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Introduction

Carbohydrate analysis is required for a variety of purposes such as food and beverage analysis, plant characterization and metabolic studies. Gas Chromatography (GC) or GC with mass spectrometry (GC-MS) is a common technique for carbohydrate analysis, however multi-step derivatization is essential for the sugars to become volatile [1,2]. High Performance Liquid Chromatography (HPLC) can separate carbohydrates without derivatization using ligand exchange [3,4], Hydrophilic Interaction Liquid Chromatography (HILIC) [5,6], or on a cation exchange resin [7,8].

However, complex mixtures of common carbohydrates cannot be fully separated utilizing these separation modes [9]. Direct detection of carbohydrates in HPLC requires the use of a Refractive Index Detector (RID), a universal detector than can also detect interfering compounds with similar elution times. High Performance Anion Exchange Chromatography (HPAEC) coupled with Pulsed Amperometric Detection (PAD) is a sensitive alternative technique for trace analysis of carbohydrates [10,11]. Although the technique is flexible, some sample pre-treatment may be required to remove interfering compounds present in some complex matrices that can affect detection [12,13].

Capillary electrophoresis (CE) has become a popular technology for carbohydrate analysis [START_REF] Klampfl | Capillary Electrophoresis of Carbohydrates[END_REF]. CE has two distinct advantages over HPLC for sample analysis: undesirable sample components can be flushed out after analysis, and a new capillary is less costly than a new HPLC column [START_REF] Klampfl | Capillary Electrophoresis of Carbohydrates[END_REF]. Previous CE methods for carbohydrate analysis have used either indirect UV detection [START_REF] Gürel | [END_REF], Contactless Conductivity Detection (C 4 D) [16,17] or complexation with ions such as borate [18] or copper (II) [19]. The borate complex is detected only at wavelengths close to 190 nm, which is not discriminating from other compounds, while copper may induce the formation of supramacromolecular structures with other compounds in biological matrices and leads to poor sensitivity. PAD can also be coupled to CE [20,21] however this is not currently commercially available. Capillary electrophoresis with direct UV detection has been shown to be a reliable and robust technique for the analysis of carbohydrates in analysis of plant fiber [9], juice [22] as well as forensic, pharmaceutical and other beverage samples [23]. Direct UV detection of carbohydrates at 270 nm was initially proposed to be due to an enediolate formation [22]. This mechanism was disproved in later studies [9,24] and also does not explain the detection of sucrose. The UV absorption is now believed to arise from an intermediate generated during the photo-oxidation [24] of the carbohydrate. This photo-oxidation reaction is enhanced by the electric field [9]. The efficiency of the photo-oxidation detection varies between different CE Diode Array Detectors (DAD) with only detectors capable of irradiation at low wavelength giving trace detection [9,24]. While higher sensitivity is preferred, it requires stronger irradiation at low wavelength and this might lead to chemical degradation; however, this potential degradation has never been investigated.

Sensitivity of the carbohydrate is also dependent on the residence time in the detection window and the structure of the carbohydrate, in particular the number of free hydroxyl groups [24]. The aim of this study was to shed light onto the photo-oxidation reaction taking place in the detection window.

Despite direct detection being available, other indirect methods are still utilized [25], one reason may be the limited understanding of the direct detection mechanism and the limitations of this detection mode. The direct detection mechanism was studied in this work by analysis and modeling of possible photo-oxidation products, with the long-term aim of increasing the sensitivity of detection while retaining the flexibility and robustness of the CE method.

2 Materials and Methods

Materials and Reagents

Sodium hydroxide pellets ≥98 %, Glycerol ≥99 %, malondialdehyde tetrabutylammonium salt ≥96%, gluconolactone (USP testing specifications), L+arabinose ≥99 %, and rhamnose monohydrate ≥99 % were sourced from Sigma-Aldrich (Castle Hill, NSW, Australia). Sucrose ≥99 %, glucose ≥99 %, Larabitol ≥98 % and D-xylose ≥99 % were sourced from Alfa Aesar (Ward Hill, MA, USA). Potassium gluconate 98 % and fructose 99 % were sourced from BDH (Poole, Dorset UK). Deuterium oxide (D,99.9 %) and fully 13 C-labelled glucose ≥99 % were sourced from Cambridge Isotope Laboratories (Tewksbury, MA, USA). Hydrogen peroxide 30 % (v/v) was sourced from Chem-Supply (Gillman, SA, Australia). Formic acid ≥99 % and oxalic acid ≥99.5 % were from Univar (Ingleburn, NSW, Australia).

