has 1.2 g sugar/100 mL comprising Glc (0.6 g) and Fru (0.6 g). In solid-state/paste food samples, potato chip has 1.2 g sugar/100 g comprising Glc (0.5 g) and Suc (0.7 g), chocolate candy has 65.8 g sugar/100 g comprising Suc (56.9 g) and Lac (8.9 g), and honey has 74.1 g sugar/100 g comprising Glc (39.1 g) and Fru (35.0 g), respectively.




        

          Table 2 Quantitative analysis of six individual sugars in commercial beverages and foods by qNMR.




          

            

              

                	XBeverage/Food



                	Sugar Content in Foods (%, g/100 mL; g/100 g Sample)

              




              

                	Glc



                	Gal



                	Fru



                	Suc



                	Mal



                	Lac

              


            



            

              

                	Winter melon drinka




                	0.1



                	–



                	–



                	7.4



                	–



                	–

              




              

                	Lemon beverage



                	0.3



                	–



                	0.3



                	5.3



                	–



                	–

              




              

                	Lemon black tea



                	3.3



                	–



                	4.0



                	1.2



                	–



                	–

              




              

                	Honey-plum vinegar



                	3.0



                	–



                	2.9



                	7.7



                	–



                	–

              




              

                	Refreshment beverage 1



                	2.8



                	–



                	3.1



                	10.9



                	–



                	–

              




              

                	Refreshment beverage 2



                	5.9



                	–



                	5.7



                	3.2



                	–



                	–

              




              

                	Sport drink



                	2.3



                	–



                	2.6



                	2.0



                	–



                	–

              




              

                	Soy milk (low sweet)



                	–



                	–



                	–



                	3.5



                	–



                	–

              




              

                	Soybean milk



                	3.4



                	–



                	3.7



                	–



                	–



                	–

              




              

                	Orange juice



                	4.1



                	–



                	5.7



                	0.4



                	–



                	–

              




              

                	Grape juice



                	5.7



                	–



                	5.6



                	–



                	–



                	–

              




              

                	Coffee milk beverage



                	–



                	–



                	–



                	4.8



                	–



                	2.7

              




              

                	Brown rice liquid



                	–



                	–



                	–



                	10.0



                	–



                	–

              




              

                	Yogurt milk 1b




                	2.1



                	1.7



                	–



                	–



                	–



                	0.2

              




              

                	Yogurt milk 2



                	2.0



                	1.7



                	–



                	5.3



                	–



                	0.2

              




              

                	Fermented rice wine



                	27.9



                	–



                	–



                	–



                	–



                	–

              




              

                	Corn can



                	0.3



                	–



                	–



                	6.2



                	–



                	–

              




              

                	Black vinegarc




                	4.6



                	–



                	4.0



                	–



                	–



                	–

              




              

                	Soy sauce



                	5.9



                	–



                	5.7



                	–



                	–



                	–

              




              

                	Red wine 1d




                	0.1



                	–



                	–



                	–



                	–



                	–

              




              

                	Red wine 2



                	0.6



                	–



                	0.6



                	–



                	–



                	–

              




              

                	White wine



                	2.2



                	–



                	4.5



                	–



                	–



                	–

              




              

                	Japanese sake 1e




                	1.9



                	–



                	0.6



                	–



                	–



                	–

              




              

                	Japanese sake 2



                	1.9



                	–



                	–



                	–



                	1.3



                	–

              




              

                	Paste/Solid Foods



                	



                	



                	



                	



                	



                	

              




              

                	Potato chips



                	0.5



                	–



                	–



                	0.7



                	–



                	–

              




              

                	Snack 1f




                	2.4



                	–



                	–



                	22.2



                	–



                	–

              




              

                	Snack 2g




                	–



                	–



                	–



                	26.8



                	–



                	5.6

              




              

                	Snack 3h




                	7.4



                	–



                	–



                	29.8



                	–



                	–

              




