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Abstract

:

Monosaccharide composition analysis is essential to the structural characterization and research into the biological activity of polysaccharides. In this study, a systematic comparison was performed among commonly used monosaccharide composition analysis methods, including colorimetric and chromatographic methods. These were tested on 16 aldoses, ketoses, alditols, amino sugars, and uronic acids. Furthermore, the effect of hydrolysis methods was also investigated. The results showed that the phenol sulfuric acid method is greatly affected by the type of monosaccharide that is used as the reference substance. The determination of uronic acid using sulfuric acid carbazole is less affected by neutral sugars than that method using m-hydroxybiphenyl. The high-performance thin-layer chromatography (HPTLC) method can simultaneously analyze multiple samples and accurately determine the type of uronic acid. High-performance liquid chromatography (HPLC) can provide a good qualitative and quantitative analysis of aldose, amino sugars, and uronic acids, while gas chromatography–mass spectrometry (GC-MS) can detect aldose, ketose, and alditols. Fructose was detected in a large amount in inulin and Codonopsis pilosula after one-step hydrolysis, while it was totally destroyed in two-step hydrolysis. The release of galacturonic acid significantly increased after two-step hydrolysis in pectin and Lycium barbarum, which indicated that one-step hydrolysis is not enough for acidic polysaccharides. The results of this study are beneficial for selecting appropriate hydrolysis and analysis methods in order to accurately analyze the monosaccharide compositions of natural polysaccharides.
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1. Introduction


Over the past few decades, polysaccharides have received much attention as one of the main bioactive compounds in food as well as medicines [1]. Polysaccharides from natural sources exhibit antioxidant [2], anti-inflammatory [3], hypoglycemic, etc., effects [4]. Furthermore, previous studies have proven that the biological activity of polysaccharides is closely correlated with specific structural characteristics, such as molecular weight distribution, the types and ratios of compositional monosaccharides, the types of glycosidic linkages [1], etc. Monosaccharides are the most basic units of polysaccharides [5]. Some abundant monosaccharides in nature, such as rhamnose and mannose, are proven in certain specific proportions to play important roles in anticoagulant and immunostimulatory activities [6]. In order to better develop and utilize polysaccharides from natural sources, accurate assay methods are essential to understanding their monosaccharide composition and, combined with other technical means, to fully understanding their structural information.



So far, there are various analytical methods that have been developed to determine the monosaccharide compositions of polysaccharides, including colorimetry, as well as different chromatographic methods combined with hydrolysis, including thin-layer chromatography (TLC), high-performance liquid chromatography (HPLC), gas chromatography (GC), gas chromatography–mass spectrometry (GC-MS), etc., [7,8,9]. The colorimetric method can allow researchers to quickly obtain information on total sugars and the content of uronic acid without performing hydrolysis, but it cannot determine the specific monosaccharide composition. Previous studies have found that the chromogenic abilities of monosaccharides are different [10]. When combined with an ultraviolet detector after derivatization or used in direct detection with an evaporative light-scattering detector (ELSD) and a refractive index detector (RID) [11], HPLC is considered to be the standard technology for routine carbohydrate analysis, Hydrophilic chromatography, combined with ELSD and RID, could allow for the analysis of monosaccharides without derivatization; however, it performs poorly in terms of detection sensitivity and separation efficiency. GC-MS presents several characteristics, such as high resolution and high sensitivity, which are significant for the analysis of structurally similar monosaccharides. Especially when coupled with MS, this method could offer rather complete structural information on carbohydrates [12]. The aldononitrile acetate approach has been widely used in the GC/GC-MS and LC-MS/MS methods for monosaccharide composition analysis. This derivative procedure produces a unique peak for aldose, and the cyano-functional group is very stable and easy to form, which is suitable for the quantitative analysis of monosaccharides; however, it is not as suitable for the analysis of ketose [13]. Therefore, it is important to understand the influences of different monosaccharide compositions on the detection results of different methods to truly and accurately decode the structures of natural polysaccharides.



Furthermore, another important step in monosaccharide composition analysis is the depolymerization of polysaccharides, which usually employs enzymatic hydrolysis and acid hydrolysis [14]. Acid hydrolysis is economical and rapid, and is more suitable for the monosaccharide composition analysis of polysaccharides. Sulfuric acid, hydrochloric acid, and trifluoroacetic acid (TFA) are usually used, alone or in combination, to hydrolyze polysaccharides [15]. One-step hydrolysis with one kind of acid is the most commonly used method. However, since various glycosidic linkages in polysaccharides may have different resistances to hydrolysis, two-step acid hydrolysis has been proven to be advantageous for some structurally complex polysaccharides. In particular, polysaccharides containing uronic acid, often equipping themselves with acid-resistant glycosidic linkages, may not be completely degraded under one hydrolysis condition [16]. It was reported that two-step processes can be widely used for the monosaccharide composition determination of polysaccharides rich in uronic acids [5,17]. Therefore, different monosaccharide compositions definitely require different acid hydrolysis conditions, which need to be evaluated comparatively; otherwise, it is very easy to cause the incomplete hydrolysis or degradation of the released monosaccharides.



Therefore, the influences of different monosaccharide compositions (including 16 aldoses, ketoses, alditols, amino sugars, and uronic acids) on the different colorimetric methods, including phenol sulfuric acid, carbazole sulfuric acid, and m-hydroxybiphenyl, were investigated. In addition, the applicability, operation time, detection sensitivity, and quantitative accuracy of HPTLC, HPLC-DAD, and GC-MS for different monosaccharides were compared to investigate the advantages and disadvantages of each method. Furthermore, the hydrolysis process, which significantly influences monosaccharide composition analysis, including one-step and two-step acid hydrolysis methods, was compared. The effect of hydrolysis and the detection method on the monosaccharide analysis of inulin, pectin, and three natural-source polysaccharides extracted from Lycium barbarum, Codonopsis pilosula, and Ganoderma lucidum was investigated. The results of this study can provide a basis for selecting appropriate and accurate methods when decoding the structures of polysaccharides.




