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Introduction

As a prevalent post-translational modification of proteins, N-glycosylation plays a key role in a wide range of physiological and pathological processes, such as cell growth, adhesion, cell-cell recognition and signal transduction, [1-3]. N-glycan chains of glycoproteins are essential to their folding, stability, solubility and biological activity.

Altered N-glycosylation is reportedly associated with several diseases such as congenital disorders of glycosylation (CDGs) [4], Alzheimer's disease [START_REF] Kizuka | N-glycan and Alzheimer's disease[END_REF] or cancers [START_REF] Adamczyk | Glycans as cancer biomarkers[END_REF]. N-glycosylation analysis of specific proteins present in biological samples has already allowed the identification of powerful and reliable biomarkers of several diseases like type 2 diabetes [7], hepatic cirrhosis [8], ovarian cancer [START_REF] Everest-Dass | N-glycan MALDI imaging mass spectrometry on formalin-fixed paraffinembedded tissue enables the delineation of ovarian cancer tissues[END_REF]. Currently, glycan profiling represents one of the best ways to evaluate asparagine linked glycosylation profiles and to detect even minor changes.

In general, N-glycans are released from glycoproteins using an enzymatic digestion (e.g., PNGase F) or a chemical reaction (e.g., NaOCl). The main analytical techniques to map released N-glycans are high performance liquid chromatography (LC) [10], capillary electrophoresis (CE) [START_REF] Mantovani | Recent advances in capillary electrophoresis separation of monosaccharides, oligosaccharides, and polysaccharides[END_REF], mass spectrometry (MS) [START_REF] Kailemia | Recent advances in the mass spectrometry methods for glycomics and cancer[END_REF] or LC-MS [START_REF] Wei | Toward automatic and comprehensive glycan characterization by online PGC-LC-EED MS/MS[END_REF] and CE-MS [14 -15]. However, due to the low abundance of some plasma glycoproteins, the lack of chromophore or fluorophore groups in carbohydrates and their poor ionization efficiency in ESI or MALDI MS, glycan derivatization is highly desirable to enhance their detection sensitivity with all of these techniques. Three labeling sites are available for covalent derivatization in N-glycans: the reducing terminal (-CHO, -NH2), hydroxyl groups and the carboxyl groups of sialic acids. Although derivatization increases sensitivity, it is often also necessary to enrich N-glycans before their analysis.

Most commonly used enrichment methods are based on solid phase extraction (SPE)

[ [START_REF] Yamamoto | Current landscape of protein glycosylation analysis and recent progress toward a novel paradigm of glycoscience research[END_REF][START_REF] Zhang | Characterization and applications of extracellular vesicle proteome with post-translational modifications[END_REF] with porous graphitized carbon (PGC) [START_REF] Sun | Highly selective enrichment of N-linked glycan by carbon-functionalized ordered graphene/mesoporous silica composites[END_REF][START_REF] Sun | Designed synthesis of carbon-functional magnetic graphene mesoporous silica materials using polydopamine as carbon precursor for the selective enrichment of N-linked glycan[END_REF] or hydrophilic supports [START_REF] Zheng | Click synthesis of glucose-functionalized hydrophilic magnetic mesoporous nanoparticles for highly selective enrichment of glycopeptides and glycans[END_REF].