              

                	Chocolate candy



                	–



                	–



                	–



                	56.9



                	–



                	8.9

              




              

                	Chocolate



                	–



                	–



                	–



                	36.2



                	–



                	9.8

              




              

                	Malt cookie



                	–



                	–



                	–



                	8.9



                	35.0



                	–

              




              

                	Nougat candy



                	–



                	–



                	–



                	5.8



                	37.5



                	3.7

              




              

                	Mashmellow



                	1.9



                	–



                	–



                	32.1



                	32.8



                	–

              




              

                	Herb pilli




                	8.5



                	–



                	5.9



                	60.1



                	–



                	–

              




              

                	Raisin



                	33.7



                	–



                	39.0



                	–



                	–



                	–

              




              

                	Dried strawberry



                	32.5



                	–



                	28.2



                	5.9



                	–



                	–

              




              

                	Vitamin C tablet



                	8.4



                	–



                	–



                	75.7



                	–



                	–

              




              

                	Preserved plum



                	27.6



                	–



                	23.5



                	–



                	–



                	–

              




              

                	Noodles surface sauce



                	–



                	–



                	–



                	6.2



                	–



                	–

              




              

                	Mushrooms seasoning



                	1.8



                	–



                	–



                	24.4



                	–



                	–

              




              

                	Seasoning soup block



                	0.3



                	–



                	–



                	10.3



                	–



                	–

              




              

                	BBQ sauce



                	5.3



                	–



                	7.8



                	31.4



                	–



                	–

              




              

                	Soy sauce paste 1



                	8.6



                	0.5



                	7.6



                	9.5



                	–



                	–

              




              

                	Soy sauce paste 2



                	1.3



                	–



                	2.0



                	2.0



                	–



                	–

              




              

                	Brown sugar paste



                	22.7



                	–



                	16.9



                	30.9



                	–



                	–

              




              

                	Honey



                	39.1



                	–



                	35.0



                	–



                	–



                	–

              


            

          




          




        




        Some recent studies [11, 12] indicated the relationship between cancer and high sugar intake. This issue has been noticed by the government for policy implementation. The appropriate sugar intake is 25 grams per day according to the scientific recommendation by the WHO. However, there are many kinds of beverages and foods that have shown the exact amount of added sugar and other nutrition facts, but only label high, medium, and low sugar level, for example, the freshly prepared drinks in the street shops and traditional markets. Therefore, we used qNMR method to analyze some freshly prepared drinks in traditional markets.




        We have measured six common sugars in freshly prepared dairy beverage. Beverage sample (50 µL) was taken and dried for NMR measurement directly. Pretreatment or dilution of the beverage sample was not required in this typical analysis. The process time was shorter than 1 h. Table 3 shows the contents of 6 common sugars in soybean milk (soya milk, Dow-jiang in Chinese). The sugar contents in the samples of soybean milk are denoted as H (high), M (medium), L (low), and F (free) in parentheses, respectively. This method provides a convenient and rapid tool for quantifying sugar ingredients in beverages and foods. In addition, the samples were also treated with NAIM labeling method (see following section), and the amounts of sugar ingredients were deduced from the 1H-NMR spectral analysis. The values of sugar content are consistent between two measurements. According to our analyses, one may still intake excessive sugar, predominating in sucrose, over the daily need (25 g) as recommended by WHO and nutritionists, by drinking a cup (500 mL) of the allegedly high-sugar-content or medium-sugar-content beverage.




        

          Table 3 Quantitative analysis of six common sugars in beverages using 1H-NMR spectrometric measurement (600 MHz) in D2O (1.0 mL) solution containing 0.03% (CH3)2SO as internal standard.