2. Materials and Methods


2.1. Materials and Reagents


Rhamnose (Rha), xXylose (Xyl), rRibose (Rib), gGlucose (Glc), gGalactose (Gal), aArabinose (Ara), fFucose (Fuc), mMannose (Man), fFructose (Fru), gGlucuronic acid (GlcA), gGalacturonic acid (GalA), rRibitol (Ri-ol), and mMannitol (Ma-ol) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Glucosamine (GlcN) was purchased from Meryer Corp (Shanghai, China). Sorbitol (So-ol) and xXylitol (Xy-ol) were purchased from Macklin Corp (Shanghai, China). Information about the 16 monosaccharides is shown in Table S1. Trifluoroacetic acid (TFA) was purchased from Aladdin Corp (Shanghai, China). 1-Phenyl-3-methyl-5-pyrazolone (PMP, analytical purity) was purchased from Yuanye Bio-Technology (Shanghai, China). Hydroxylamine hydrochloride and Methoxyamine hydrochloride were purchased from Sigma-Aldrich (St. Louis, MO, USA). Chromatographic-grade methanol and acetonitrile (ACN) were obtained from Macklin (Shanghai, China). Ultra-pure water was obtained from an Aquapro System (Chongqing, China). All of the other chemicals and reagents used were of analytical grade.



Pectin and inulin were purchased from Macklin (Shanghai, China); L. barbarum, C. pilosula, and G. lucidum were all commercially available. Information about the five polysaccharides is shown in Table S2.




2.2. Extraction and Hydrolysis of Polysaccharides


The powders of L. barbarum, C. pilosula, and G. lucidum were extracted according to our previous studies [13]. In brief, powders were extracted with 60% ethanol under reflux conditions at 100 °C (temperature of the oil bath) for 1 h (solid-to-liquid ratio = 1:25). The residue was centrifuged, redissolved with water and extracted at 130 °C (temperature of the oil bath) for 1 h with a solid-to-liquid ratio of 1:30. This process was repeated twice. Then, the supernatants were concentrated under reduced pressure and precipitated four times using absolute ethanol for 12 h. After centrifugation, a precipitate was obtained. The precipitate was washed with anhydrous ethanol again, and the residue was dried until there was no obvious ethanol smell. Finally, it was redissolved in pure water and lyophilized to obtain the L. barbarum polysaccharide (LBP), C. pilosula polysaccharide (CPP), and G. lucidum polysaccharide (GIP).



Polysaccharides were hydrolyzed via one-step acid hydrolysis and two-step acid hydrolysis. Specifically, the one-step acid hydrolysis method was modified according to our previous research [13]: the polysaccharide sample (3 mg) was mixed with 1 mL of 2 M TFA solution and hydrolyzed at 90 °C for 8 h. In the two-step acid hydrolysis method, firstly, 1 mL of 2 M hydrochloric acid–methanol was used for hydrolysis at 80 °C for 16 h, and after drying 1 mL of 2 M TFA was used for further hydrolysis at 120 °C for 1 h [18].




2.3. Chromogenic Method


The total sugar content was determined via the phenol–sulfuric acid method. Glc, Fru, and Rha were selected as representatives for aldose, ketose, and methylpentose and used as standard reference substances to investigate the chromogenic differences in different monosaccharides. The sample solution containing 16 monosaccharides was prepared to investigate the interference of different monosaccharides with detection accuracy. The sample solution (1 mg/mL) was diluted 10 times with purified water, and the concentration of standard solution was prepared in the range of 0–100 μg/mL. Then, 200 μL of standard solution or sample solution was mixed with 100 μL of 6% phenol solution, respectively. Under the conditions of an ice bath, 1 mL of concentrated sulfuric acid was slowly added. After being shaken well, the mixed solution was heated in a boiling water bath for 10 min and then cooled to room temperature to be measured at 490 nm.



For the determination of the uronic acid content, the carbazole sulfuric acid method and m-hydroxybiphenyl method were compared. GalA and GlcA were used as reference substances, respectively. The concentration of the standard solution was prepared in the range of 0–80 μg/mL. The specific steps of the carbazole sulfuric acid method were as follows: 200 μL of standard solution or sample solution was taken and mixed with 1 mL of 0.025 mol/L sodium tetraborate-concentrated sulfuric acid solution (under the condition of an ice bath). After shaking, the mixture was heated by a boiling water bath for 5 min and then cooled to room temperature, mixed with 40 μL of 0.125% carbazole–ethanol solution, and then determined at 530 nm. The steps for measuring uronic acid using the m-hydroxyphenyl method were as follows: 200 μL of standard solution, 200 μL of sample solution and 1 mL of sodium tetraborate–sulfuric acid solution were mixed. After being shaken well, the mixed solution was heated in a boiling water bath for 10 min and cooled in an ice water bath, and then 20 μL of 1.5 mg/mL m-hydroxyphenyl solution (5 mg/mL NaOH solution dissolved) was added. The corresponding absorbance was measured at 525 nm.




2.4. Thin-Layer Chromatography


Firstly, a silica gel thin-layer plate (Merck KGaA) was activated in an oven at 105 °C for 5–10 min. The monosaccharide standard solution was prepared at a concentration of 2 mg/mL with methonal. Then, 10 μL of standard solution and sample solutions were applied in 8 mm wide bands with a microliter syringe at a distance of 10 mm from the lower end of the plate. After the sampling was finished, the thin-layer plate was immersed in a pre-saturated double-layer chromatography cylinder for development, and the developing agent was the mixed solution of n-butanol, methanol, chloroform, glacial acetic acid, and water (25:9:10:3:3, v/v/v/v/v) [19]. The spreading distance was 90 mm. For detection, the developing agent was dried in a fume hood and sprayed with aniline-diphenylamine developer (0.4 g of diphenylamine, 0.4 mL of aniline, 2 mL of 85% phosphoric acid mixed and dissolved in 20 mL of acetone solution) onto the thin-layer plate. Finally, the plate was placed in an oven at 130 °C for color development for 5–10 min. The result of color development was photographed and recorded.