However, these chromatographic supports exhibitquite low selectivities. More specific sorbents like lectins-[20], boronate-[21], hydrazine-based materials [START_REF] Fabijanczuk | Resin and magnetic nanoparticle-based free radical probes for glycan capture, isolation, and structural characterization[END_REF] or those relying on lanthanides [START_REF] Schemeth | Lanthanide-IMAC enrichment of carbohydrates and polyols[END_REF] have also been described as interesting alternatives for Nglycan enrichment, most frequently before derivatization. Recently, however, a few groups reported strategies involving enrichment after derivatization and relying on the interaction between the derivatization agent attached to the glycans and the solid support [START_REF] Zhang | Highly specific purification of N-glycans using phosphate-based derivatization as an affinity tag in combination with Ti 4+ -SPE enrichment for mass spectrometric analysis[END_REF][START_REF] Bai | Graphene based soft nanoreactors for facile "one-step" glycan enrichment and derivatization for MALDI-TOF-MS analysis[END_REF]. Although monolithic columns have attracted great interest in the last decades for sample enrichment due to their flexible synthesis, adjustable porosity, fast mass transport, and tunable surface chemistry [START_REF] Masini | Porous monoliths for on-line sample preparation: A review[END_REF], they have been mostly used for the enrichment of glycopeptides or intact glycoproteins [START_REF] Chen | Boronate affinity monolith for highly selective enrichment of glycopeptides and glycoproteins[END_REF], except one work that focused on non-derivatized glycans derived from glycoproteins [START_REF] Zhang | Cobalt phthalocyanine tetracarboxylic acid functionalized polymer monolith for selective enrichment of glycopeptides and glycans[END_REF]. In that work, the monolith was composed of glycidyl methacrylate and ethyleneglycol dimethacrylate and functionalized with cobalt phthalocyanine tetracarboxylic acid (CoPcTc) and glycans were captured via the formation of hydrogen bonds with nitrogen groups in isoindole subunits of CoPcTc. Until now and to the best of our knowledge, no paper has yet reported the possibility to enrich derivatized glycans released from glycoproteins using monolith, the main supports being magnetic mesoporous silica composite In addition, only one work described immobilized metal affinity chromatography (IMAC) based method for the enrichment of derivatized N-glycans [START_REF] Zhang | Highly specific purification of N-glycans using phosphate-based derivatization as an affinity tag in combination with Ti 4+ -SPE enrichment for mass spectrometric analysis[END_REF]. In that work, the carbohydrates were labeled with a 4-aminophenylphosphate that allowed them to strongly adsorb on Ti 4+ -microspheres. Excellent selectivity, high enrichment recovery (90%) but poor reproducibility (15%) have been obtained. However, this protocol was based on a new dye that had been exploited only for MALDI-MS analyses of glycans. For this purpose, the synthesis of a poly(ethylene glycol methacrylate phosphate (EGMP)-co-acrylamide (AM)-co-bis-acrylamide (BAA))-based monolith with phosphate groups and immobilized Zr 4+ was first optimized in the capillary and then characterized in terms of porosity, permeability and mechanical resistance too. The free APTS dye and APTS labeled maltooligosaccharide ladder were employed for optimizing the enrichment procedure and the off-line CE-LIF was used to measure the enrichment efficiency. The developed method was applied for the enrichment and detection of the N-glycans of Ribonuclease B. Finally, the first proof of concept of online enrichment coupled to CE-LIF separation was demonstrated for APTSmaltooligosaccharides.

Materials and Methods

Materials

Ethylene glycol methacrylate phosphate (EGMP) was purchased from ESSCHEM (Europe Seaham, United Kingdom). γ-methacryloxypropyltrimethoxysilane (γ-MAPS), acrylamide : bisacrylamide (AM : BAA, mixture ratio 19:1), dimethylsulfoxide (DMSO), 1-dodecanol, N, N'-dimethylformamide (DMF), 2, 2-azobisisobutyronitrile (AIBN), zirconium dichloride oxide hydrate (ZrOCl2•8H2O, > 95%), formic acid (> 99%), lithium hydroxide (LiOH) monohydrate, lithium acetate dihydrate (LiAc), acetic acid (> 99%), ammonium hydroxide (28%), 1 M sodium cyanoborohydride/THF, PNGase F enzyme, NaBH3CN, ribonuclease B (RNase B) and PTFE fluid tube (OD:

1.8 mm, ID: 0.3 mm) were bought from Sigma-Aldrich (St Louis, MO, USA). 1 M sodium hydroxide (NaOH) and 1 M hydrochloric acid (HCl) solutions, tetrahydrofuran (THF), acetone, methanol (MeOH) and acetonitrile (ACN) were obtained from VWR International (Paris, France). The fast glycan labeling and analysis kit, including the tagging dye of 8-aminopyrene-1,3,6-trisulfonic acid (APTS) and magnetic beads for excess dye removal were from SCIEX (Brea, CA, USA). All water used in the experiments was purified with a Milli-Q system from Millipore (Direct-Q 3, Merck Millipore, Darmstadt, Germany). UV-transparent (TSH) and polyimide capillary columns with 50 μm I.D. were from Polymicro technologies (Phoenix AZ, United States).

Instrumentation

A Bio-link BLX-E365 UV oven (Vilbert Lourmat, Marne La Vallée, France) was used for the photopolymerization for synthetizing the poly(EGMP-co-AM-co-BAA) monolith. Permeability of the poly(EGMP-co-AM-co-BAA) monolith was measured using the G2226A nano pump (Agilent Technologies, Santa Clara, USA). Morphology of the poly(EGMP-co-AM-co-BAA) monolith was measured on a Zeiss ULTRA 55 field emission scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany).

