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Simple and robust determination of monosaccharides in plant fibers in complex mixtures by capillary electrophoresis and high performance liquid chromatography
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Carbohydrates partially liberated by acid hydrolysis of plant fiber can be separated by Hydrophilic Interaction Liquid Chromatography (HILIC), ligand-exchange liquid chromatography or other forms of LC with ion-exchange columns. However, the robust hydrogen-exchange columns show co-elution of galactose, xylose and mannose. Free solution capillary electrophoresis (CE) can be used without derivatization at pH 12.6 and was found to provide a higher resolution of galactose and xylose than common LC with no sample pre-treatment required, other than dilution, within 26 min. CE was able to provide resolution higher than 0.79 for all separated carbohydrates, and the RSDs of determined concentrations lower than 10% for concentrations above 1.3 g•L -1 . A quantitative comparison between CE and HPLC revealed that up to 22% more carbohydrates are quantified with CE. Direct UV detection in CE of mono-and disaccharides is unexpectedly possible at 270 nm. NMR analysis shows that alkaline degradation is too slow to explain this detection. This CE detection sensitivity is increased by the electric field and our CE and NMR analyses are consistent with a photo-oxidation process.

Introduction

Carbohydrates make up most of the living world around us. Their identification and quantification is generally sought after in many fields such as food and beverage analysis, plant analysis, fermentation studies and metabolism studies. Different separation techniques for mono-and disaccharides have been previously compared, mainly on model samples or diluted samples such as fruit juices or wine. However there is a need for a separation technique that can characterize "complex" samples with little sample preparation. These complex samples have a significant variation of carbohydrate type and concentration as well as significant levels of acids, bases, salts, amino acids and other cell debris. Dilute acid treatment of fiber is routinely used in biotechnology to break down hemicellulose fiber and exposes cellulose to enzymatic breakdown [1][2][3][4][5][6][7]. The characterization of these important samples is the focus of this manuscript. Preparation of these samples for analysis, i.e. matrix removal, is tedious and lowers the accuracy. Carbohydrates can be separated by high performance liquid chromatography (HPLC) using a number of modes [8]. Ion exchange resins in the calcium or lead form were first shown to separate carbohydrates without clear mention of the separation mechanism [9,10] which was later proven to be ligand exchange with a contribution of size exclusion [11]. Separation with ligand-exchange on ion exchange resins containing cations such as lead or calcium provide the same order of separation; however, in the case of lead, an improved resolution is observed for the common fiber sugars xylose and galactose. Separation on a cation-exchange resin in the hydrogen form with a sulfuric acid mobile phase elutes disaccharides first, followed by hexoses, pentoses then alcohols. The mechanism of separation for carbohydrates on this column has been shown by several groups but has not been definitively proven [12]. Separation with amino columns, as Hydrophilic Interaction Liquid Chromatography (HILIC), utilizes hydrophilic interactions between the sample and the amino-rich resin with pentoses eluting first, followed by hexoses, disaccharides then oligosaccharides in order of increasing oligomer units. HILIC is better adapted to small oligomers than monosaccharides [13]. HPLC can also be used in reversed phase mode (RP-HPLC) after multistep derivatization [14]. Each method has its own issues relating to co-elution, tedious sample preparation, salt intolerance or acid intolerance leading to incomplete separation and short column life [15]. Gas chromatography (GC) is also commonly used; however, it requires multistep derivatization of the carbohydrates [16][17][START_REF] Knapp | Handbook of analytical derivatization reactions Wiley[END_REF]. RP-HPLC and GC were recently compared for plant fiber analysis [START_REF] Villanueva-Suárez | [END_REF], and although the determination of a number of monosaccharides was accurate within 10 %, rhamnose and galactose were not resolved via HPLC.