          

            

              

                	Sugar



                	Glc



                	Gal



                	Fru



                	Mal



                	Lac



                	Suc



                	Total Sugarb

              




              

                	Samplea



                	(g /100 mL)

              


            



            

              

                	Soymilk (H)



                	< 0.1



                	0



                	0



                	0.1



                	0



                	15.3



                	15.4

              




              

                	Soymilk (M)



                	< 0.1



                	0



                	0



                	0.1



                	0



                	8.8



                	8.9

              




              

                	Soymilk (L)



                	< 0.1



                	0



                	0



                	0.1



                	0



                	3



                	3.1

              




              

                	Soymilk (F)



                	< 0.1



                	0



                	0



                	0.1



                	0



                	0.2



                	0.3

              


            

          




          




        


      




      

        NMR Spectral Analysis of Mixed Sugars in Foods




        The 1H-NMR spectrum of a mixture of six common sugars (Glc, Gal, Fru, Mal, Lac and Suc) is shown in Fig. (3). In this spectrum, fructose has no distinct peak in the region of 4.13 ppm for quantification. Galactose can be quantified by integrating its anomeric protons (H-1α and H-1β). However, glucose and maltose cannot be quantified because their anomeric protons (H-1β) around 4.70 ppm overlapped. The similar phenomena of overlapping signals occur at 5.40 ppm for Suc (GlcH-1α) and Mal (GlcH-1’α), as well as around 5.25 ppm for Glc (H-1α), Lac (H-1α) and Mal (H-1α).




        The 1H-NMR spectra of cheese cookie (Fig. 4A), instant coffee (Fig. 4B), strawberry flavor jam (Fig. 4C), maple sugar syrup (Fig. 4D), yogurt milk (Fig. 4E) and collagen powder (Fig. 4F) were also recorded. Due to the overlapped signals of mixed sugars in the 1H-NMR spectra of these food samples, it is difficult to differential what kind of sugar components, not to mention the accurate quantification of individual sugar. Instead of using qNMR method for direct measurement of six common sugars in foods, we pursued a more precise method assisted by NAIM derivatization. The Glc, Gal, Mal and Lac in food sample were converted to the corresponding NAIM derivatives on treatment with a NAIM labeling kit. The sugar-NAIM derivatives were readily distinguished by their characteristic signals in the 1H-NMR spectrum. The preparation and calculation of each sugar-NAIM derivative are described in details in the next section.




        
[image: ]


Fig. (3))


        A mixture of 6 sugars (Glc, Gal, Fru, Mal, Lac and Suc, 5 mg of each sugar). 1H-NMR spectra (600 MHz) in D2O (1.0 mL) solution containing 0.03% DMSO as internal standard. The signal of HDO was set at δ 4.80 ppm, and the signal of (CH3)2SO occurred at δ 2.73 ppm.
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Fig. (4))


        1H-NMR spectra (600 MHz, in D2O solution containing 0.03% DMSO as internal standard) of food samples: (A) cheese cookie containing Glc, Lac, Suc and Mal; (B) instant coffee (3-in-1 coffee) containing Glc, Suc, Mal and Lac (trace); (C) strawberry flavor jam containing Glc, Suc and Mal; (D) maple sugar syrup containing Glc, Suc and Mal; (E) yogurt milk containing Glc, Gal, Suc and Lac; (F) collagen powder containing small amounts of Mal and Suc.

      




      

        Introduction of NAIM Labeled Sugar




        Since carbohydrates lack responsive chromophores, therefore, the prior introduction of chromophore/fluorophore to carbohydrates is usually required for the detection in chromatography and electrophoresis [13]. For example, analyses of carbohydrates are often performed by labeling with appropriate reagents of 2-aminobenzamide (2-AB), 2-aminopyridine (2-AP), 1-phenyl-3-methyl-5-pyrazo- lone (PMP) or NADA [14] to form the derivatives that are responsive to ultraviolet-visual (UV-vis) or fluorescence detection. We have previously demonstrated that labeling aldoses with NADA via an iodine-promoted oxidative condensation reaction to form the NAIM derivatives is a highly sensitive method for HPLC and mass analyses [15, 16]. For example, the sugar composition in beverages and dietary foods can be determined by HPLC analysis via their NAIM derivatives.