We used an automatic gel imaging system (Tanon) to shoot TLC grayscale images and analyzed them using Image-J software (Java 1.8.0 112, 64-bit, National Institutes of Health, Bethesda, MD, USA).




2.5. High-Performance Liquid Chromatography


The 1-phenyl-3-methyl-5-pyrazolone (PMP) derivatization method was performed as follows: the standard solution or hydrolyzed sample solution (0.5 mL) was mixed with 0.5 mL of 0.3 mol/L NaOH solution and 0.5 mol/L PMP-methanol solution. The above solution was allowed to cool to room temperature after being heated at 70 °C for 100 min. Then, 0.5 mL of 0.3 mol/L HCl solution was added to the reaction system for neutralization. Finally, the reaction system was extracted with 2 mL of chloroform. The organic layer was carefully removed from the remaining aqueous phase, and this process was repeated three times. Both standards and samples were filtered using a 0.22 µm filter before HPLC analysis.



The analysis of PMP derivatives was performed on a Nexera LC-40 (SHIMADZU, Kyoto, Japan). A Thermo Hypersil GOLD aQ (4.6 mm × 250 mm, 4.6 μm) column was used for chromatographic separation. Mobile phases consisted of 83% phase A (phosphate Buffer, pH = 6.8) and 17% phase B (acetonitrile). The separation temperature was 35 °C, the flow rate was 1 mL/min, and the injection volume was 10 μL. The UV detection wavelength was set at 245 nm.




2.6. Gas Chromatography—Mass Spectrometer Method


This method is based on previous research with slight modifications [20]. To detect monosaccharide composition via GC-MS and for the derivatization of aldose and alditol separately, monosaccharides were firstly divided into two parts. The monosaccharide standard solution or hydrolyzed sample solution (400 µL) was reacted with 100 µL of hydroxylamine hydrochloride pyridine solution (100 mg/mL) at 90 °C for 30 min and subsequently with acetic anhydride (500 µL) at 90 °C for 30 min. Another step was applied for ketose derevitization. The monosaccharide standard or hydrolysates (400 µL) were treated with methoxylamine hydrochloride pyridine solution (100 µL, 10 mg/mL) at 70 °C for 60 min and then with acetic anhydride (500 µL) at 45 °C for another 60 min. After the solution dried, it was redissolved in 1 mL of methanol and dried. Then, 1 mL of 0.1 mg/mL inositol hexaacetyl ester-(internal standard)-methanol solution was added, filtered using a 0.22 µm organic microporous membrane, and detected via GC-MS. Chromatographic conditions: the column type was Agilent HP-5 MS (30 m × 0.25 mm, 0.25 μm). Helium was used as the carrier gas, and the flow rate was 1 mL/min. The initial column temperature was 170 °C for 5 min; then, it was raised to 180 °C at 4 °C/min and held for 5 min. It was then raised to 225 °C at 5 °C/min and held for 3 min, and finally raised to 280 °C at 20 °C/min. The inlet temperature was 250 °C and the injection volume was 1 µL. The split ratio was 10:1.




2.7. Verification of Monosaccharide Quantitative Method


For the standard curve, the HPLC method took the monosaccharide concentration and peak area to construct the calibration curve, while the GC-MS method used the monosaccharide concentration as X and the ratio of the monosaccharide peak area to the internal standard peak area as Y to obtain the monosaccharide linear regression equation. The limit of detection (LOD) and the limit of quantification (LOQ) were determined using signal-to-noise ratios of 3 and 10, respectively. The precision was measured at high, medium, and low levels within the linear range. Intraday precision refers to the percentage of the standard relative deviation of one concentration, determined six times on the same day, and interday precision refers to the relative standard deviation of six results after injecting a sample twice a day for three consecutive days. In order to calculate the accuracy, a mixed standard solution with a known concentration was prepared to participate in the reaction process. The recovery was used to investigate the detection accuracy and was estimated using the following formula: the measured value of the sample/actual value × 100%.





3. Results and Discussion


3.1. Determination of Total Sugar and Sugar Acid Content by Chromogenic Method


The phenol–sulfuric acid method is a common method used to determine the total sugar content [21]. The polysaccharide is dehydrated under the action of concentrated sulfuric acid to form furfural derivatives, which react with phenol to form orange–red compounds (Figure 1A). In order to study the effect of monosaccharides with different properties on the color results, Fru, Glc, and Rha were selected as the reference substances. Glc is a hexose-containing aldehyde group, while Rha is a methylpentose. Fru belongs to polyhydroxyketones and is not reducible. The results of the phenol–sulfuric acid method are shown in Table 1, and the linear relationships (R2) of the Fru, Glc, and Rha standard curves were between 0.9982 and 0.9991. The accuracy results showed that the mixed standard containing 16 monosaccharides with a 2 μg/mL concentration was closer to the actual content when substituted into the Fru (111.5%) regression equation. There may be significant differences in the color-rendering ability of different monosaccharides with the same concentration after condensation with phenol, as shown in Figure 1D, and Fru has a stronger color-rendering ability than the other two monosaccharides. When taking Glc (163.0%) as the reference substance for the phenol–sulfuric acid method, the determination results are generally on the high side, as shown in Table 1.