CE is used and recognized in both research and industry as a viable technique for the separation of carbohydrates [20][START_REF] Hanrahan | Chemometric Methods in Capillary Electrophoresis[END_REF][START_REF] Klampfl | [END_REF]. GC and CE were recently compared for the separation of hydrolyzed wood samples [START_REF] Dahlman | [END_REF]. Although these methods required derivatization, both carbohydrates and uronic acids could be determined in the same run with CE. HILIC and CE were also compared for fruit juice samples for the detection of sucrose, glucose and fructose [24]. Both methods were not significantly different and showed good repeatability. Pre-column derivatization is avoided in this work to keep the method simple and robust and ensure no side-reaction occurs with proteins and lipids of complex samples (we follow as definition of a robust method "a method that can be applied to analytes in a wide variety of matrices" [START_REF] Harvey | Modern analytical chemistry[END_REF]). GC of carbohydrates is not possible without derivatization and this may be why it is not currently a common method to analyze plant fiber degradation products [16][17][START_REF] Knapp | Handbook of analytical derivatization reactions Wiley[END_REF]. Without derivatization or complex formation CE cannot separate carbohydrates below pH 9, as expected. Monosaccharides can be charged, separated and detected in borate buffer since they complex the borate [START_REF] Schmitt-Kopplin | [END_REF]27]. The detection suffers however from a poor sensitivity of the borate complex. Separation can also be achieved at pH 7.5 with micellar electrokinetic chromatography (MEKC) [27]; however, the method requires the addition of sodium dodecyl sulfate (SDS) surfactant that also interacts with proteins and lipids present in complex mixtures. Separation of underivatized sugars in CE is possible using an electrolyte with a pH above the pKa of the sugars, which is generally above pH 12. On this basis earlier methods demonstrated separations in strongly alkaline electrolytes with indirect or pulsed amperometric detection [28][29][30][31]. CE with indirect UV detection was shown to be a rapid, repeatable and sensitive method for carbohydrates, and has also shown quantitative recovery of carbohydrates in similar samples [30,32]. However, the limitations and possible artifacts of indirect detection or pre-derivatization for complex samples containing complex carbohydrate mixtures in conjunction with other compounds have never been investigated. More recently CE has been shown to separate up to 12 different mono-, disaccharides and sugar alcohols in direct detection without derivatization using a high pH buffer of sodium hydroxide and sodium phosphate. The direct detection was found to be unexpectedly possible through UV absorption at 270 nm by Rovio et al. [33] and the method was applied to plant fiber samples with a maximum concentration of 400 mgL -1 for single sugars [34]. An adapted adaoted version on of the method has been applied to forensic, pharmaceutical and beverage samples) [35,36]. While maximizing the detection sensitivity is an objective for some applications, plant degradation leads to complex mixtures but with relatively large quantities of monosaccharides, thus detection does not require the highest sensitivity. Rather for this application we have focused on the development and critical comparison of approaches to achieve the most robust and simple separation of carbohydrate mixtures from complex plant samples. The specific objectives were to adapt the separation of Rovio et al. to achieve high resolution separations at higher concentrations and to compare the optimized CE method to existing HPLC methods, specifically in terms of quantification.

Material and Methods

Materials

Water was of MilliQ quality (Millipore, Bedford, MA, USA). Fused-silica capillaries (50 m i.d., 360 m o.d.) were obtained from Polymicro (Phoenix, AZ, USA). Xylose ≥99% was obtained from Alfa Asear (Ward Hill, MA, USA). Dimethyl sulfoxide (DMSO), D+glucose ≥99.5%, D+galactose ≥99%, Lrhamnose monohydrate ≥99%, L-arabinose ≥99% and D+cellobiose ≥99% and acetonitrile (ACN) were obtained from Sigma-Aldrich (Castle Hill, NSW, Australia). Sodium hydroxide pellets (NaOH), disodium hydrogen phosphate powder (Na2HPO4), lactose, glacial acetic acid and sulfuric acid were obtained from Univar (Ingleburn, NSW, Australia).

Plant sample and standard preparation

Three cladodes (flattened paddle shaped stems) of the plant of Opuntia fiscus-indicia were obtained from the wild in Richmond, NSW, Australia in November 2010. They were immediately homogenized with water and then centrifuged at 3000 rpm for 30 min to isolate the fiber. The insoluble fraction was then dried to a constant weight at 75 °C and milled to fit through a 1 mm sieve and stored in an airtight container until sample preparation. A 5 mL solution of 0 to 4 % (v/v) sulfuric acid was loaded with 5 % (w/v) of dried fiber in a sealed glass tube and heated to 134 °C for 1 h as done in [1]. The sample was then filtered through a nylon 0.45 µm filter before analysis. The fiber standard was prepared by measuring 200 mg of each sugar (glucose, galactose, rhamnose, arabinose, mannose, xylose and cellobiose) in a 200 mL volumetric flask then filling to the mark with MilliQ water.

High performance liquid chromatography

All separations were performed on a Shimadzu 10A Series System with a RID-10A refractive index detector and SPD-M10Avp PDA detector (Shimadzu Scientific Instruments, Rydalmere, NSW, Australia). The injector was equipped with a 20 µL injection loop and rinsed with 200 µL of samples before injection. The different column sets were purchased from Bio-Rad (HPX-87H, HPX-87P and HPX-87C) (Hercules, California,USA) and Supelco (LC-NH2) (Sigma-Aldrich Castle Hill, NSW, Australia).

Experimental conditions are given in Table 1. Each mobile phase was vacuum filtered through a 0.45 µm filter before use. Results were integrated via VP class 5.0 software from Shimadzu.

<<Insert Table 1>> 2. 4

. Capillary electrophoresis

Separations were performed on Agilent 7100 or 3D Capillary Electrophoresis systems (Agilent Technologies, Santa Clara, CA, USA) with a Diode Array Detector monitoring at 200 nm and 270 nm with a 10 nm bandwidth. The buffer preparation and separation was carried out as described by Rovio et al. [33]. Typically a capillary with a 60 cm total length (51.5 cm effective length), was filled with 130 mmol NaOH and 36 mmol of Na2HPO4 and an electric field of 16 kV ramped up over 2 min. The capillary was pre-treated prior to use by flushing with 1 M NaOH, 0.1 M NaOH and water for 20 min each. The sample was injected hydrodynamically by applying 34 mbar of pressure for 4 s (≈55.6 nL according to the Poiseuille law) followed by buffer in the same manner. Between each run, the capillary was flushed with 10 % (v/v) acetic acid for 5 min followed by water and then running buffer. After the last injection, the capillary was flushed 1 min with NaOH 1M, 10 min with water and 10 min with air. Dimethyl sulfoxide (DMSO, 1 µL/500 µL) was added to each sample to mark the electroosmotic flow (EOF) and 1 g•L -1 of lactose was added as an internal standard. The EOF was determined at 200 nm. Calibration curves (Figure S-4) were calculated from 5 concentrations between 0.125 gL -1 and 1 gL -1 ; each concentration level was determined from an average of 5 injections with lactose used as an internal standard. All electropherograms were corrected for the EOF by plotting the intensity against the electrophoretic mobility (mep) (Equation S-1). Integration was performed on signals at 270 nm with Origin Pro 8.5 (Northampton, MA, USA).