Glycolic acid 70 % (w/w) was from Ajax chemicals (Australia). The photo-initiator Irgacure® 2959 was from Ciba (Switzerland). Water was of MilliQ quality (Millipore, Bedford, MA, USA). Fused-silica capillaries (50 µm i.d., 360 µm o.d.) were obtained from Polymicro (Phoenix, AZ, USA). High sensitivity capillaries (50 µm i.d., 360 µm o.d with extended light path at the window) were from Agilent Technologies (Agilent Technologies, Waldbronn, Germany).

Capillary electrophoresis

Free solution capillary electrophoresis was carried out on an Agilent 7100 instrument (or a HP3D instrument where specified) (Agilent Technologies, Waldbronn, Germany) equipped with a Diode Array Detector. A capillary with a 35 cm total length (26.5 cm effective length), was filled with 130 mM NaOH as the background electrolyte (BGE) which was prepared daily. The capillary was pretreated prior to use by flushing for 20 min in turn with 1 M NaOH, 0.1 M NaOH and water. The sample was injected hydrodynamically by applying 34 mbar of pressure for 4 s followed by BGE at 34 mbar for 5 s An electric field of 9.6 kV was ramped up over 1 min and signals were monitored at 200 nm and 266 nm with a 10 nm bandwidth. Between consecutive runs, the capillary was flushed with fresh BGE. After the final injection, the capillary was flushed for 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 electro-osmotic flow (EOF). The EOF was determined at 200 nm. Integration was performed on signals at 266 nm with Origin Pro 8.5 (Northampton, MA, USA).

Nuclear Magnetic Resonance (NMR)

The photo-oxidized sample was prepared by dissolving 13 C labeled glucose in 130 mM NaOH in D2O at 1 gL -1 . The sample was pressure injected continuously at 10 mbar into a 35 cm capillary (26.5 cm effective length) with the lamp on. The sample (200 µL) was collected, made up to 600 µL with 130 mM NaOH in D2O, and analyzed by both 1 H and 13 C Nuclear Magnetic Resonance (NMR). Standards of sodium gluconate, gluconolactone, malondialdehyde and glycerol were prepared at 100 gL -1 in 130 mM NaOH in D2O. Standards of sodium methanoate, sodium glycolate and sodium oxalate were prepared from the acids dissolved at 100 gL -1 in NaOH in D2O; the NaOH concentration was chosen to yield a final calculated pD (-log[D + ]) of 13.1 (2.30 M, 0.63 M and 2.25 M respectively). 1 H NMR, 13 C NMR and DEPT-135 NMR spectra were recorded at room temperature on a Bruker DRX300 spectrometer (Bruker, Alexandria, NSW, Australia) operating at 300 MHz for 1 H, equipped with a 5 mm 1 H-13 C dual probe. 1 H NMR spectra were recorded with a 5.3 s 30°pulse, a 5 s repetition delay and 8 to 6,000 scans. 13 C NMR spectra were recorded with a 7 s 90°pulse, a 3.3 s repetition delay and 40 to 122,880 scans. The DEPT-135 NMR spectrum was recorded with a 8.7 s 1 H 90°pulse, a 9.7 s 13 C 90°pulse, a 145 Hz 1 H- 13 C coupling constant, a 3 s repetition delay and 61,440 scans. 1 H and 13 C chemical shift scales were externally calibrated with the resonance of the methyl signal of ethanol in D2O at 1.17 and 17.47 ppm, respectively [26].

UV-Vis spectra prediction

GaussView 4.1.2 was used to construct and visualize all species investigated. Energy calculations and spectra predictions were executed using Gaussian '03W [START_REF] Frisch | Gaussian Inc[END_REF]. Molecules were structurally optimized at the B3LYP/6-31++G(d) level, followed by an energy calculation at the TD-B3LYP/6-31++G(2d, 2p) level (where TD is Time Dependent). UV-Vis spectra were extracted from the latter calculation approximating 20 excitations for each spectrum.

Results and Discussion

Previous CE separations of carbohydrates with direct UV detection have been made faster with a polymer coating [24,[START_REF] Sarazin | [END_REF]. The reversal of the EOF also decreases the residence time in the detection window and when used with a CE DAD with limited emission below 190 nm, the limit of detection is reached (see Figure S-1). The sensitivity of the detection also depends on the life time of the lamp as well as on the design of the DAD optics, residence time of the carbohydrate in the CE window, and the carbohydrate structure. To increase the sensitivity of the detection, an understanding of the electric field assisted photo-oxidation is required.