The carbazole sulfate method and the m-hydroxybiphenyl method are commonly used to determine the uronic acid content in polysaccharides [22]. Uronic acid is hydrolyzed into various furan structures with -COOH under the action of concentrated sulfuric acid. The derivatives react with carbazole reagent to produce purplish-red compounds; the color intensity is proportional to the uronic acid content [23]. It can be quantitatively compared with color (Figure 1B). The principle of the m-hydroxybiphenyl method is similar to that of the carbazole sulfuric acid method (Figure 1C). Both GlcA and GalA were used as reference substances in two methods. The results show that the two methods have good linearity within the range of 0.9971–0.9993. For the mixed standard, the recovery of both the carbazole sulfuric acid and the m-hydroxybiphenyl method showed that the existence of neutral sugar affects the determination of uronic acid. As shown in Table 1, the detection result is relatively high compared with the actual concentration. Compared with the m-hydroxybiphenyl method, the detection value of the carbazole sulfuric acid method is closer to the actual value. And compared with experiments using GlcA as the reference substance, the results obtained using GalA as the reference substance are closer to the actual value (205.3% vs. 150.6%). The results showed that, when GlcA was used as a reference substance, the detected value was more than twice of the actual value derived using both the carbazole sulfuric acid (205.3%) and the m-hydroxybiphenyl method (234.1%). The result suggested that we may achieve a better result when determining the uronic acid content of acidic polysaccharides using colorimetric methods, especially when using the m-hydroxybiphenyl method or using GlcA as the reference substance.



The above methods were applied to determine the content of total sugar and uronic acid in real samples (Figure 1D, Table 2). Inulin is a neutral polysaccharide consisting of a linear chain of fructose units with glucose units at the reducing end [24,25,26,27], and pectin is a family of galacturonic acid-rich polysaccharides, including homogalacturonan, rhamnogalacturonan I and the substituted galacturonans rhamnogalacturonan II (RG-II) [28,29,30,31]. Lycium barbarum (LBP) is also rich in acidic polysaccharides, including GalA, Ara, Gal, Rha, Glc, and Xyl, at different ratios based on previous studies [32,33,34]. Codonopsis pilosula (CPP) contained both neutral inulin-type fructan and acidic rhamnogalacturonan [35,36,37]. Polysaccharides in Ganoderma lucidum are mainly neutral glucans [38,39]. Therefore, these polysaccharides with different structures were selected for the purpose of investigating the effects of hydrolysis conditions and detection methods on monosaccharide composition analysis. The structural information of five polysaccharides is summarized in Table S2. As the results show in Table 2, the total sugar content of inulin is higher than 100% when calculated using Glc and Rha as the reference substances. This indicates that the chromogenic method results were significantly affected by the kind of monosaccharide used as the reference substance. The content calculated using Fru is relatively low, which is consistent with the validation results obtained using the mixed standards shown in Table 1. Inulin does not contain uronic acid, but the determination results showed the presence of uronic acid, which further verifies the effect of neutral sugars on the detection results of uronic acid. The structure of pectin is rich in uronic acid, and the content of uronic acid is higher than 100%, as detected via the m-hydroxybiphenyl method when using GlcA as a reference substance. Furthermore, when using GlcA as a reference substance, the detection deviation of the carbazole sulfuric acid method and m-hydroxybiphenyl method is higher than that obtained with GlaA (such as in the detection of pectin, where there is a rate of 59.1% vs. one higher than 100% when using GlcA as the reference substance, and likewise 39.2% vs. 39.5% when using GalA as the reference substance). Although the colorimetric method is simple and rapid, it cannot represent the true situation of heteropolysaccharides, and the test results show that the presence of neutral sugar will affect the determination result of uronic acid. For polysaccharides from different sources, a more accurate determination method should be used to determine the monosaccharide composition.




3.2. High-Performance Thin-Layer Chromatography


High-performance thin-layer chromatography (HPTLC) allows for a visual identification of monosaccharide species by color and Rf value. The results of HPTLC showed that nine neutral sugars, two sugar acids, and amino sugars could be separated usig this method (Figure 2A). Because the Rf values of some monosaccharides are similar, which affects the quantitative results, 12 kinds of sugars were divided into four groups. Group A included Rha, Xyl, Rib, Glc, Gal, and GlcA; B consisted of Fuc, Ara, GlcN, and GalA; and Group C and Group D were Fru and Man, respectively. The strips from the thin-layer chromatography plate were taken as TLC grayscale images using an automated gel imaging system and converted from grayscale into optical density values via image-j analysis software in an attempt to perform quantitative analysis (Figure 2B). Taking the concentration as the X-axis, the optical density values of each monosaccharide under different concentrations were taken as the Y-axis to construct the linear standard curve. Table S3 shows the methodological results of HPTLC. Compared with HPLC and GC, the linear relationship is not so satisfied. This is mainly because of the scanning and conversion errors, as well as operating errors [5]. Although HPTLC does not have an advantage in quantitative analysis, it can perform intuitive qualitative analysis and analyze multiple samples simultaneously, making it essential for monosaccharide composition analysis.



The result showed that there were obvious differences in the monosaccharide composition and content among five polysaccharides from natural sources, which could be observed visually in HPTLC plates after color development (Figure 2A). It is known that inulin is composed of Glc and Fru. The HPTLC results showed that the monosaccharide composition of inulin changed greatly under the action of the two steps of acid hydrolysis. The disappearance of Fru bands can be visually observed based on color as Fru is brown and Glc is blue after color development. The band of inulin after one-step hydrolysis is brown mixed with blue, while the band appears to be exclusively blue after two-step hydrolysis, as shown in Figure 2A. This indicates that Fru is more easily destroyed under intense hydrolysis conditions. The bands overlapped due to the close Rf values of some monosaccharides, and the monosaccharide types cannot be definitely distinguished by color. Therefore, the identification of Glc, Ara, and Man is difficult as they have similar Rf. However, in HPTLC separation, GalA and GlcA can be clearly separated, while it is hard to derive stable and quantifiable chromatographic peaks in gas chromatography. The bands after the conversion shown in Figure 2B demonstrated that Gal and GalA can be clearly identified. Excepting inulin, the other four polysaccharides contained Gal. LBP, CPP, and pectin are acidic polysaccharides composed of GalA. Furthermore, the content of GalA obviously increased after two-step hydrolysis, which is obviously reflected in HPTLC plates (Figure 2A,B).