NMR spectroscopy

1 H nuclear magnetic resonance (NMR) spectra of 1 gL -1 glucose and sucrose in water with 130 mmolL -1 NaOH were recorded at 25 °C on a Bruker Avance 400 spectrometer (Bruker, Alexandria, NSW, Australia) operating at 400 MHz for 1 H, with a BBO probe, using WATERGATE water suppression. A 14 s 90°pulse was used for the first 1 H irradiation and 18 s 180°pulses were used for WATERGATE; 16 scans were recorded with a 5 s relaxation delay. The chemical shift scale was externally calibrated with the resonance of 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) at 0 ppm. 1 H NMR spectra of glucose samples (1 gL -1 with 130 mmol NaOH in D2O) irradiated with a HP 3D CE deuterium lamp (Agilent Technologies, Part number: 2140-0585) were recorded at room temperature on a Varian Mercury 2000 spectrometer (Palo Alto, CA, USA) operating at a 1 H Larmor frequency of 300 MHz. A 11 s 90°pulse was used for 1 H irradiation; a 4 s repetition delay was used and 2 to 64 scans were recorded. The chemical shift scale was externally calibrated with the resonance of 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) at 0 ppm.

Results and Discussion

Plant fiber was partially hydrolyzed and the composition was determined for the first time by both common liquid chromatography methods as well as free solution capillary electrophoresis with direct UV detection.

Comparison of common HPLC separations of monosaccharides and application to fiber analysis

HPLC is the dominant method for carbohydrate identification and quantification owing to its relatively high throughput (separation in typically 10-18 min) and ease of use. Ligand exchange with lead and calcium form resins, LC with hydrogen exchange resins as well as HILIC have different advantages and drawbacks, but none has led to a clear, robust separation. Fig. S-1 demonstrates the separation of different standards containing common fiber sugars with three commonly used columns for carbohydrate analysis, with the resolution and sensitivity listed in Table 2.

Ligand-exchange separation against calcium (Fig. S-1A and Table 2) led to the lowest number of resolved peaks for standards with complete co-elution of galactose, xylose and rhamnose, as documented previously [37]. The stronger complexation of the carbohydrates with lead provides higher resolution between all fiber sugars, in particular xylose and galactose (Fig. S-1B and Table 2), which is of high importance in fiber analysis and fermentation studies. Although rhamnose still coelutes with galactose, it is generally only found in trace amounts in the woody biomass that is typically investigated. The weakness of both columns is their inability to tolerate salt and acids. Fiber samples, after being pre-treated with sulfuric acid at high temperatures, require neutralization [38]. This can be achieved with calcium hydroxide or barium hydroxide due to the low solubility of barium sulfate and calcium sulfate; however, trace amounts of salts still rapidly displace calcium or lead. The use of hydroxide additives or hydroxide form resins also adds to the sample preparation. Deashing systems are also available; however, they significantly add to the cost and the cartridges have short lives. HILIC does provide resolution between the sugars of interest (Fig. S-1C and Table 2), however, galactose is still not baseline resolved from the glucose. In this case ACN needs to be added to the sample prior to injection to decrease the eluent's strength which can lead to precipitation of compounds insoluble in ACN such as polysaccharides.

<< Insert Table 2>>

One of the most widely used columns in the literature is the hydrogen exchange HPX-87H, due to its tolerance to low pH samples and its ability to detect acids, alcohols, as well as mono-and disaccharides [12]. Investigations of wood acid hydrolysates have been carried out on this column as the acidity of the sample can be tolerated by the column negating the need for a tedious neutralization step [38]. The issues with this approach are the co-elution of galactose and mannose, which are only trace amounts in wood, with xylose, the acidic mobile phase degrading some disaccharides such as sucrose and the co-elution of acids, ketones and aldoses from the plant degradation with the carbohydrates [12]. In the fiber sample (Fig. 1-A), peak 9 elutes close to cellobiose, however its UV spectrum reveals it is not cellobiose. In the case of more complex carbohydrate mixtures the HPX-87H column gives robust separations, but still co-elution (Fig. 1 and Table 2). <<Insert Fig. 1. >>

Separation of monosaccharides in fiber samples using capillary electrophoresis

The use of CE provides an alternative separation technique with a lower running cost. To run 50 samples via HPLC, the cost of the column, guard column with holder is larger than that of the running cost of capillary electrophoresis for the same purpose for a higher throughput of the latter (see Table S-3). The same standard and sample shown in Fig. 1 were separated via CE with direct detection and without any pre-derivatization (Fig. 2). The sample did not need neutralization before injection saving preparation time and cost. All the common fiber sugars are resolved with baseline resolution maintained for standard concentrations up to 250 mg.L -1 , after which glucose and rhamnose start to lose baseline resolution. The peaks can be identified by the electrophoretic mobility and the precision of the mobility is greatly improved by the use of an electro-osmotic flow marker as well as an internal standard (see Table S-2). The addition of an internal standard improved also the repeatability of the peak area which this study showed to be better than published values [34]. The calibration curves obtained with different capillaries, reprepared standard solutions and a different CE machine exhibit good reproducibility (Fig. S-4 and Table 3). One of the most significant benefits is the flexibility of the separation in comparison to all HPLC modes compared. Capillary length, buffer concentration and type can be optimized with minimal cost and time in CE compared to optimization of the eluent concentration and nature, and stationary phase in HPLC.