3.1 Understanding the electric field assisted photo-oxidation reaction.

Direct UV detection of carbohydrates is made possible through a photo-oxidation reaction in the detection window [24] where a hydroxyl radical (OH • ) or superoxide (O2 •-) is assumed to oxidize the carbohydrate to malondialdehyde [29] or dihydroxyacetone [24] while some of the intermediate species absorb UV at about 270 nm. Hydroxyl or superoxide radicals can be formed by the splitting of water at wavelengths lower than 190 nm [30], although the extent is expected to be limited with the deuterium lamp used in CE detectors [START_REF] Agilent | Personal Communication on Agilent 7100 DAD specifications[END_REF]. The pathway of monosaccharide oxidation by hydroxyl radicals has been studied previously by Electron Spin Resonance (ESR) spectroscopy at pH 5-10 under inert atmosphere [29]. In that study, the hydroxyl radicals were formed by a continuous reaction of titanium (Ti III ) and hydrogen peroxide in the ESR cavity. Two types of semidiones (A and B) were found (Scheme 1 and 2 respectively), stemming from two different reaction pathways. Type A semidiones (Scheme 1) were detectable from pH 6 and above as both cis and trans-isomers. Type A semidiones were detected for glucose, mannose, glucuronic acid, galactose, galacturonic acid, rhamnose, xylose, arabinose, ribose, fructose, sorbose and maltose. However no type A semidiones were detected for sucrose. Type B semidiones (Scheme 2) were formed in basic media, and increased in concentration as the pH increases, but not at the expense of semidione type A, proving two different reaction mechanisms were taking place. Type B semidiones were detected for glucose, mannose, galactose, rhamnose, xylose, arabinose, ribose, fructose, sorbose and sucrose. No type B semidiones were detected for maltose; however colorimetric tests for malondialdehyde, an end product of the type B semidione pathway, showed a positive result for maltose as well suggesting a third route [29].

Scheme 1: Formation of semidione A from β-D-glucose adapted from Gilbert et al. [29].

Scheme 2: Formation of semidione B from β-D-glucose adapted (and corrected to place missing radical in 1 st and 2 nd molecule), from Gilbert et al. [29]. It is noted that between the 4 th and 5 th stage, protonation followed by de-protonation of the alcohol on the 4 th carbon is not necessary.

In this work, ESR was attempted for the purpose of identifying the resulting UV-absorbing intermediate(s) as they have been shown previously to have lifetime of less than 2 min [9,24]. Direct observation of photo-oxidized radicals in an ESR cavity was attempted by irradiating (with a Lumatec lamp) either a pure sucrose solution at pH 13 or a sucrose solution in the presence of hydrogen peroxide, both purged under argon gas, however no radicals were observed (see supporting information). Our previous NMR study demonstrated that only a small fraction of the carbohydrate is oxidized during the detection process even after relatively long exposure to UV irradiation [9]. We also showed that the presence of electric field increased the sensitivity of the detection thus potentially explaining the absence of detected radicals in our ESR experiment by the absence of electric field. To further investigate the UV absorbing product, carbohydrates were injected and the UV absorption spectra and peak area of the mobility distributions at 266 nm per mM of carbohydrate were determined (Table 1). The separation and thus the photo-oxidation pathway take place at a pH above the pKa of the sugars.

The absorbance at the maximum of the UV absorption spectrum and the normalized peak area on the related electrophoretic mobility plots were compared for each carbohydrate: Table 1 lists these values obtained in our work and compares them with the type A or B predicted by Gilbert. Gilbert predicted three main different type B semidiones could be formed and this is consistent with the three different values measured for wavelength at the maximum of the UV spectra for glucose, rhamnose and xylose. Although type B semidiones were not originally detected for maltose [29],