A mercury porosimetry Pore Master GT-60 (Quantachrome Instrument Corp., Boynton Beach, FL, USA) was adopted to characterize the pore size distribution of the poly(EGMP-co-AM-co-BAA) monolith. A ZEISS AXIO Observer A1 optical inverted fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with a 20× objective lens and coupled to an illuminator HXP 120C mercury lamp (Carl Zeiss AG, Oberkochen, Germany) was used to detect the fluorescence on the poly(EGMP-co-AMco-BAA) monolith. The fluorescence detection was performed with a blue filter (excitation 460-490 nm and emission 505-555 nm). A SP-403-M1 nanobaume capillary column packer (Western Fluids Engineering and Manufacturing, Wildomar, CA, USA) was employed for rinsing the capillary. The capillaries were connected to the capillary column packer by means of a stainless-steel internal union fitted with a PEEK adapter.

Loading and elution times were optimized using the Zetalif LED induced fluorescence (LED-LIF) detector (Picometrics Technologies, Toulouse, France) with the PowerChrom 181 system (eDAQ Pty Ltd, Sydney, Australia). All CE experiments (including the off-line analyses and on-line ones) were performed on the P/ACE MDQ capillary electrophoresis device (SCIEX, Brea, CA, USA) equipped with a LIF detection module (λex = 488 nm, λem = 520 nm) but in two different laboratories. The CE-LIF data were collected and processed with 32 Karat software (SCIEX).

Preparation of Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith

Prior to polymerization, the UV transparent capillary was pretreated with γ-MAPS according to previously published work [35]. In brief, new capillaries were rinsed with 1 M NaOH solution for 30 min, water for 10 min, 0.1 M HCl solution for 30 min, water for 10 min and acetone for 15 min in turns. All the above risings were conducted at 3 bars using the capillary column packer system. Then, the treated capillaries were dried in an oven (120 o C for 2 h) under nitrogen stream at 3 bars. After that, the capillaries were refilled with 50% γ-MAPS solution in acetone (v/v). Both ends of the capillaries were sealed with rubber septas and kept in the oven at 100 o C for 2 h. Afterwards, the capillaries were kept in darkness overnight at room temperature. Finally, the capillaries were rinsed with MeOH for 15 min and dried under nitrogen for 1 h at 3 bars.

The poly(EGMP-co-AM-co-BAA) monolithic column was synthetized following the previously reported method [34]. In short, the polymerization mixture consisting of EGMP (80 μL), AM: BAA mixture (60 mg), dodecanol (200 μL), DMSO (270 μL), DMF (50 μL) and AIBN (2 mg) was mixed in a 2-mL vial. After sonication for 20 min and bubbling with nitrogen for 10 min to remove dissolved gases, the mixture was introduced into the pretreated capillary at a length of 10 cm. Both ends of the capillary were sealed with rubber septas. The capillary was then irradiated by UV light at 365 nm with a light intensity of 1.5 mW cm -2 for 15 min. The distance between the capillary and light source was 15 cm. To remove the porogen solvents and any other unreacted reagents after polymerization, the monolithic column was rinsed with methanol and water at 4 bars for 1 h and 15 min, respectively.

To immobilize Zr 4+ ions on the monolith, the prepared poly(EGMP-co-AM-co-BAA) monolith was first rinsed with 100 mM ZrOCl2 aqueous solution for 1 h at room temperature. Then, both ends of the capillary were sealed with rubber septas and kept in darkness at 25 o C for 24 h. Finally, the Zr 4+ modified monolith was cut into small pieces (2 cm each) and rinsed with water for 20 min to remove any residual Zr 4+ ions.

All the rinsing steps were conducted at 3 bars using the capillary column packer. The Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith was then ready to use.

Sample preparation

Preparation of the APTS labeled maltooligosaccharide ladder was as follows. For IMAC enrichment and CE-LIF analysis, the RNase B derived N-glycan sample was diluted with 0.0125% formic acid solution by 1000x.

Capillary Electrophoresis

A fused silica capillary with an i.d. of 50 μm (o.d. 375 μm) and a total length of 30 cm (effective length of 20 cm) was used to perform the separation. The cartridge and sample plate were thermostated at 25 °C. Before the first use, a new capillary was pretreated by flushing with deionized water for 2 min, 1 M NaOH for 2 min, 1 M HCl for 2 min and deionized water for 5 min, successively. A 25 mM lithium acetate buffer (pH 4.75) was used as background electrolyte (BGE) for the separation. For off-line preconcentration, the capillary was rinsed before each analysis with the BGE for 3 min.