<<Insert Fig. 2

.>>

The electrophoretic mobility is not only a parameter to enable the quantitative determination of the sugars but it also characterizes the molecule and relates to its structure [39][40][41]. The electrophoretic mobility of each sugar measured in this work (Table 3 as well as reproduced data in Table S-1) was lower than that published by Rovio et al. [33] and by Gürel et al. [30] (Table S-2). The latter used methanol (direct detection) and water (indirect detection) as electro-osmotic flow markers, respectively. Water and methanol have a low but significant effective charge at pH 12 and should not be used as electro-osmotic flow markers in these conditions. Consistent with this we found that when DMSO was used to mark the electro-osmotic flow, methanol had a non-zero electrophoretic mobility (Fig. S-3). The ramping of the separation voltage in the first 2 min from 0 to 16 kV of the run was taken into account in this calculation.

<< Insert Table 3>>

The aim of this work was to quantify carbohydrates in the fiber sample by CE and HPLC with the determined sugar concentrations compared in . Separation and quantification of three sugars had been compared for HILIC and CE with indirect detection [24]. The repeatability showed a higher relative standard deviation (RSD) than our own results since no internal standard and limited flushes between injections were used in CE and the refractive index detection used in HPLC suffered from poor temperature control. The RSD of the HPLC system shows it to be a more precise system. However, mannose, galactose and xylose co-elute in HPLC while they can be quantified separately in CE (Table 2). Taking this into account the total concentration of these three sugars determined by HPLC is compared with the sum of the peaks determined in CE and the concentrations determined by HPLC are systematically lower than those determined by CE: 17 to 22 % lower on the total sugar content and up to 44.14 % lower on glucose. These separations have been fully reproduced with fresh solution and new capillaries and led to the same results shown on Table S-4. Lower sugar concentrations determined in HPLC may be attributed to non-quantitative recovery due to absorption of the sugars onto the stationary phase. Such incomplete recovery has been observed previously on this HPLC column once [42]. The incomplete recovery cannot be explained by limited sensitivity since the signal-to-noise ratio is above 1,000 for all peaks quantified on Table 2 on the fiber sample. It is to be noted that the capillary electrophoresis instrument we used leads to a more than sufficient sensitivity for fiber samples, but in other cases, such as trace detection, other instruments lead to higher sensitivity [43]. Fractions were collected after LC separation and injected in CE (Table S-5) but the results only indicate a possible additional influence of column bleeding in LC.

<< Insert Table 4>>

Investigation of the detection in capillary electrophoresis

Monosaccharides do not normally absorb UV at 270 nm however Rovio et al. proved that sensitive detection at this wavelength is obtained at pH 12.6 [33] with the mechanism for this detection of the sugars at 270 nm still under debate. The complex mechanism of CE direct detection at 270 nm, which has recently been pointed out by Sarazin et al. [START_REF] Harvey | Modern analytical chemistry[END_REF], was further investigated in this study. Rovio et al. hypothesized an alkaline degradation of the sugars with the formation of an enediolate absorbing at 270 nm that is unable to proceed to a carboxylic acid due to complexation with the sodium ion [33]. Sarazin et al. subsequently argued that such a mechanism would not be as universal as observed experimentally since it is impossible for sucrose. They proposed instead a photooxidation of the saccharides in the detection window [43]. This mechanism is consistent with the mechanism proposed by Gilbert et al. after monitoring the degradation of carbohydrates by hydroxyl radicals using Electron Spin Resonance spectroscopy (ESR) [44] . The reaction pathway is shown on Figure S-7. The difference we observe between the UV spectra of glucose and that of xylose and arabinose (Fig. 2 C-ii) confirms that there is a difference in the structure of the absorbing molecule between five and six carbon sugars.

In elucidating the actual detection mechanism a possible electrochemical reaction should be considered. Since a sucrose solution can be detected by CE in the absence of electric field as previously shown by Sarazin et al. [43], the role of the electric field in the detection of sugars at 270 nm was further investigated. Glucose (1 g•L -1 in water) was injected into a 51.5/60 cm capillary with 130 mmol NaOH as the background electrolyte. The migration of glucose was obtained first by applying voltage; it was independently obtained applying the same voltage for 2 min to allow for adequate mixing of the glucose with the electrolyte shown by the separation of a water peak, then applying a 42 mbar pressure to the capillary inlet for migration. Both types of migrations lead to detection at 270 nm (Fig. 3). However, the peak area is close to 4 times larger in the presence of electric field, demonstrating that the electric field plays a part in the detection (as well as the photoirradiation).