the wavelength at the maximum of absorbance would suggest that the same UV absorbing intermediate would be produced as for glucose in similar relative amounts. The highest normalized peak area is obtained for sucrose, which would be consistent with photo-oxidation of both fructose and glucose moieties or possibly an increase in reaction rate of sucrose in comparison to glucose/fructose. Although arabitol might not be fully ionized at this pH, the UV absorption suggests that the same intermediate as for glucose might be formed. The end products of the photo-oxidation reaction were characterized by NMR spectroscopy. A sample of 13 C-labelled glucose (1 gL -1 ) in 130 mM NaOH in D2O was continuously injected into the CE at 10 mbar with no electric field as done previously [24] and proved to give the same UV absorption although four times less intense [9]. 600 µL sample was collected and 13 C and 1 H NMR spectra were recorded. Controls consisting of 13 C-labelled glucose in D2O and of an untreated 13 Clabelled glucose (1 gL -1 ) in 130 mM NaOH in D2O were also measured. Figure 1 shows the 13 The highest 13 C chemical shift experimentally observed in the photo-oxidized 13 C glucose was below 181 ppm (Figure 1). The mechanism proposed by Gilbert et al. [29] leads to malondialdehyde as an end product that produced one signal with a 13 C chemical shift above 193.2 ppm under our conditions (Table 3 andFigure 3). Note that some 13 C NMR signals of the degradation products of 13 C-labelled glucose are split into multiplets due to coupling with neighboring 13 C nuclei, which is not the case of the measured standard compounds; for that reason multiple signals of the degradation products of 13 C-labelled glucose are sometimes assigned to a single signal of a measured standard compound. Sodium oxalate was not detected in the 13 C NMR spectrum of the photo-oxidized 13 C glucose sample, as

shown by the absence of 13 C NMR signal around 174.8 ppm. 1 H and 13 C chemical shifts are however consistent with the presence of sodium gluconate as a product of the photo-oxidation.

Gluconolactone was however not observed through its signal at 174.5 ppm (Table 3 and Figure S-8)

despite the suggested presence of sodium gluconate supporting that the first step in the photo-oxidation reaction is the opening of the ring structure as suggested previously (Scheme 1 and Scheme 2).

The 13 C and 1 H signal assignment in Table 3 shows that the products of the photo-oxidation contain carboxylates consistent with sodium gluconate but also sodium methanoate, sodium glycolate, and possibly glycerol. The presence of sodium methanoate and sodium glycolate was confirmed by DEPT-135 NMR through the detection of a positive CH signal for sodium methanoate at 172 ppm and the absence of COOH signal for sodium glycolate at 180 ppm (Figure S-6). The presence of sodium glycolate and sodium methanoate might be explained by adding oxygen as reactant in the 6 th step of scheme 2 as hypothesized on Scheme 3.

Scheme 3:

Photo-oxidation of glucose in the presence of oxygen: possible reaction pathway leading to sodium methanoate and sodium glycolate (a second possible reaction pathway is shown in scheme S-4)

Gamma irradiation of glucose in the presence of oxygen showed the presence of methanoic acid and glycolic acid as well as various others such as gluconic acid, D-arabino-hexulosonic acid and various compounds with aldehyde functions [34]. Molecules containing aldehyde functional groups are however not detected by 13 C NMR in this study (no peak is present in the region above 190 ppm as expected for aldehyde functional groups). The NMR spectrum of D-arabino-hexulosonic acid is known [35] and include a peak at 104 ppm that our photo-oxidized glucose does not contain. Only gluconic acid is present in our work. This can either be due to the high pH used in our study restricting the pathway, or the use of UV radiation and not 60 Co gamma rays [34] or even the use of D2O in the sample.

. 

Increasing sensitivity utilizing photo-initiators

If the formation of hydroxyl or superoxide radical was the limiting step of the photo-oxidation, then it would be possible to increase the amount of radical intermediates in the detection window and therefore the sensitivity of the detection by increasing the radical formation. Radical photo-initiators are molecules that form free radicals under UV-visible light irradiation. In this work, water produces some hydroxyl radicals by equation 1 and superoxide radicals can be formed by equation 2:

(Equation 1) (Equation 2)

The efficiency of the production of hydroxyl radicals depends on the CE lamp intensity (determined by lamp life) as well as the CE detector optics and the intensity of the lowest wavelength (below 190 nm) irradiation reaching the solution. Strong UV irradiation around 190 nm may however not be suitable for most application in CE since it could lead to unwanted degradation reactions. The photo (and thermal) radical initiator hydrogen peroxide (H2O2) also generates hydroxyl radicals under UV light (equation 3).