      




      

        General Procedure for Preparation of Sugar-NAIM Derivatives




        According to the previously reported procedures [15], a mixture of glucose (2.0 mg, 11 µmol), NADA (2.0 mg, 13 µmol) and iodine (2.0 mg, 8 µmol) in AcOH (1.0 mL) was stirred at room temperature. The reaction was completed in less than 1 h as indicated by the TLC or NMR analysis. The mixture was concentrated by rotary evaporation under reduced pressure to give the sample of Glc-NAIM derivative, which was directly subjected to 1H-NMR measurement without further purification. This reaction protocol is applicable to prepare other sugar-NAIM derivatives, including those of mixed sugars, in smaller quantities.




        Alternatively, mono- and disaccharides were converted to the sugar-NAIM samples by using a NAIM labeling kit that consists of three vials. In brief, vial A containing NADA (3.0 mg) and vial B containing iodine (1.0 mg) in AcOH solution (1.0 mL) were used for conversion of reducing sugars to the NAIM derivatives. Vial C containing D2O (1.0 mL) and a small amount (0.03−0.1%) of DMSO as the internal standard was used in recording 1H-NMR spectra.


      




      

        NAIM Derivatization and NMR Spectrometric Data of Aldo-Sugars




        An aldose molecule exists inherently in solution as a mixture of the α and β anomeric isomers, displaying a rather complicated 1H-NMR spectrum (Fig. 2). The transformation of both aldose anomers to a single NAIM compound would simplify the 1H-NMR analysis. An aldose (2.0 mg) was generally converted to the NAIM derivative at room temperature in less than 1 h by using a NAIM labeling kit that contains the reagents of NADA and iodine in acetic acid. After the reaction, acetic acid was removed by rotatory evaporation under reduced pressure, and the residue of sugar-NAIM derivative without further purification was dissolved in D2O for recording the 1H-NMR spectrum. Instead of using the conventional but less accessible reagent, trimethylsilylpropanoic acid (TMSP), the readily available and cost-effective reagent DMSO was applied as an internal standard, which showed the two methyl groups as a singlet at δ 2.73 ppm. The NAIM derivatives of several mono- and disaccharides, including Glc, Gal, mannose (Man), rhamnose (Rha), fucose (Fuc), arabinose (Ara), xylose (Xyl), glucuronic acid (GlcUA), N-acetylglucose (GlcNAc), Mal, and Lac were individually prepared and subjected to 1H-NMR spectral analyses. Table 4 lists the characteristic proton signals of these sugar-NAIM compounds.




        

          Table 4 1H-NMR data (600 MHz, D2O) of the NAIM derivatives prepared from common mono- and disaccharidesa.




          

            

              

                	Compound



                	Chemical Shift (δ, ppm)

              




              

                	H-2



                	H-3



                	H-4



                	H-5



                	H-6

              


            



            

              

                	Glc-NAIM



                	5.38



                	4.4



                	3.85



                	3.77



                	3.75, 3.62

              




              

                	Gal-NAIM



                	5.60



                	4.15



                	4.06



                	3.95



                	3.80, 3.80

              




              

                	Man-NAIM



                	5.29



                	4.69



                	4.28



                	3.93



                	3.87, 3.73

              




              

                	Rha-NAIM



                	5.13



                	4.33



                	3.95



                	3.72



                	1.36

              




              

                	Fuc-NAIM



                	5.59



                	4.20



                	4.16



                	3.75



                	1.35

              




              

                	Ara-NAIM



                	5.49



                	4.11



                	3.97



                	3.96, 3.80



                	–

              




              

                	Rib-NAIM



                	5.31



                	4.15



                	3.76



                	3.80, 3.68



                	–

              




              

                	Xyl NAIM



                	5.43



                	4.21



                	3.99



                	3.79, 3.72



                	–

              