<<Insert Fig. 3.>> Detection via enediolate formation as suggested by Rovio et al. [33] was further investigated in this study. A glucose sample (1 g•L -1 in 130 mmol NaOH) was injected into the CE with 130 mmol NaOH as the back ground electrolyte at regular intervals and migrated alternatively by voltage (Fig. 4, as well as pressure Fig. S-6). Over a period of 46 hours the intensity of the glucose peak decreased and some negatively charged products formed (Table S-6). The products do not have UV spectra distinctive from that of glucose, but a higher mobility (possibly explained by a lower friction through a smaller size).

<< Insert Fig. 4. >>

Migration by pressure reveals a decrease in the amount of compounds detected at 270 nm after more than 4 hours. Migration by voltage reveals that the usual glucose peak reduces in intensity decreasing in an apparent first order reaction with respect to glucose (Fig. S-5). After 4 hours, degradation products with higher electrophoretic mobility than glucose are separated and they are also detected at 270 nm. Alkaline degradation of glucose is documented in the literature [45][46][47] but it is important to note that the degradation is very slow compared to the residence time of the monosaccharides in alkaline conditions before the detection (30-40 min) even in the presence of electric field.

The alkaline degradation of glucose, as well as sucrose, in alkaline solution, was characterized by 1 H NMR using water suppression. No structural change was observed with glucose within the first 2 hours confirming the monitoring of this alkaline degradation by CE as described above. No structural change was observed with sucrose even after a week (Fig. S-9B), as predicted by Sarazin et al. [43]. The potential formation of enediolates is definitely too slow to explain the detection in CE at 270 nm, thus the hypothesis presented in Rovio's pioneering work cannot explain the detection at 270 nm: the photo-irradiation is necessary for these species to be detected. We further investigated the mechanism of the photoreaction by attempting the identification of the potential products by NMR.

NMR analysis can be quantitative in a deuterated solvent, since the water peak does not have to be suppressed. We first tested if the photochemical reaction still takes place by replacing water with deuterated water. When injected into the CE with 130 mmol NaOH in D2O, the electrophoretic mobility is 20 % lower than in H2O, consistent with the difference in viscosity of D2O and H2O [48], leading to difference in hydrodynamic friction. In both cases the peak absorbance was still at 270 nm (Fig. S-8). The detection mechanism is still possible in the absence of water; however, the peak area observed was five times smaller than that in H2O. The difference in injection volumes can only be a minor contribution to this difference, since the difference of viscosities for our hydrodynamic injections is only of the order of 20 % and the difference might rather be due to the NaOD in D2O being significantly less alkaline than sodium hydroxide in H2O. The sample of glucose (1 gL -1 ) in 130 mmol NaOH in D2O was then exposed directly to the HP 3D deuterium lamp (Scheme S-1) for a time significantly longer than the residence time in the CE detection window and then characterized by 1 H NMR with no water suppression (Fig. 5). After 60 min of irradiation a minor structural change was seen by 1 H NMR at 4 ppm. It is thus clear than on the detection timescale, only a minimal fraction of glucose is photo-oxidized (and the decomposition product absorbing at 270 nm has to be in minimal amount and thus highly UV-absorbing at 270 nm). << Insert Fig. 5. >> Sarazin et al. [43] and our results suggest that detection in CE is made possible by a photo-oxidation similar to the one observed in sodium borate solutions at pH 9 [49] but the extent and rate of the reaction is not clear. In Sarazin et al.'s experiments the sugar was moved into the window with pressure and made stationary for the photo-reaction to proceed [43]. However our results have shown that the electric field plays an essential role in the detection. To investigate the photooxidation reaction in the presence of the electric field, glucose (1 g•L -1 in water) was injected into 130 mmol NaOH as for the usual separation. After the peak was detected, the voltage was inverted and the glucose band passed through the detection window a second time. The voltage was inverted again. This was repeated 15 times in total. The peak retained the same electrophoretic mobility; however, its area was not constant, increasing during the first 6 passes and then decreasing (Fig. 6). This variation in peak intensity with the residence time is qualitatively similar to the one observed by Sarazin et al. [43] in the absence of electric field. In our experiment, the band is in the dark for several minutes between each pass/photo-irradiation. The putative intermediates and mechanism proposed by Gilbert et al. and then Sarazin et al. cannot solely explain our results since all the proposed intermediates are unstable radicals with lifetimes significantly shorter than one minute. It is possible that some intermediates might accumulate under photo-irradiation and be stable enough to remain in the capillary for the next pass, consistent with the detection of minimal degradation products detected by NMR. The decrease of the signal intensity after the 6 th pass might be due to build-up of oxygen arising from side reaction from the UV degradation of water and consistent with a photo-oxidation process enhanced by the electric field, however could not be definitely confirmed from these experiments. <<Insert Fig. 6.>>