3.3. High-Performance Liquid Chromatography


The HPLC-UV method using 1-phenyl-3-methyl-5-pyrazolone (PMP) for pre-column derivatization is a common method used for monosaccharide determination. Pre-column derivatization with PMP can react with reduced carbohydrates under mild conditions without an acid catalyst. The derivatives were not easy to crack, it was not easy for them to produce isomers, and they had strong absorption at 245 nm wavelength (Figure 3A). Since the reaction requires an aldehyde group, sugar alcohols could not be analyzed as PMP derivatives. In addition, Fru could not form PMP derivatives. This was probably due to the low reactivity of the ketone group and the spatial site hindrance caused by its molecular conformation [40]. The HPLC-DAD chromatogram of the mixed standards is shown in Figure 3B: aldoses, amino sugars, and uronic acids, including Man, Rib, Rha, GlcN, GlcA, GalA, Glc, Gal, Xyl, Ara, and Fuc, were derived and separated. The linear regression equation is shown in Table S4. It can be seen that the monosaccharide in the range of 3.04~343 µg/mL had a good linear relationship (R2 > 0.9928), and the detection sensitivity was satisfied with an LOD of 0.19~0.42 µg/mL. The recovery was between 90.6% and 101.3%. As shown in Table S5, the intraday precision of the peak area and retention time, respectively, measured at the concentrations of 25, 50, and 100 µg/mL was 0.10~3.71% and 0.16~0.63%%. The interday precision of the peak area and retention time was in the range of 2.10~13.83% and 0.18~0.74%, respectively. The results showed that the analytical method has good precision.



After the hydrolyzed polysaccharide samples were derived via PMP, the monosaccharide composition of polysaccharides from natural sources was further decoded. Except for Gal and GalA, which were determined via HPTLC, other monosaccharides were also determined. Only Glc was detected in inulin because Fru could not be derived via PMP (Figure 3C). And the monosaccharide composition of pectin included Rha, GalA, Glc, Gal, and Ara, in which GalA was present in a large amount. This result is in accordance with the structure of pectin, in which GalA is abundant along the backbone (Figure 3D). Monosaccharides including Man, Rha, GalA, Glc, Gal, and Ara were detected in LBP and CPP. LBP also had a small amount of Xyl (Figure 3E,F). The monosaccharide with the highest content in GIP was Glc, which is consistent with previous reports that the main polysaccharide in G. lucidum is glucan (Figure 3G) [41,42]. Polysaccharides containing uronic acid typically have acid-resistant glycosidic linkages. Therefore, for polysaccharides rich in uronic acid, such as pectin, LBP, and CPP, two-step hydrolysis is needed. The result showed that different acid hydrolysis conditions resulted in significant variations in uronic acid content. After two-step acid hydrolysis, the content of GalA increased obviously, as shown in Figure 3D–F in the red line. This result proves that one-step acid hydrolysis is usually insufficient for acidic polysaccharides, which probably leads to the misjudgment of monosaccharide composition [5]. Therefore, suitable acid hydrolysis conditions are crucial to obtaining the accurate monosaccharide composition of polysaccharides, which need to be optimized for different polysaccharides.




3.4. Gas Chromatography—Mass Spectrometry


Monosaccharides have no volatility and so they must be chemically modified before they can be used for GC-MS analysis. Due to the different functional groups of aldose, ketose, sugar alcohol, amino sugars, and uronic acid, their properties are different, and so different monosaccharides need to be derivatized with different derivatization reagents, as described in the experimental method. Among various derivatization methods, the aldononitrile acetate derivative method is the most widely used method [43]. The principle is that sugar oxime is formed after treatment with hydroxylamine hydrochloride. As a second step, the progress in acetylation is performed for aldose to form aldononitrile acetate, which can simplify chromatograms by producing a single peak. Sugar alcohol does not react with hydroxylamine hydrochloride. They only reacted with acetic anhydride in the second step to form alditol acetates. Of note, neither the oxime group in the C2 position of the ketose participated in the second step; as such, two peaks formed because of each fructose form [44]. As shown in Figure 4A,B, the monosaccharides that can be analyzed by this method include aldose, ketose, and sugar alcohol, but uronic acid and amino sugar cannot be detected due to their low volatility. All derived monosaccharides, especially Gal and Xyl, which cannot achieve good separation in HPLC methods can be separated well via GC-MS. The results of the methodological examination are shown in Tables S6 and S7. The GC-MS method had good linearity in the range of 3.14~226.67 µg/mL, and the R2 was greater than 0.9967. The LOD and LOQ of the analytes ranged from 0.12 to 0.80 μg/mL and 0.41 to 2.68 μg/mL, respectively, which indicated that the method established was sufficiently sensitive. The accuracy of the developed method was acceptable, and its recoveries varied in the range of 84.4–99.9%. The RSDs for the interday and intraday precision of the peak areas ranged from 0.87% to 6.33% and 0.67% to 5.78%, respectively, while the RSDs for interday and intraday precision of the retention times ranged from 0.01% to 0.20% and 0.01% to 0.09%, respectively.



Compared with HPLC, ketose could be detected via GC-MS, and it was observed that fructose-rich heteropolysaccharides such as inulin and CPP contained large amounts of Fru after one-step acid hydrolysis, as shown in the black line in Figure 4C. However, after two steps of acid hydrolysis, the Fru could hardly be detected in either inulin or CPP. Ara, Glc, and Gal could also be observed to decrease slightly after two-step acid hydrolysis (Figure 4C). The quantitative results in Table 3 showed that the Fru content in inulin was 54.5 mg/g after one-step acid hydrolysis; however, Fru could not be detected after two-step acid hydrolysis.