All rinsing procedures were performed at 20 psi. Separation was achieved at a voltage of 30 kV (1000 V•cm -1 , reversed polarity) with a current of approximately 38 μA. For on-line preconcentration and CE-LIF analysis of APTS-maltooligosaccharides, the separation was carried out at 15 kV (500 V•cm -1 , reversed polarity) with a current of approximately 18.5 μA.

Off-line and on-line preconcentration and CE-LIF analysis of APTS-glycans

Off-line experiments consisting of the loading, rinsing, elution and separation of the glycan mixture were performed under optimized conditions for each step. The loading step was performed by flushing the monolith with APTS-glycans solubilized in the loading buffer (0.0125% formic acid-H2O) using the capillary column packer at 8 bars for 32 min. The monolith was then rinsed with 0.0125% formic acid / 20% ACN in H2O solution using the capillary column packer at 8 bars for 5 min. The enriched glycans were finally eluted with 0.03% ammonium hydroxide solution (pH 10.9) using the capillary column packer at 8 bars for 2 min. Then the elution fraction was analyzed by CE-LIF.

For on-line preconcentration and CE-LIF analysis of APTS-maltooligosaccharides, a freshly made 3-mm capillary piece containing IMAC-Zr 4+ monolith was first connected to the inlet end of the separation capillary by a 10-mm-long PTFE tube (Fig

S-1).

Then, the capillary system was flushed with 0.125% HCOOH-H2O at 80 psi for 1 min as a leakage test to insure any bubble formation and avoid current breakdown during the separation. For loading, APTS-labeled maltooligosaccharides were dissolved in 0.125% HCOOH-H2O and filled from the inlet end at 10 psi for 10 min until the fluorescence reached a plateau. After that, the capillary was rinsed by 0.0125% HCOOH / 20% ACN in H2O at 20 psi until the fluorescence dropped to zero (around 8-10 min). Then, the system was filled with the BGE at 80 psi for 1 min from the inlet end and the elution solution (0.3% NH3-H2O) was injected at 5 psi for 5 sec before applying voltage for CE-LIF.

For off-line and on-line studies, CE-LIF analyses were performed in two different laboratories. Electrophoregrams were displayed using relative and non-normalized fluorescence Y-axis.

RESULTS AND DISCUSSION

Our group recently reported successful on-line IMAC-enrichment of phosphopeptides in a glass microchip using a poly(EGMP-co-AM-co-BAA) monolith bearing phosphate groups and functionalized with Zr 4+ [34]. Therefore, we explored the possibility to use a similar type of phosphate-containing monolith to enrich APTSlabeled N-glycans by adapting its synthesis to a capillary format. Although according to the « Hard and Soft Acids and Bases » concept [START_REF] Pearson | Hard and soft acids and bases, HSAB, part 1: Fundamental principles[END_REF] the interaction between hard Lewis acid (Zr4+) and soft Lewis base (sulfonate) is not expected to be stable as hard acid (Zr4+) -hard base (phosphate). To allow successful IMAC enrichment of APTSglycans, we therefore put some efforts in finding conditions strengthening the affinity between Zr4+ and sulfonate groups brought by APTS. This is of the utmost importance as APTS bearing several negative charges is the only tagging dye of glycans to allow their analysis by CE. This IMAC enrichment was then on-line coupled to a CE-LIF separation.

Preparation and characterization of the poly(EGMP-co-AM-co-BAA) monolith

The reactive mixture previously reported for the monolith synthesis in microchips was adapted to the fused silica capillary format. First the capillary walls were treated with γ-MAPS using the protocol already reported [34]. A slight increase of the monomers to porogen ratio was necessary so as to obtain a homogenous and well anchored monolith. The obtained poly(EGMP-co-AM-co-BAA) monolith was characterized by SEM. A tight anchoring of the monolithic bed onto the inner wall of the γ-MAPs pretreated capillary was observed. Large through-pores and a continuous skeleton were also observed.

Mercury intrusion porosimetry (MIP) results exhibited a broad monomodal

distribution with most pores in the size range from 0.34 to 2.34 µm and a maximum at 0.76 µm, corresponding to a total pore volume of 0.159 cm 3 g -1 . Such macro-pores could provide sufficiently high permeability and concomitantly low backpressure. The specific surface area was 8.8 m 2 g -1 .

When plotting backpressure versus flow rate for a 2-cm monolith column, good linear relationships (R² > 0.991) were obtained in the pressure range from 13 to 117 bars, depending on the nature of the mobile phase used. In addition, neither crack nor detachment of the monolith from the capillary wall was observed under high pressures.