(Equation 3) Hydrogen peroxide (H2O2) was tested as a photo-oxidant for detection in CE with varying concentrations of hydrogen peroxide (2.9  10 -1 to 2.9  10 -12 M) present in a BGE of 130 mM NaOH within the capillary as well as the reservoirs. A sample of 1 gL -1 sucrose was injected and the increase in peak area in the presence of hydrogen peroxide was determined (Fig 2 ). The peak area increased in the presence of 130 mM NaOH with 1  10 -8 to 1  10 -4 H2O2, but it suffered from poor repeatability. The poor thermal stability of H2O2 and the Joule heating within the capillary might have caused excessive thermal degradation of the peroxide leading to a variation in results (Figure 2). The capillary is air cooled to 15 °C externally with a calculated internal temperature increase of only 2 °C (see Equation S-2 [36]), so thermal degradation should be very limited. Alternatively, the poor repeatability may also be explained by the strong oxidizing potential of H2O2 leading to significant reduction reaction at the cathode. The highest concentrations (3  10 -3 to 3  10 -1 M) led to the poorest repeatability and/or to a peak of inverse polarity, possible due to the high amount of water produced by peroxide decomposition (water having a very low refractive index) or the high radical concentration causing side reactions. It was thus decided to rather use a true photo-initiator (thermally stable and with a poor oxidizing potential). The most characterized radical photo-initiator, 2,2-dimethoxy-2-phenylacetophenone, DMPA, has very limited aqueous solubility [37]. Irgacure® 2959 (1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propan-1-one) was chosen instead as a photo-initiator since it is water-soluble. Irgacure® 2959 is more thermostable then hydrogen peroxide and should not be reduced at the cathode during electrophoresis separation. Irgacure® 2959 was added to 130 mM NaOH at varying concentrations (10 -3 to 10 -9 M), see Figure 3. The addition of Irgacure® 2959 led to a significant increase in peak area at the lowest Irgacure® 2959 concentrations. This may be due to an enhanced photo-oxidation reaction. The photolysis of Irgacure® 2959 led to a variety of free radicals [38] (and Figure S-9). These radicals could lead to hydroxyl radicals as in the pathway previously discussed or some may directly photo-oxidize the carbohydrate. The maximum increase of 42 % is observed with no significant difference between 1  10 -4 M and 1  10 -6 M in a standard bare fused silica capillary. The RSD up to 1  10 -4 M has a maximum of 12 %, that can relate to fluctuations in the injection amount not accounted for by an internal standard, as observed in previous studies [9,39]. Using a high-sensitivity capillary the concentration of Irgacure® 2959 that yielded the highest increase in peak area shifts from 1  10 -4 M to 1  10 -8 M. The shift may be due a more efficient photo-decomposition producing radicals caused by the extended light path in the capillary window and the fact that the "bubble" shape of the detection window may focus the irradiation. This leads to a strong reduction in the amount of required photo-initiator, but no change in the maximum increase in sensitivity. A higher concentration of radicals likely leads to terminations or other side reactions and do not increase the sensitivity of the detection in CE. The system can thus be considered as optimized in terms of the addition of photo-initiator. A lower concentration of photo-initiator is preferred as Irgacure® 2959 absorbs at 270-290 nm and at a concentration of 1  10 -8 M its absorbance is negligible (Figure S-10).

At 1  10 -3 M in both capillaries types, there is a large error consistent with a large amount of free radicals being produced, leading to an uncontrolled reaction with alternative pathways. The increase in radical concentration also leads to an increase in band broadening. Joule heating from high salt concentration in the capillary window may contribute to it. These use of the high sensitivity capillary lead to a change in peak shape (Figure 3B) however no change in peak shape was observed due to the addition of the photo-initiator, only an increase in peak area. Additionally no change in peak shape between conventional and high sensitivity capillaries has been observed in other separations with direct UV detection and no photo-oxidation reaction . The change of peak shape is therefore likely a result of differences in the photo-oxidation detection between a conventional and a high sensitivity capillary and is not related to the separation, for example to stacking.

The limit of detection (LOD) of various carbohydrates were determined (Table 4) in a high sensitivity capillary with 130 mM NaOH containing 1  10 -8 M Irgacure® 2959. Direct detection with the photoinitiator resulted in a lower LOD than the popular HPLC-RID separation detection modes that are currently used in biotechnology. In comparison the CE-contactless conductivity detection (C 4 D) [17] that has recently been developed has a higher LOD . Detection with C 4 D requires limiting the ionic strength, thus the BGE concentration to values lower than the ones leading to optimal resolutions [9,22,24]. [17] as the signal to noise ratio equal to 3. Noise level in 130 mM NaOH = 0.01 mAU.