The methodology investigation result showed that the HPLC-DAD and GC-MS methods could achieve the accurate quantification of monosaccharides. However, the quantification results shown in Table 3 displayed obvious differences in five polysaccharides detected using HPLC-DAD and GC-MS. The result indicated that it may be caused by the different hydrolysis conditions and detection capacities of different methods. Two-step hydrolysis leads to the increased release of uronic acid and degradation of Fru. For acidic polysaccharides such as pectin, LBP, and CPP, their GalA content increases sharply after two-step acid hydrolysis. Inulin and CPP are rich in Fru, and their Fru content is completely degraded after two-step acid hydrolysis from the original 54.5 mg/g in inulin and 41.1 mg/g in CPP. Different from other polysaccharides, GIP does not contain GalA and Fru. After two-step acid hydrolysis, the content of each monosaccharide changes little, and Glc is released more under more severe conditions. The quantification results of GIP detected using HPLC-DAD and GC-MS after one-step acid hydrolysis (119.1 mg/g by HPLC and 119.8 mg/g by GC) and two-step acid hydrolysis (178.1 mg/g by HPLC and 175.0 mg/g by GC) are similar, which indicated that the methods established in this study, both HPLC-DAD and GC-MS, are accurate for the quantification of monosaccharides. Furthermore, the result indicated that correct hydrolysis condition and suitable analytical method are the prerequisites for the accurate determination of monosaccharide composition.



The monosaccharide composition of five polysaccharides from different sources was also calculated as a percentage and compared with previous studies (Table S2). Inulin is mainly composed of Fru and Glc. The GalA accounts for 82.1% of the content of pectin, which is consistent with the structure of (1→4)-α-D-GalA as the backbone. Similar to pectin, LBP is also rich in acidic polysaccharides, and the content of GalA is 60.9%. Especially, both neutral inulin-type fructan and acidic polysaccharides are contained in CPP; therefore, the results based on the one-step hydrolysis coupled with GC analysis showed that 41.0% of Fru existed in CPP. And the results based on the two-step hydrolysis coupled with HPLC analysis showed that 74.4% of GalA was contained in LBP, but Fru could not be detected after the two-step hydrolysis. This result indicated that when analyzing the monosaccharide composition of complex polysaccharides, different hydrolysis conditions may need to be used simultaneously. Glc is the most abundant monosaccharide in GIP with a content of 75.4%, which is also consistent with the structure of glucan with (1→3)-β-Glc and (1→6)-β-Glc as backbone.




3.5. Evaluation of Monosaccharide Composition Determination Method


The structural characteristics and biological activities of polysaccharides from different sources are quite different, and monosaccharide composition is of great significance for the structural characterization of polysaccharides. Currently, there are still many studies focusing on the simultaneous separation of different types of monosaccharides. A different devitization method coupled with LC-MS/MS [45,46,47], and GC-MS [48,49,50] was developed for the accurate analysis of monosaccharides. Furthermore, NMR was also developed for the identification of pentosan polysulfate monosaccharide composition [51]. Nevertheless, based on the accessibility and stability of the method, PMP and aldononitrile acetate derivatization are still the most commonly used in the monosaccharide composition analysis of polysaccharides [5,21].



Therefore, in this study, a comparison of several commonly used methods for determining the monosaccharide composition is shown in Table 4. The colorimetric method can achieve the rapid determination of total sugar and uronic acid content with a simple operation and low equipment requirements. However, the inability to provide specific information on monosaccharide composition means that it cannot achieve the precise analysis of polysaccharide structures.



Three chromatographic methods were further compared to analyze the monosaccharide composition of polysaccharides from natural sources. The application scope of the three chromatography methods is different for the 16 kinds of monosaccharides, as summarized in Table 4. HPTLC is a simple, rapid, cost-effective, and visualized method for effective qualitative analysis. In this study, the HPTLC method was used to identify 12 monosaccharides, excluding sugar alcohols. It can analyze multiple samples simultaneously, and the type of uronic acid can also be determined visually and quickly based on the chromogenicity of monosaccharides and specific Rf values. In addition, HPLC-DAD and GC-MS methods could analyze different ranges of monosaccharides, as shown in Table 4. In particular, the HPLC method can perform PMP derivatization work on uronic acid, aldoses, and amino sugars, but it cannot derivate ketose and sugar alcohols, while the GC-MS method can detect aldoses, ketose, and sugar alcohols, but cannot detect uronic acid and amino sugars. Furthermore, compared with HPLC-DAD, GC-MS has a stronger separation ability, which has advantages for separating monosaccharides with similar structures. It can be seen in Table 4 that all the investigated monosaccharaides, except GlcA, GalA, and GlcN, which could not be derivated, were well separated and quantified via GC-MS.



Both the HPLC-DAD and GC-MS methods used in this study require derivatization. PMP is a commonly used derivatization reagent, and PMP-monosaccharide derivatives have an almost quantitative yield and are characterized by a significant degree of absorbance at 245 nm. The GC-MS method for the determination of the monosaccharide composition using the aldononitrile acetate derivative method is more tedious than the derivatization process of PMP and requires different derivatization methods for ketose and aldose. In terms of derivatization time, the PMP derivatization process required 1 h, while the aldononitrile acetate derivative method required at least 1–2 h (Table 4). In terms of the operation time, the HPTLC method requires at least 2 h to achieve plate preparation, sampling, developing, and detection, which is longer than required by the HPLC and GC-MS methods in one operation. However, HPTLC can analyze multiple samples simultaneously. In terms of the chromatographic analysis procedures, the HPTLC method does not require excessive time spent on instrumental analysis, whereas the HPLC-DAD method requires more analysis time. Except for the HPTLC method, both chromatographic methods have a good resolution and high sensitivity for the microanalysis of polysaccharides.