These observations suggest a homogeneous pore structure along the monolithic column and an excellent mechanical stability. Table 1 shows the permeability values of the poly(EGMP-co-AM-co-BAA) monolith evaluated according to Darcy's law (SI 2) by using MeOH, MeOH/H2O (50/50, v/v), ACN or H2O as the mobile phase. It is worth noting that these values were similar, indicating the good wettability and chemical stability (neither swelling nor shrinking of the monolith) in the various solvents used with quite different polarities.

IMAC enrichment of the APTS labeled maltooligosaccharide ladder

The IMAC-sorbent based on the poly(EGMP-co-AM-co-BAA) monolith was prepared by simply immobilizing Zr 4+ on its phosphate surface via metal chelation [34].

In accordance with the metal (IV) and the sulfonate chemistry, the three oxygens of each sulfonate group of the APTS (linked to glycans) could be octahedrally coordinated by three Zr 4+ . Therefore, the Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith could be used to enrich specifically APTS labeled glycans via strong interactions.

The affinity of the Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith for APTS was first demonstrated by loading an APTS solution on both Zr 4+ modified and unmodified monoliths. After the rinsing step, high fluorescence was observed on the Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith, while no fluorescence was visible on the unmodified one. This indicates that the prepared Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith has a good selectivity toward APTS.

The performance of the Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith for preconcentration of APTS-glycans was then evaluated using the APTS labeled maltooligosaccharide ladder. The pH of the loading and elution solutions significantly affected the efficiency of the enrichment. To avoid precipitation of ZrOCl2 at alkaline conditions, the pH of the loading solution was kept under 4.0 [START_REF] Kobayashi | Solubility of zirconium (IV) hydrous oxides[END_REF]. This is compatible with an efficient capture of glycans as their interaction with Zr4+ is influenced by the charge of APTS that is negative whatever the pH (negative pKa). Moreover, to allow sufficient separation of the APTS-maltooligosaccharide ladder during the off-line CE analysis, very low acid content in the loading buffer was required. Various formic acid aqueous solutions (ranging from 0.0125% to 3%) with a pH lower than 3.3 were tested.

In the case of APTS-maltooligosaccharide samples, 0.0125% formic acid-H2O (pH 3.3) was found acidic enough to make sure the Zr 4+ modified monolith can efficiently capture the APTS-sugars and was therefore selected as loading solution.

The capture of maltooligosaccharides was monitored in the middle of the monolith using an epifluorescence microscope (Fig S -2A). Before loading the sample, no fluorescence was detected (Fig. 1A). After sample loading and rinsing with 20% ACN-H2O containing 0.0125% formic acid, fluorescence was detected on the monolith (Fig. 1B). These results demonstrated the efficient capture of the APTSmaltooligosaccharides via strong interactions between the sulfonate groups of the APTS and the Zr 4+ modified monolith. This is particularly interesting since affinity between soft Lewis base and hard Lewis acid tends to be generally weak. As previous studies showed that elution solutions containing strong chelating agents like ammonium favored the elution of the captured phosphopeptides after an IMAC-enrichment [34], different ammonium hydroxide solutions (from 0.0003% to 0.3%) were tested to elute the APTS-labeled sugars. Indeed, the interaction APTS-Zr4+ (soft Lewis base -hard Lewis acid) is weaker than the ammonium-Zr4+ (hard Lewis base -hard Lewis acid).

Elution efficiency was assessed (Fig S -3). Most of the captured APTSmaltooligosaccharides were eluted when the Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith was rinsed with 0.03% (pH 10.9) or 0.3% ammonium hydroxide (pH 11.5). However, to avoid any potential damage of the monolith and to have a pH condition compatible with the subsequent CE separation, 0.03% ammonium hydroxide was selected as elution solution, ensuring dramatic decrease in the fluorescence intensity as shown in Fig. 1C. The elution efficiency was estimated to be 82.7% (SI 3).

The reproducibility of the entire enrichment procedure, starting from Zr 4+ immobilization to APTS-maltooligosaccharide elution, was investigated on three different monoliths and the RSD of elution efficiency was found to be very good (< 3.0%). The developed IMAC-method based on the Zr 4+ modified poly(EGMP-co-AMco-BAA) monolith can therefore enrich the APTS labeled maltooligosaccharide ladder with high efficiency and reproducibility.