Conclusions

HILIC, ligand exchange and other LC methods conventionally used for carbohydrates provide an inadequate separation of all sugars in acid-hydrolyzed plant fiber and none of the columns examined provide both a robust and clear separation. In order to maintain separation on the calcium and lead form resins a tedious neutralizing step must be carried out. This study showed free solution CE to be a superior quantitative method to HPLC in terms of robustness and resolution, as well as recovery. In comparison to HPLC, CE has a significantly lower running cost, a higher throughput and a greater flexibility. The direct detection of deprotonated saccharides is unexpectedly possible at 270 nm but it is neither due enediolate formation nor to alkaline degradation, which is slow compared to the residence time in the detection window. The detection is likely due to an intermediate in a photooxidation process that we showed to be enhanced by the electric field. Despite a still controversial mechanism, the detection is robust (possible for example in deuterated solvent although with lower sensitivity), although the presence of oxygen might be of importance. CE is thus a robust and simple method to study polysaccharides degradation in general. d The relative difference Diff. is in % and is calculated as the difference of the concentrations determined by CE and HPLC divided by their average, for recovery only the higher values were used e Loss in HPLC is a comparison to a recovery study previously carried out with this column under these conditions [42]. The study found a loss of recovery for different sugars; the relevant ones are listed in this row.

f As mentioned previously, repeatability (as measured by RSD) is improved with the use of an internal standard, the values in this row show the RSD as measured previously by [34] The relative difference Diff. is in % and is calculated as the difference of the concentrations determine by CE and HPLC divided by their average.

Rovio's conditions (60 cm total length capillary) lead to some comigration of mannose, glucose and rhamnose. The capillary length was thus slightly increased (66 cm total) and a lower recovery in HPLC compared to CE was still noted (Table 3).

To investigate a potential loss in the LC system, fractions were collected after LC separation and analyzed by capillary electrophoresis. 20 µL of glucose standards (10 or 20 gL -1 ) and fibre samples (equivalent to the 4% (v/v) acid sample) were injected on a HPX-87H column and the glucose peak was collected as one fraction after the RID detector. The fractions were then injected in CE for quantification of the glucose (as it had the highest difference between CE and HPLC). The fibre sample (same 4%(v/v) acid treated sample) was also diluted to the same concentration, injected directly into CE for quantification. The glucose fractions led to quantification of glucose by the CE 24 % lower than the original amount for the 20 gL -1 standard while it is 15 % higher for the 15 gL -1 standard. This is not consistent with the repeatability of both LC and CE quantifications. One explanation might be column bleeding. Common LC columns for sugars are a relatively old technology (prior to online light-scattering detection) and column bleeding is expected. The limited results we have are consistent with bleeding, with an overestimate of the glucose content as the injected amount decreases. On the fibre samples, RID detection on the HPLC quantified the samples at 2.49 gL -1 , however the CE quantified the fractions at 3.3 gL -1 (see table S-5). Incomplete separation in LC could lead to overestimate of the sugar amounts. The total peak area in LC treated with the different possible calibration curves lead to 3.9, 6.9 and 7.8 % variation for the 1%, 3% and 4% acid samples respectively in the total sugar amount quantified by LC. Deconvolution of the peak is thus not necessary to discard the hypothesis that the limited resolution could explain the lower recovery observed in LC than in CE: deconvolution would not significantly change the total amount of quantified sugars. Finally, our investigation of the detection mechanism in CE does not indicate any likelihood of overestimating of the sugar content in fibre samples. We conclude that a loss of carbohydrates in the LC system likely explains the difference between our CE and LC quantification. The fact that the difference is larger than the loss observed in LC in the literature might be explained by column leaching or to a lesser extent the incomplete separation in LC. 

Fig. 1 .

 1 Fig. 1. Separation of a fiber sample (A) and fiber standard (B) and using HPX-87H column 1: Cellobiose, 2: Glucose, 3: Galactose, 4: Xylose, 5: Rhamnose, 6: Arabinose, 7: Void volume, 8: Galacturonic Acid, 9: Unknown.

Fig. 2 .

 2 Fig. 2. Fiber standard 250 m•gL -1 (A) and sample (B) plotted with electrophoretic mobility and migration time (C-i). Separation by CE via Rovio et al.'s method [33]. 1: Cellobiose, 3: Galactose, 2: Glucose, 5: Rhamnose, 4: Arabinose, 6: Xylose and corresponding UV absorption spectra (C-ii) for Glucose (dashed line), xylose (solid line) and arabinose (dotted line).

Fig. 3 .

 3 Fig. 3. Migration of 1 g•L -1 of glucose into 130 mmol NaOH electrolyte by 16 kV electric field (solid line) and with voltage for 2 min followed by 42 mbar pressure (dashed line).

Fig. 4 .

 4 Fig. 4. Degradation of glucose in 130 mmol NaOH monitored by migration with voltage. The arrows indicate the evolution with increasing time (0 h: bold solid line, 1.5 h: bold dashed line, 4 h: solid line, 7 h: dotted line, 27 h: dashed line, 46 h: bold dotted line).

Fig. 5 .

 5 Fig. 5. 1 H NMR of glucose (1 g•L -1 with 130 mmol NaOH in D2O) before (A) and after irradiation with CE deuterium lamp for 5 min (B), 30 min (C) and 60 min (D). The arrows indicate the region in which new signals appear.

Fig. 6 .

 6 Fig. 6. Detection of glucose (1 g•L -1 ) in 130 mM NaOH with 16 kV separation. Each peak represents a pass of the sugar though the lamp, after which the voltage was inverted.

a

  CA is the original acid concentration of the sample before dilution (% v/v) b galactose, mannose and xylose co-elute in HPLC. Values based on the refractive index of xylose (max) and galactose (min) c arabinose and rhamnose co-elute in HPLC. Values based on the refractive index of arabinose (min) and rhamnose (max)

Fig. S- 1 .