4. Conclusions


The effect of the hydrolysis condition and detection method on the monosaccharide composition analysis of polysaccharides was systematically investigated in this study. The results showed that the detection accuracy of chromogenic methods is affected by the color-rendering abilities of different monosaccharides, and the result is more accurate and stable when using Fru and GalA as reference substances. HPTLC can intuitively analyze multiple samples simultaneously, making it more suitable for the preliminary determination of monosaccharide composition and optimization of hydrolysis conditions. HPLC-DAD coupled with PMP derivatiztion can detect aldose, amino sugars, and uronic acid, but Fru cannot be detected. The selected derivative method coupled with GC-MS can separate aldose, ketose, and sugar alcohols well, but it cannot determine uronic acid and amino sugars. Finally, the monosaccharide composition of five polysaccharides from natural sources was analyzed by combining it with two hydrolysis methods. It was found that the two-step acid hydrolysis could release more uronic acid, but that the Fru would be destroyed. This study has reference significance for the rational selection of monosaccharide composition analysis methods and hydrolysis conditions for natural polysaccharides.
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Figure 1. Schematic diagram of monosaccharide detection principle based on phenol sulfuric acid (A), carbazole sulfuric acid (B), m-hydroxybiphenyl (C) colorimetry, and the color development result of different reference substances and samples (D) of these three methods. 
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Figure 2. HPTLC chromatograms (A) and HPTLC densitograms (B) of four groups of mixed standards and natural polysaccharides from different sources under one-step or two-step acid hydrolysis. The isolated monosaccharide types include (1) Rha, (2) Xyl, (3) Rib, (4) Glc, (5) Gal, (6) GlcA, (7) Fuc, (8) Ara, (9) GlcN, (10) GalA, (11) and Fru and (12) Man. 
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Figure 3. Mechanism of PMP derivatization (A) and chromatogram of mixed standard (B), (C–G) are HPLC chromatography of hydrolyzate of inulin, pectin, L. barbarum (LBP), C. pilosula (CPP) and G. lucidum (GIP), respectively. (The black line indicates one-step hydrolysis and the red line indicates two-step hydrolysis). 
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Figure 4. GC-MS standard chromatogram, in which (A) is the standard chromatogram of 12 aldoses and sugar alcohols, (B) is the standard chromatogram of ketose, and (C) is the chromatogram of polysaccharides from five different sources. (The black line indicates one-step hydrolysis and the red line indicates two-step hydrolysis). 
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Table 1. Linearity and accuracy of the chromogenic method for different carbohydrates.
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Methods

	
Carbohydrates

	
Regression Equation

	
R2

	
Linear Range (µg/mL)

	
Accuracy (%)






	
Phenol–sulfuric acid method

	
Glc

	
Y = 0.0031X − 0.0037

	
0.9990

	
0–100

	
163.0 ± 2.9%




	
Fru

	
Y = 0.0045X − 0.0026

	
0.9991

	
111.5 ± 2.0%




	
Rha

	
Y = 0.0036X + 0.0056

	
0.9982

	
132.3 ± 2.5%




	
Carbazole sulfuric acid method

	
GalA

	
Y = 0.0039X + 0.0049

	
0.9991

	
0–80

	
150.6 ± 5.4%




	
GlcA

	
Y = 0.0023X + 0.0039

	
0.9993

	
205.3 ± 3.7%




	
M-hydroxybiphenyl method

	
GalA

	
Y = 0.0025X − 0.0055

	
0.9979

	
0–80

	
190.4 ± 6.2%




	
GlcA

	
Y = 0.0014X − 0.0054

	
0.9971

	
234.1 ± 3.0%











 





Table 2. Chromogenic results of polysaccharides from five different sources.
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Chemical Composition

	
Methods

	
Reference Substance

	
Inulin (%)

	
Pectin (%)

	
LBP (%)

	
CPP (%)

	
GIP (%)






	
Total sugar

	
Phenol–sulfuric acid method

	
Glc

	
-

	
46.5 ± 1.0

	
40.7 ± 0.9

	
71.7 ± 1.1

	
24.7 ± 0.5




	
Fru

	
89.5 ± 1.3

	
22.9 ± 0.5

	
19.9 ± 0.5

	
35.9 ± 0.6

	
11.7 ± 0.3




	
Rha

	
-

	
57.8 ± 1.2

	
50.5 ± 1.1

	
89.3 ± 1.4

	
30.6 ± 0.6




	
Uronic acid

	
Carbazole sulfuric acid method

	
GalA

	
18.3 ± 0.4

	
39.2 ± 0.2

	
23.0 ± 0.3

	
21.0 ± 0.3

	
6.6 ± 0.2




	
GlcA

	
28.5 ± 0.3

	
59.1 ± 0.1

	
35.3 ± 0.2

	
32.5 ± 0.2

	
3.3 ± 0.1




	
M-hydroxybiphenyl method

	
GalA

	
6.2 ± 0.2

	
39.5 ± 0.1

	
19.7 ± 0.2

	
16.7 ± 0.1

	
4.0 ± 0.1




	
GlcA

	
14.3 ± 0.4

	
-

	
50.3 ± 0.5

	
42.2 ± 0.3

	
8.4 ± 0.3








-, the calculated value higher than 100%.