The reusability of the Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith was also evaluated. Two consecutive enrichment processes (capture, rinsing and elution) were performed on the same monolith where the Zr 4+ was immobilized only once. After the sample loading and rinsing procedure, the fluorescence intensity on the monolith was dramatically reduced (by a factor of four) between the first and the second run, suggesting a significant loss in loading efficiency. This could be attributed to the repetitive washings with acidic and alkaline solutions that might partly remove the Zr 4+ ions from the monolith. Wang et al who also used a Zr 4+ modified monolith but for phosphopeptide enrichment stated that dissociation of Zr 4+ -phosphate bonds could be provoked by the continuous introduction during washings and elutions of Lewis bases, which are stronger than phosphate groups [35]. Although this can be a disadvantage of the non-permanent binding method, the optimized enrichment method allowed reaching high efficiency and reproducibility when performing the whole IMAC process starting from the Zr 4+ immobilization step with no need to prepare again a new monolith as it is stable enough. Moreover, the immobilization step could be significantly shortened when dealing with shorter length plugs of monolith.

The loading and elution times were also optimized as they are expected to significantly influence the enrichment efficiency. The Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith was connected on-line via an empty capillary to a LIF detector located at 10 cm after the monolith (Fig S -2B). The fluorescence intensity was recorded over 55 min and plotted as a function of time during the loading step (SI 4). The optimal loading time, defined as the time necessary to saturate the Zr 4+ modified monolith with the APTS-maltooligosaccharide ladder and reach the plateau of fluorescence intensity, was approximately 32 min (Fig. 2A). The reproducibility of this loading time was evaluated on three batches of the Zr 4+ modified poly(EGMP-co-AM-co-BAA) monoliths (RSD = 6.9%). After rinsing with 0.0125% formic acid-20% ACN-H2O for 5 min at 8 bars, the elution step was also recorded (SI 4). The signal dropped to the baseline level after 2 min of elution, indicating an efficient desorption of the APTSmaltooligosaccharide ladder (Fig. 2B). Therefore, the optimal time for elution was set at 2 min (6.8% RSD, n = 3).

The performances of the IMAC-preconcentration in terms of selectivity and signal enrichment factor were evaluated. Solutions of the APTS-maltooligosaccharide ladder collected during different steps of the entire enrichment procedure were analyzed by CE-LIF. The profile obtained after off-line preconcentration (Fig. 3d) showed much higher peak intensities than the profile of the loading solution (Fig. 3a), demonstrating that the Zr 4+ -monolith can enrich all APTS-oligomers regardless of their size. Moreover, the very low peak intensity obtained for the solutions recovered during the loading (Fig. 3b) and rinsing (Fig. 3c) steps clearly indicated efficient capture and rinsing. As shown in Fig. 4, the signal enrichment factors evaluated by comparing the peak area with and without preconcentration (SI 2) and ranging from 9.3 to 24.2 were not the same for the different glucose oligomers. The lowest one (9.3) was obtained for the glucose monomer (G1) whereas it was twice or 2.5-fold higher for the other oligomers. Big size oligomers may be more flexible and this could favor their affinity for the Zr 4+ -monolith.

The drop at G8 was probably due to the conformation change from random coil to well defined helical structure as was suggested earlier [START_REF] Kerékgyártó | Activation energy associated with the electromigration of oligosaccharides through viscosity modifier and polymeric additive containing background electrolytes[END_REF]. Nevertheless, this similar selectivity of the monolith for oligomers presenting a size higher than 2 glucose units (GU) and lower than 15 is therefore well suited for the glycoprotein-derived N-glycans since the size of most plasma glycoprotein N-linked sugars usually ranges from 4 to 15 GU [40]. The reproducibility of enrichment factors was evaluated by repeating the experiments on three different Zr 4+ -monoliths, which were cut from the same monolith and modified with Zr 4+ separately. We observed very low RSD for peak area for glucose (2.0%), this value increased to 4.0-9.2% for G2 to G11 and decreased again for longer glucose oligomers above G12 (RSD from 3.1 to 4.7%). Finally, very good repeatabilities (less than 6.7%) were obtained for glucose oligomers corresponding to sizes expected for N-glycans, demonstrating interesting potentials of this Zr 4+ modified monolith for further purification or enrichment of APTS labeled N-glycans from glycoproteins.