 1 Fig. S-1. HPLC Separation of sugars on HPX-87C with water mobile phase (A), HPX-87P with water mobile phase (B) and LC-NH2 with 75:25 ACN:water mobile phase (C). Sol: Solvent peak. 1: Cellobiose, 2: Glucose 3: Galactose 4: Xylose 5: Rhamnose 6: Arabinose 7: Mannose

Fig. S- 3 .

 3 Fig. S-3. Comparison of electrophoretic mobility of DMSO (1) and methanol (2) in 130 mmol NaOH and 36 mmol Na 2 HPO 4 , detected at 200 nm.

Fig. S- 4 .

 4 Fig. S-4. Calibration curves with standards, showing R 2 values (capillary of 60 cm total length).Equations are given in Table2.

Fig. S- 7 . 11 Fig. S- 8 .

 7118 Fig. S-7. Photo-oxidation of glucose in CE. Adapted from Gilbert et al. (1982). {Gilbert, 1982 #485}

Fig. S- 9 . 1 H

 91 Fig. S-9. 1 H NMR of 1 g•L -1 glucose (A) in 130 mmol of NaOH after 2 hours (A-I) and 5 days (A-II) and of sucrose (B) in water (B-I), 130 mmol NaOH after 2 hours (B-II) and after 5 days (B-III)

  

Table 1

 1 Experimental conditions used in HPLC for the different columns

	Column	Resin Form	Mobile Phase	Temperature	Flow Rate
				Column RID	
	HPX-87P	Lead	Water	80 °C	60 °C	0.6 mLmin -1
	HPX-87C	Calcium	Water	80 °C	60 °C	0.6 mLmin -1
	HPX-87H	Hydrogen	0.005 M H2SO4	60 °C	60 °C	0.6 mLmin -1
	LC-NH2	Amino	75:25 ACN:water 25 °C	40 °C	1.0 mLmin -1

Table 2

 2 Resolution values for consecutive peaks on each column and in CE.

	Carbohydrate peaks		HPLC		
		HPX-87C	HPX-87P	HPX-87H	LC-NH2	CE
		(Calcium	(Lead	(Hydrogen	(Amino	
		Form)	Form)	Form)	Form)	
	Glucose Galactose	1.19	2.48	0.88	<0.5	1.67
	Glucose Rhamnose	1.37	2.48	1.66	3.95	0.79
	Glucose Xylose	0.81	1.35	0.88	2.92	6.83
	Glucose Arabinose	3.22	4.14	1.89	1.62	3.39
	Glucose Mannose	NA	4.32	NA	NA	1.71
	Xylose Galactose	<0.5	1.04	<0.5	2.61	8.05
	Xylose Rhamnose	<0.5	1.04	0.69	1.07	6.05
	Xylose Arabinose	1.27	2.56	1.01	0.56	3.86
	Xylose Mannose	NA	2.95	NA	NA	5.76
	Arabinose Galactose	1.92	1.53	1.01	1.63	4.92
	Arabinose Rhamnose	1.56	1.53	<0.5	1.35	2.55
	Arabinose Mannose	NA	0.74	NA	NA	1.93
	Rhamnose Mannose	NA	2.06	NA	NA	0.83
	Rhamnose Galactose	<0.5	<0.5	0.69	3.39	2.40
	Galactose Mannose	NA	2.06	NA	NA	3.42
			Sensitivity			
	SNR*	11,000	1,500	10,000	2,100	1,800
	'NA' denotes that one of the carbohydrate was not injected		
	* Signal-to-noise ratios (SNR) are indicated for glucose with 2 significant digits.	

Table 3

 3 Electrophoretic mobility (mep) with its relative standard deviation (RSD) and calibration of response at 270 nm with its correlation coefficient R 2 , for the sugars in our fiber standard (capillary of 66 cm total length). When the internal standard is equal to 1 and 'x' is the sugar concentration

	Sugar	mep (10 -8 m 2 V -1 s -1 )	RSD (%) Calibration (270 nm) b	R 2
	Lactose a	-1.260			
	Cellobiose -1.343	0.39	0.8191 x + 0.0672	0.9969
	Galactose	-1.439	0.41	1.2634 x + 0.0367	0.9958
	Glucose	-1.518	0.45	0.9458 x + 0.0327	0.9954
	Rhamnose -1.577	0.63	0.4936 x + 0.0418	0.9981
	Mannose	-1.604	0.40	0.8049 x + 0.0169	0.9996
	Arabinose	-1.621	0.57	0.7186 x + 0.0095	0.9984
	Xylose	-1.754	0.40	0.4391 x + 0.0101	0.9996
	a Lactose was used as an internal standard		

b

Table 4

 4 Comparison of the determined sugar concentration C (g•L -1 ), with their relative standard deviation RSD (%), by CE (capillary of 66 cm total length) and HPLC with HPX-87H column.