 





Table 3. Determination results of monosaccharide composition of five polysaccharides from different sources.
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Samples

	
Monosaccharide Composition (mg/g)

	
Total




	
Ara

	
Xyl

	
Rha

	
Fuc

	
Man

	
Glc

	
Gal

	
Fru

	
GalA




	
HPLC

	
GC

	
HPLC

	
GC

	
HPLC

	
GC

	
HPLC

	
GC

	
HPLC

	
-

	
HPLC

	
GC

	
HPLC

	
GC

	
HPLC

	
GC

	
HPLC

	
GC

	
HPLC

	
GC






	
inulin

	
One-step

	
- a

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
77.0 ±

5.2

	
73.5 ±

4.7

	
-

	
-

	
/ b

	
54.5 ±

2.2

	
-

	
/

	
77.0

	
128.0




	
Two-step

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
50.4 ±

2.5

	
48.7 ±

3.9

	
-

	
-

	
/

	
-

	
-

	
/

	
50.7

	
48.7




	
pectin

	
One-step

	
26.8 ±

2.7

	
28.8 ±

1.0

	
-

	
-

	
5.5 ±

0.9

	
5.5 ±

0.2

	
-

	
-

	
-

	
-

	
75.6 ±

9.8

	
74.4 ±

1.4

	
21.1 ±

3.4

	
21.3 ±

0.3

	
/

	
-

	
47.7 ±

10.8

	
/

	
176.7

	
130.0




	
Two-step

	
23.8 ±

5.3

	
21.2 ±

2.0

	
-

	
-

	
11.6 ±

2.6

	
10.3 ±

1.0

	
-

	
-

	
-

	
-

	
30.3 ±

5.0

	
28.5 ±

2.0

	
19.1 ±

0.9

	
17.2 ±

1.7

	
/

	
-

	
388.9 ±

33.6

	
/

	
473.8

	
77.3




	
LBP

	
One-step

	
48.8 ±

0.1

	
46.9 ±

1.5

	
15.2 ±

2.3

	
14.3 ±

0.3

	
9.2 ±

2.2

	
9.5 ±

0.2

	
-

	
-

	
4.3 ±

0.3

	
4.4 ±

0.1

	
28.4 ±

1.4

	
26.2 ±

1.8

	
23.9 ±

8.3

	
21.5 ±

1.6

	
/

	
-

	
40.0 ±

1.7

	
/

	
169.9

	
122.7




	
Two-step

	
46.1 ±

1.6

	
44.7 ±

0.9

	
13.1 ±

3.8

	
11.8 ±

0.2

	
21.6 ±

4.0

	
20.5 ±

2.2

	
-

	
-

	
3.6 ±

0.1

	
3.7 ±

0.1

	
12.9 ±

4.1

	
12.4 ±

0.1

	
21.7 ±

6.9

	
18.6 ±

1.6

	
/

	
-

	
184.9 ±

27.5

	
/

	
303.8

	
111.6




	
CPP

	
One-step

	
22.4 ±

1.9

	
21.5 ±

0.2

	
-

	
-

	
3.6 ±

0.6

	
3.5 ±

0.1

	
-

	
-

	
3.3 ±

0.1

	
2.9 ±

0.2

	
20.5 ±

5.0

	
17.4 ±

1.3

	
12.9 ±

5.9

	
13.7 ±

0.9

	
/

	
41.1 ±

2.4

	
70.4 ±

10.4

	
/

	
133.1

	
100.2




	
Two-step

	
18.3 ±

4.5

	
18.0 ±

0.2

	
-

	
-

	
7.0 ±

1.8

	
6.2 ±

0.1

	
-

	
-

	
2.2 ±

0.2

	
2.7 ±

0.1

	
14.3 ±

0.4

	
14.0 ±

0.3

	
13.0 ±

3.1

	
12.5 ±

0.3

	
/

	
-

	
159.0 ±

11.5

	
/

	
213.8

	
53.4




	
GIP

	
One-step

	
-

	
-

	
3.6 ±

5.1

	
4.2 ±

0.3

	
-

	
-

	
5.5 ±

4.4

	
4.7 ±

0.1

	
12.8 ±

0.6

	
11.8 ±

0.3

	
88.4 ±

5.6

	
90.3 ±

2.8

	
8.9 ±

3.0

	
8.7 ±

0.4

	
/

	
-

	
-

	
/

	
119.1

	
119.8




	
Two-step

	
-

	
-

	
3.0 ±

2.3

	
3.8 ±

0.3

	
-

	
-

	
6.5 ±

0.6

	
6.1 ±

1.1

	
15.0 ±

4.4

	
13.1 ±

0.4

	
141.8 ±

3.7

	
140.6 ±

3.9

	
11.8 ±

0.9

	
11.4 ±

0.3

	
/

	
-

	
-

	
/

	
178.1

	
175.0








(a) Cannot be derived; (b) not detected in the sample.













 





Table 4. Comparison of determination results of 16 investigated monosaccharides by chromogenic method and three chromatographic methods.
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Carbohydrates or Compare Content

	
Chromogenic Methods

	
HPTLC

	
HPLC-DAD

	
GC-MS






	
Rib

	
N

	
D

	
√

	
√




	
Ara

	
D

	
D

	
√




	
Xyl

	
D

	
D

	
√




	
Rha

	
√

	
D

	
√




	
Fuc

	
D

	
√

	
√




	
Man

	
D

	
√

	
√




	
Glc

	
D

	
√

	
√




	
Gal

	
√

	
D

	
√




	
Fru

	
D

	
X

	
√




	
GlcA

	
√

	
√

	
X




	
GalA

	
√

	
√

	
X




	
GlcN

	
√

	
D

	
X




	
Ri-ol

	
X

	
X

	
√




	
Xy-ol

	
X

	
X

	
√




	
Ma-ol

	
X

	
X

	
√




	
So-ol

	
X

	
X

	
√




	
Derivatization time

	
-

	
-

	
60 min

	
60 or 120 min




	
Operation time

	
20–30 min

	
120 min

	
30 min

	
20 min




	
Instrument analysis time

	
2 min

	
2 min

	
55 min

	
30 min




	
Detection sensitivity

	
Low

	
Low

	
High, 0.19–0.42 μg/mL

	
High, 0.12–0.80 μg/mL




	
Quantification accuracy

	
Low

	
Low

	
High, 90.62–101.28%

	
High, 84.4–99.94%








Note: √: both detection and separation are good; X: neither detection nor separation are good; D: detection is good but cannot be separated well; N: this operation is not required or cannot be performed.
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