IMAC enrichment of APTS labeled RNase B N-glycans

To further evaluate the performance of the Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith for glycan enrichment, the optimized preconcentration procedure was applied to enrich N-glycans released from ribonuclease B (RNase B) by PNGase F digestion and labeled with APTS. The initial sample was percolated (32 min under 8 bars) through the Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith. As expected and due to the very low concentration (under the detection limit of the CE-LIF), no glycan was detected (Fig. 5a). For the same reason, a similar profile was observed for the solution collected after the loading (Fig. 5b). . The Zr 4+ modified monolith was then washed with 20% ACN in 0.0125% formic acid-H2O and Fig. 5c shows the CE profile obtained for the solution resulting from this rinsing. A few small APTS-glycan conjugates were detected, demonstrating that they were not specifically retained on the monolith. Finally, the retained glycans were eluted using 0.03% ammonium hydroxide, 

On-line preconcentration and CE-LIF analysis of APTS labeled maltooligosaccharides

This novel enrichment method of glycans, involving the use of monolith easy to synthetize in capillaries and APTS, the fluorescent dye mostly employed in CE-LIF of glycans, offered high potential for on-line coupling of enrichment and separation of glycans. Along the above described off-line preconcentration method, the on-line approach has then been exploited at the proof of concept level. A 3-mm capillary containing monolith was directly connected to the inlet end of the separation capillary by a PTFE tubing. The enrichment was achieved using the off-line conditions and the fluorescence intensity was recorded during the loading step. The plateau was reached in 2-3 minutes, much faster than during the off-line process, probably because of the shorter monolith length. Then, the capillary was filled with the separation and elution buffers and the sample was eluted directly into the separation capillary. Additional preliminary experiments using an epifluorescence microscope showed that the separation buffer did not elute the analytes from the monolith. The separation was then carried out as with a conventional sample injection. A slight delay in the migration time was observed for the on-line enrichment profile probably due to the additional 3-mm capillary containing monolith (Fig. 6). Higher peak intensities were experienced with on-line preconcentration compared to conventional sample injection. The average enrichment factor was 5.5 for G1 to G15, with the highest value of 9.0 for G2 and the lowest of 3.2 for G7. Except for G1 (which exhibited the lowest signal enrichment factor in off-line enrichment), the values were approximately 4-fold lower for all oligomers in comparison to the off-line method. The differences in enrichment factors could be caused by the peak deformations observed for glucose oligomers bigger than G5 that made the accurate peak area estimation difficult. Due to the complexity of the on-line setup, repeatability experiments often resulted in relative high variance thus the reported technique calls for to further optimization. For example, some commercial fluid routing connectors and fittings, providing leak-free connectivity, even at high pressures and exhibiting low dead volumes could be used to improve the connection between the monolith column and the separation capillary. These very promising results demonstrate however the first proof of concept of the possibility to couple on-line labeled N-glycan enrichment and CE-LIF separation.

Conclusion

In this study, we introduced a new sample enrichment tool for APTS-labeled Nglycans. The IMAC-preconcentration process was based on the use of an unexpected but strong interaction between Zr 4+ immobilized on the poly(EGMP-co-AM-co-BAA) monolith with the sulfonate group brought by APTS. The loading (0.0125% formic acid -H2O, pH 3.3) and elution (0.03% ammonium hydroxide, pH 10.9) buffers were able to respectively capture and elute the APTS-labeled maltooligosaccharides, leading to a high enrichment efficiency (83%) without being detrimental to their CE separation and regardless of the oligomer size. This latter feature is particularly interesting to provide accurate estimation when seeking changes in the relative abundance of glycans from a given glycoprotein. The relatively good enrichment factors (up to 24) for glucose oligomers with good repeatabilities (<6.7%) suggest high performance of the introduced preconcentration method. The five main N-glycans from the ribonuclease B PNGase F digest were successfully enriched and detected by CE-LIF, without any bias regarding their relative abundance. Here, the reported on-line coupling of the IMAC monolith-based N-glycan enrichment with CE-LIF separation is the first demonstration of this novel approach. The utilization of the IMAC method ensures better selectivity in APTS-labeled glycan enrichment in comparison to commercial SPE columns composed of HILIC or PGC materials. Thanks to the on-line process the IMAC based on-line enrichment avoids losing any possible sample due to the coupling thus subjected to broad interest when dealing with limited sample availability. Furthermore, as each preconcentration step applies a new piece of the monolith, only a few mm long (ca. 15 cm long EGMP-co-AM-co-BAA monolith) can be prepared at the same time. Thus, the developed method overcomes the carry-over problem of conventional preconcentration techniques [START_REF] Osbourn | On-line preconcentration methods for capillary electrophoresis[END_REF]. It is also readily applicable in most academic and industrial labs since the monolith can be cut into small pieces for multiple preconcentration experiments. 
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  [29], silica gel [30] and cotton wool [31].