Conclusions

The photo-oxidation pathway in the direct detection of carbohydrates in CE is different from the ones previously proposed. The products of the reaction were characterized for the first time using NMR spectroscopy of photo-oxidized, fully 13 C labeled glucose and potential end products. This discarded the presence of some end products of previously suggested pathways, such as malondialdhyde and dihydroxyacetone. The end products of the photo-oxidation were shown to include carboxylates that are consistent with glucose being photo-oxidized into sodium gluconate, sodium glycolate, sodium methanoate and possible glycerol. Oxygen may play a role in the formation of these products and might also then play a role in the formation of the intermediate(s) absorbing UV at about 266 nm.

The sensitivity of the detection was improved by increasing the amount of free radicals present by the use of photo-oxidants. Hydrogen peroxide is unstable leading to a decrease in repeatability.

Irgacure® 2959 was more repeatable and was able to increase the peak area by up to 42 % at a concentration of 1  10 -8 M in a high sensitivity capillary and 1  10 -4 M in a standard fuse silica capillary. Alternative photo-initiators may further increase sensitivity, but their selection would first require a more precise identification of the UV-absorbing intermediate. The increase in sensitivity will enable the use of coated capillaries that will decrease analysis time for all DAD types. The improved method will be useful for analysis of carbohydrates in plant, food, fermentation and metabolic studies. 

Electron Spin Resonance (ESR) spectroscopy

Method

ESR studies were carried out on a Bruker EPR spectrometer. A Lumatec lamp, with a peak intensity at 350 nm, was used to irradiate the samples just before the ESR cavity. A solution of 100 mM NaOH with 25 mM H2O2 and 2 g•L -1 sucrose, purged under argon, was continuously pumped through the quartz flow cell at 400 mL•min -1 . The H2O2 was varied between 25 mM and 2.78 M with the highest concentration leading to bubbles formation in the cavity. The NaOH concentration was varied between 100 and 200 mM. 8 g•L -1 of ethanol was added to the solution to test the system.

Results

It was expected the lamp would break down the H2O2 into hydroxyl radicals which would then react with sucrose to form radicals that were described by Gilbert et al. [2]. At hydrogen peroxide concentrations of 2.78 M, bubbles were observed after the cavity, assumingly due to formation of oxygen. However the absence of signal from both sucrose but also ethanol indicates that the hydrogen peroxide under this irradiation generates no free radical stable enough to be detected, contrary to Gilbert's observations with a different system generating hydroxyl radicals.

Prediction of UV-Vis absorption spectra

As the formation of semidione B was similar to the pattern of detection in capillary electrophoresis (higher the pH, high the amount of UV absorbing species) the UV absorbing species may be one of the intermediate leading to the formation of semidione B. In order to determine this, UV-Vis absorption spectra predictions were carried out based on the HOMO-LUMO gap (method in manuscript). F is estimated at 80 % in our pressure mobilization experiment using the 13 C NMR spectra. For this particular experiment, the velocity of glucose in the capillary was 1.23 cm•min -1 , while glucose migrates at 25 min in a 90 cm capillary, at a velocity of 3.6 cm•min -1 . Taking the ratio of the velocities into account, the fraction of glucose photo-oxidised in a typical CE separation can thus be estimated at 27 % of the glucose in a 90 cm capillary. This large glucose consumption would not be consistent 11 with the previous observation of the change of absorbance with residence time in the window [3] or multiple passes through the window [4]. This would not be consistent either with previous NMR results on irradiated non-labelled glucose [4]. Note that the relaxation times were not determined and the values given in our conditions with the Equation S-1 above are thus only crude estimates. In these equations, 𝞴 is the thermal conductivity of the electrolyte, d0 is the external diameter of the capillary, di ids the internal diameter of the capillary, P/L is the power per unit length, V is the applied voltage, I is the electric current, L is the total length of the capillary, Xair is the thickness of the stationary layer surrounding the capillary, 𝞴air is the thermal conductivity of air, and h is the heat transfer co-efficient. The thermal conductivities values used for the fuse silica wall and the polyimide coating were 1.40 and 0.155 W.m -1 .K -1 respectively [5][6][7]. 17 
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 2 photo-oxidation reasonably well, while the fit is poorer for the other carbohydrates. While the

Table 2 : 3

 23 photo-oxidation pathway

  C NMR spectrum of the degradation products only: the control spectrum (in 130 mM NaOH in D2O) was subtracted from the one of the irradiated solution following normalization on the maxima of the two peaks between 90 -100 ppm that are only present in glucose.