	System CA	Glucose		Rhamnose	Arabinose	A+R c		Mannose	Galactose	Xylose		G+M+X b	Total
		a															(gL -1 )
			C	RSD	C	RSD	C	RSD	C	RSD	C	RSD	C	RSD	C	RSD	C	RSD
	CE	1	3.58	2.4	1.21 8.61 3.95 1.13 5.16		0.59 8.90 2.76 1.65 2.10 4.27 5.45	14.19
	HPLC		2.82	0.84					4.18 to	2.06							4.17 to	0.91 11.75
									4.40								4.53
	Diff. d		24%						21% to								27% to	19%
									16%								18%
	CE	3	3.67	5.38	1.28 11.1	3.19 6.21 4.47		0.58 8.58 2.41 3.98 1.59 3.36 4.58	12.72
						5										
	HPLC		2.58	0.49					3.92 to	2.22							3.63 to	0.88 10.69
									4.13								3.98
	Diff. d		35%						13% to								23% to	17%
									8%								14%
	CE	4	3.54	2.98	1.05 4.98 2.39 9.67 3.44		0.54 15.2	2.03 3.21 1.06 4.05 3.63	10.61
												9				
	HPLC		2.26	0.91					2.89 to	2.70							2.82 to	0.73 8.45
									3.05								3.14
	Diff. d		44%						17% to								25% to	22%
									12%								14%
	Loss in HPLC e														
	[42]															

  for comparison.

	Sample	4.3 to	20 to	8.1	2.3	3.7
	quantifi-	16	30	to 19	to 19	to 11
	cation					
	without					
	internal					
	standard					
	[34]					

Table S -

 S 

	Sugar	Calibration (RID)	R 2
	Glucose	263019x + 3526.5	1
	Mannose 268449x + 14431	0.9999
	Galactose 254065x + 120085	0.9994
	Xylose	256985x + 6663.3	0.9999
	Rhamnose 239718x + 18703	0.9999
	Arabinose 250476x + 26141	1

1 Calibration of response with RID with its relative standard deviation (RSD) of response at 270 nm with its correlation coefficient R 2 , for the sugars in our fibre standard on the HPX-87H column

Table S - 3

 S3 Estimate of the cost of the typical CE and HPLC separations ($ is for Australian dollar and prices are as for 2012).

	HPLC System				CE System	
		HPX-87P HPX-87H	LC-NH 2		
	Column	$2,096	$2,096	$731	Capillary	$7.2
	Guard Column	$537	$517			
	Guard Column Holder $848	$848	$355		
	Total	$3,481	$3,461	$1,086 Total	$7.2

Table S - 4 .

 S4 Comparison of the determined sugar concentration C (g•L -1 ), with their relative standard deviation RSD (%), by CE (capillary of 66 cm total length) and HPLC with HPX-87H column. Compared to Table 4, these separations have been fully reproduced with fresh solution and new capillaries. C A is the acid concentration of the sample (% v/v) b galactose, mannose and xylose co-elute in HPLC. Values based on the refractive index of Xylose and Galactose c

	System C A	a	Glucose Rhamnose Arabinose Mannose Galactose	Xylose	M+G+X b
				C RSD C	RSD	C RSD C RSD C RSD	C	RSD	C	RSD
	CE	1 6.12 0.33 0.76 13.38 4.77 6.3 1.35 3.01 5.1 0.33 2.25 5.2	8.7
	HPLC			4.84 0.20 1.00 0.20 4.26 0.2	6.57 to	0.17
								7.51
	Diff. c			23	27		11	15
	CE	2 6.48 2.69 1.40 7.97 4.01 5.59 1.24 9.67 5.36 1.02 3.34 3.98 9.94
	HPLC			5.12 0.80 1.26 1.40 4.12 0.5	6.86 to	0.66
								7.83
	Diff. c			23	11		2.7	27
	CE	3 7.98 2.10 1.98 6.66 4.78 0.2 1.71 5.27 6.48 2.77 3.74 6.9 11.93
	HPLC			5.92 0.60 1.43 0.70 4.26 0.3	7.75 to	1.53
								8.82
	Diff c			30	32		11	43

a

Table S - 5 .

 S5 Fraction experiments to determine the loss in HPLC in comparison to CE: comparison of the concentrations of glucose injected in HPLC, C inj , eluted from HPLC according to RID detection, C RID , and as determined from CE, C CE .

	Sample	C inj (g•L -1 )	C CE (g•L -1 )	C RID (g•L -1 )
	Glucose pure in water (Fraction)	20.00 20.00 10.00 10.00	15.53 15.76 12.65 13.12	NA NA NA NA
		NA	3.13	2.49
	Fibre sample	NA	3.11	2.49
	(Fraction)	NA	3.43	2.49
		NA	3.81	2.49
	Fibre sample	NA	3.22	NA
	Direct Injection	NA	3.35	NA
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High Performance Liquid Chromatography (HPLC):

The common HPLC separations discussed and quantified in the manuscript are shown on Figure S-1.

Capillary Electrophoresis:

The electrophoretic mobility m ep was determined using the following equation [1]:

where l is the capillary length to the detection window, L is the total length of the capillary, V is the voltage, t m is the migration time of the analyte, t eo is the migration time of the neutral species. The ramping was taken into account by averaging the voltage at t m .

The electrophoretic mobility values are then given on Table 3 and on Table S 

Quantitative Comparison of HPLC and CE:

The comparison of CE and common HPLC is given on 

Investigation the CE detection mechanism:

Additional information about the investigation of the detection in CE is given below. The set-up used to produce the samples for Figure 5 is given in Scheme S-1. Monitoring of glucose degradation is illustrated on Table S-