  CE coupled to laser induced fluorescence (LIF) is a powerful separation technique to map N-glycans. Most of the time they are derivatized with 8-aminopyrene-1,3,6trisulfonic acid (APTS) and glycan isomers can be separated with quite high repeatabilities and resolutions [32-33]. In addition, silica capillaries are well suited for in-situ synthesis of monoliths. This prompted us to develop a capillary monolith-based enrichment of APTS-labeled N-glycans compatible with an on-line coupling to their CE-LIF analysis. The advantageous feature of the IMAC-based enrichment selected in this paper over our previous work on phosphopeptide enrichment in microchips [34] is based on the interaction between the sulfonate groups brought by the APTS and the Zr4+ ions immobilized on the monolith, not yet exploited, making it more selective to APTSglycans compared to commercial SPE columns composed of PGC or HILIC materials.

  2.0 mg of maltooligosaccharide ladder was weighed into a 200 μL eppendorf tube. Then 4 μL of 40 mM APTS in 20% acetic acid, 4 μL of 20% acetic acid and 2 μL of 1M NaBH3CN in THF were added in the tube and the mixture was incubated for 30 min at 70 °C with the tube open (evaporative labeling [36]). After incubation, the residues were dissolved in 100 μL of water to obtain the solution of APTS labeled sugars (20 mg mL -1 ) and the labeled ladder solution was stored at 4 o C. For off-line and on-line IMAC enrichment and direct CE-LIF analysis, the maltooligosaccharide sample was first diluted with water by 1000x and then with 0.0125% formic acid solution by 100x. RNase B derived N-glycan preparation started with the addition of 5.0 μL of denaturation solution from the Fast Glycan Labeling and Analysis Kit to 10 μL of 10 mg mL -1 aqueous RNase B solutions. The denaturation step proceeded for 10 min at 70 °C. Then, 12.0 μL of water and 5.0 μL of PNGase F (1.5 mU) was added to the mixture. After mixing and incubation at 50 °C for 60 min, the sample was mixed with the magnetic cleanup beads of the Fast Glycan Labeling and Analysis Kit and vortexed for 10 s at the maximum speed. Then, 200 µL of ACN was added into the sample tube and mixed for 10 s with vortex. After 1 min, the supernatant was removed using a magnetic stand. After that, the labeling solution containing 4.0 μL of 40 mM APTS in 20% acetic acid, 2.0 μL of NaBH3CN (1 M in THF), 4.0 μL of 20% acetic acid and 5.0 μL of THF was added in the sample tube and mixed for 1 min. The reaction mixtures were incubated in a heating block at 50 °C in a closed vial (no evaporation) for 60 min and another 60 min in an open lid vial (evaporative labeling) vials [36]. After the labeling step, the samples were magnetic bead purified with 200 µL of ACN-water (90:10) solution three times, eluted by 50 μL of water (2 mg mL -1 ) and stored at 4 o C.

8 (

 8 collected and also analyzed by CE. As shown in Fig. 5d, all five expected oligomannose glycans (Man 5 to Man 9) were successfully enriched at a detectable level with good resolution as the three positional isomers of Man 7 (Peaks 3, 3* and 3**) and Man Peaks 4, 4* and 4**) were well separated. The profile was similar to the expected peak distribution published earlier [41]. The relative peak area of each of the five N-glycans after the enrichment were compared to those reported in the literature (Table 2) [42-44]. The observed values are quite close to the literature values, confirming that the monolith-based enrichment exhibits the same selectivity toward the different glycans.
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 1 Figure Caption

Fig. 2

 2 Fig. 2 Typical fluorescence intensity profiles recorded during the loading (A) and

  Fluorescence detection: λexc = 480 nm, λem = 520 nm. Concentration of APTSmaltooligosaccharide ladder in loading solution (0.0125% formic acid-H2O) was 0.2 μg mL -1 . Both loading and elution procedures were performed with the capillary column packer at 8 bars.
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 3 Fig. 3 CE-LIF separation of the APTS-maltooligosaccharide ladder starting solution
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 4 Fig. 4 Signal enrichment factors of APTS-glucose oligomers on the Zr 4+ modified
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 536 Fig. 5 CE-LIF of APTS labeled RNase B N-glycans (2 μg mL -1 ). (a) Initial solution
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Table 2

 2 Relative peak area of the five RNase B derived N-glycans labeled with APTS after enrichment using the Zr 4+ modified poly(EGMP-co-AM-co-BAA) monolith and literature values.

	Peak	Relative peak area (%)	Relative peak area (%)
		After enrichment RSD (n=3, %)	(Reported in other studies [42-44])
	Man 5	41.3	2.51	38.4-47.2
	Man 6	27.0	1.64	28.0-33.6
	Man 7	8.1	6.10	7.2-10.5
	Man 8	17.3	4.82	8.6-12.4
	Man 9	6.3	3.32	5.2-6.0
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