Figure 1 :

 1 Figure 1: 13 C NMR spectrum of 1 gL -1 13 C-labelled glucose continuously and hydrodynamically

13 C 13 C

 1313 S-5A). Sarazin et al. adapted a mechanism from Bucknall et al.[START_REF] Bucknall | [END_REF] predicting dihydroxyacetone as an end product of the photo-oxidation. One of dihydroxyacetone's chemical shifts is predicted to be around 201 ppm (Figure S-5B). If either mechanism were present, the corresponding concentration would be negligible, as no signal is detected above 181 ppm which could correspond to either malondialdehyde or dihydroxyacetone. chemical shifts observed below 181 ppm with no corresponding signal between 160 and 80 ppm are consistent with sodium carboxylate functional groups and possibly esters, and disproves the presence of alkenes. Carboxylates have been observed previously in the degradation of glucose in an alkaline solution catalyzed by an electric field in the presence of oxygen forming sodium gluconolactone, sodium gluconate and sodium oxalate as end products[33].1 H and 13 C NMR spectra of sodium oxalate, sodium gluconate and gluconolactone were recorded in 130 mM NaOH in D2O to facilitate the identification of the observed 1 H and 13 C NMR signals (See Figure S-7 and S-8 and Table-

  Several 13 C NMR signals are still unidentified: a doublet at 61.4 and 60.9 ppm, as well as less intense signals at 167.9, 59.1, 40.0, and 20.0 ppm. This shows the complexity of the photo-oxidation reaction. Additionally, the area of the NMR spectrum of the irradiated glucose and of the scaled NMR spectrum of the initial glucose might allow us to estimate the fraction of glucose photooxidised for the NMR experiment (Equation S-1).

Figure 2 :

 2 Figure 2: effect of hydrogen peroxide in BGE on peak area of 1 gL -1 sucrose in 130 mM NaOH. The

Figure 3 :

 3 Figure 3: The effect of Irgacure® 2959 in BGE on peak area of 1 gL -1 sucrose. (A) The increase in peak

Fig S- 1

 1 Fig S-1 Separation of fibre standard in a fused silica capillary (A) and with a coated capillary (B) in 110

Fig S- 2 :

 2 Fig S-2: UV absorption spectra of glucose (A) rhamnose (B) and xylose (C) during CE separation (solid

Figure S- 3

 3 Figure S-3 and Figure S-4 show the 1 H and 13 C NMR spectra, respectively, of 13 C labelled glucose

Figure S- 3 : 1

 31 Figure S-3: 1 HNMR spectra of 1 gL -1 13 C glucose in 130 mM NaOH before (black) and after (red)

Figure S- 4 :

 4 Figure S-4: 13 CNMR spectra of 1 gL -1 13 Cglucose in 130 mM NaOH before (black) and after (red)

Fig S- 5 :

 5 Fig S-5: Experimental 13 C NMR spectrum for malondialdehyde tetrabutylammonium salt in the same conditions as Figure S-4 (A) and predicted 13 C NMR chemical shifts for dihydroxyacetone (B)

Fig S- 6 :

 6 Fig S-6: 13 C NMR spectrum (black) and DEPT-135 NMR spectrum (red) of 1 gL -1 13 C glucose in 130 mM

Fig S- 7 : 1 H

 71 Fig S-7: 1 H NMR spectra of A. glycerol (solid black), B. sodium oxalate (solid red), C.sodium glycolate

Fig S- 8 : 16 5

 816 Fig S-8: 13 C NMR spectra of A. glycerol (solid black), B. sodium oxalate (solid red), C. sodium glycolate

6

  Figure S-9: First step in photolysis of Irgacure® 2959 adapted from [8]. Products react further to form

Figure S- 10 :

 10 Figure S-10: UV absorption spectra of Irgacure® 2959 at 1  10 -3 M (red) and 1  10 -8 M (black) in 130

  

  

  

Table 1 :

 1 Relationship between carbohydrate, UV absorbance and possible UV absorbing 181

	intermediate.