              

                	GlcUA-NAIM



                	5.53



                	4.41



                	4.13



                	4.31



                	–

              




              

                	GlcNAc-NAIM



                	5.44



                	4.51



                	3.9



                	3.84



                	3.73, 3.60

              




              

                	Mal-NAIM



                	5.52



                	3.89



                	3.66



                	4.11



                	3.93, 3.82

              




              

                	Lac-NAIM



                	5.56



                	4.43



                	4.14



                	4.08



                	3.93, 3.84

              


            

          




          




        




        In above section, we demonstrate that qNMR spectroscopy is a powerful method for simultaneous identification and quantification of six common sugars in foods. One-dimensional (1D) 1H-NMR spectra are also used in the routine quantitative analysis of sugars due to a short acquisition time. However, the simultaneous quantification of all sugar ingredients from a single 1D 1H-NMR spectrum is still difficult due to overlap of the proton signals. Alternatively, we present in this chapter a convenient method for the routine quantification of six common sugars in beverages and foods via NAIM derivatization for 1D 1H-NMR spectrometric analysis (see following section and workflow 2).




        The 1H-NMR spectrum of Glc-NAIM (Fig. 5A) was significantly simplified, and the H-2 shifted downfield to δ 5.38 as a doublet (J = 5.4 Hz). The characteristic H-2 of Gal-NAIM (Fig. 5B) appeared at δ 5.54 (d, J = 1.8 Hz). The disaccharide derivative Mal-NAIM (Fig. 5C) exhibited H-2 at δ 5.52 (d, J = 1.8 Hz) and the glycosidic proton (H-1′) at δ 5.25 (d, J = 3.6 Hz), whereas Lac-NAIM (Fig. 5D) displayed H-2 at δ 5.56 (d, J = 4.2 Hz) and H-1′ at δ 4.59 (d, J = 7.8 Hz). These sugar-NAIM derivatives consistently showed the characteristic patterns of C-2 protons in the region of 5.1–5.7 ppm in addition to other well recognizable proton signals in the 1H-NMR spectra. Thus, the parental sugars could be easily inferred from their corresponding NAIM derivatives using 1H-NMR spectrometry. Specifically, this 1H-NMR method is versatile to distinguish glucose from mannose (C2-epimer) and galactose (C4-epimer). Maltose and lactose were also readily differentiated by the 1H-NMR spectra of their NAIM derivatives.




        
[image: ]


Fig. (5))


        1H-NMR spectra (600 MHz) in D2O solution (1.0 mL) containing 0.03% DMSO as internal standard: (A) Glc-NAIM, (B) Gal-NAIM, (C) Mal-NAIM, and (D) Lac-NAIM. The aromatic protons of NAIM derivatives in the range of δ 7.2–8.2 ppm are not shown for clearance. The signal of HDO was set at δ 4.80 ppm, and the signal of (CH3)2SO occurred at δ 2.73 ppm.



        To demonstrate the advantage of using NAIM derivatives in 1H-NMR analysis of sugar mixture, a sample containing 4 aldoses (Glc, Gal, Mal, and Lac) in equal amounts was subjected to NAIM derivatization using a NAIM labeling kit, followed by quantitative analysis using 1H-NMR spectrometry. The parental sugars Glc, Mal, and Lac could not be easily quantified because their C-1 protons overlapped on the same position (Fig. 3). In contrast, the sugar-NAIM derivatives were easily distinguished by their C-2 protons with the diagnostic patterns at distinct chemical shifts. Taking the integration area of the (CH3)2SO peak from δ 2.79 to 2.73 ppm for the two methyl groups as a reference, one could calculate the amount of each sugar-NAIM derivative from its H-2 signal. In addition, the glycoside protons (H-1′) of Mal-NAIM (at 5.25 ppm) and Lac-NAIM (at 4.59 ppm) could also be used for quantitative analysis.
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