*Pathway for formation of semidiones is shown in Scheme 1 and 2. ** measured on the mobility plot monitored at 266 nm

Table 3 :

 3 Possible

	Sample	Sodium Methanoate	Glycerol	Sodium Glycolate	Sodium Gluconate	Sodium Oxalate	Malondial dehyde	Gluconol actone
				δ( 13 C), ppm			
							193.1	
	180.0 179.4 178.9			180.1	179.5			
						174.8		174.5
	171.5	172.1						
	167.9							
							110.0	
	81.0							82.5
	76.3,				75.3,			74.5,
	75.8,				74.0,			73.5
	74.4				73.0,			

identification of some products from photo-oxidation of

13 

C glucose according to their 13C and 1H NMR chemical shifts . The individual 1 H and

13 

C NMR spectra are shown in supporting information. All compounds listed except sodium oxalate, malondialdehyde and sodium gluconolactone are potentially present in the sample.

Table 4 :

 4 Comparison of limit of detection (LOD) between different analytical separation and detection methods. CE separation with direct UV detection (this study) was at 24 kV in 90 cm (81.5 cm effective length) high sensitivity capillary in 130 mM NaOH with 1  10 -8 M Irgacure® 2959.

	System	Mode	Detector	Analyte LOD *	Ref
					(mg•L -1 )
	High performance liquid	HILIC	RID	Glucose 130	[6]
	chromatography (HPLC)	Ligand exchange (Pb 3+ )		Glucose 21	[4]
		Cation exchange resin		Glucose 70	[8]
	Ion chromatography (IC) HPAEC	PAD	Glucose 0.090	[11]
	Capillary	High pH buffer	Contactless	Glucose 0.11	[17]
	Electrophoresis (CE)		conductivity		
			Direct UV	Glucose 1.8	This study
				Arabitol 0.87
				Sucrose 1.6
				Maltose 2.8
				Xylose	3.4
	* Limit of detection (LOD) as defined by			

Table S -

 S 2. Principal Features of Predicted Spectra.

	Molecule	HOMO-LUMO	N=3 (3 predicted excitations, major	λmax
		gap (hartrees)	contributor in bold)	
	TBsfG1	0.115	515, 505, 446	
	TBsfG1_nr	0.0921	713, 528, 455	
	TBsfG2	0.102	607, 490, 454	
	TBsfG2_nr	0.108	550, 459, 440	
	TBsfR1	0.0869	741, 543, 496	
	TBsfR1_nr	0.0811	848, 604, 493	
	TBsfR2	0.0810	824, 571, 530	
	TBsfR2_nr	0.0753	923, 601, 547	
	TBsfX1	0.101	640, 525, 478	
	TBsfX1_nr	0.0941	700, 530, 489	
	TBsfX2	0.115	534, 524, 485	
	TBsfX2_nr	0.0944	700, 495, 450	
	TAS1	0.122	499, 445, 401	
	TAS1_nr	0.125	466, 387, 361	
	TAS2	0.117	555, 471, 413	
	TAS2_nr	0.114	488, 421, 408	
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Supporting information for:

Understanding and improving direct UV detection of monosaccharides and disaccharides in free solution capillary electrophoresis James D. Oliver 1 , Adam A. Rosser 3 , Christopher M. Fellows 3 , Yohann Guillaneuf 4 , Jean-Louis Clement 4 , Marianne Gaborieau 2 , Patrice Castignolles A typical separation was performed with a dynamic coating adapted from [1]. The separation was faster but the sensitivity poor (compare Figure S-1 A and B).

Materials:

L+xylitol 99 % was sourced from Alfa Aesar (Ward Hill, MA, USA).Mannose ≥99 %, L+arabinose≥99 %, poly(diallyldimethyl ammonium chloride) (polyDADMAC) solution 20 % (w/w), alginic acid sodium salt and lithium hydroxide monohydrate ≥98 % were sourced from Sigma-Aldrich (Castle Hill, NSW, Australia). D+galactose ≥99 % was sourced from Scharlau (Barcelona, Spain). Other materials are as in manuscript.

Method:

Capillary electrophoresis was carried out as in manuscript with the following alterations. The capillary was 60 cm (51.5 cm effective length) and coated during preparation by flushing with1 % w/v polyDADMAC in water for 30 min followed by with 1 % w/v alginic acid in water for 17 min and polyDADMAC again for a further 30 min. The back ground electrolyte (BGE) was 110 mM lithium hydroxide. The standard was injected at 34 mbar for 5 sec followed by an injection of BGE in the same manner. The electric field was ramped to 16 kV over 1 min. Signals were monitored at 200 nm and 270 nm with a 10 nm bandwidth.

Scheme S-3: List of potential UV absorbing intermediates based on Gilbert et al. [2] and the assignments.