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come   L'archive ouverte pluridisciplinaire

Extracellular vesicles (EVs) are a common family of heterogeneous small vesicles secreted by all types of cells. [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF][START_REF] Raposo | Extracellular vesicles: Exosomes, microvesicles, and friends[END_REF]. EVs contain distinct subsets of molecules characteristic of the mother cells from which they are secreted, conveying, in this way, many vital signals under normal or pathological conditions. This makes them useful for biomarker discovery and much current research is focusing on them for their potential diagnostic and prognostic applications [START_REF] Bu | Exosomes: Isolation, Analysis, and Applications in Cancer Detection and Therapy[END_REF][START_REF] Guo | Droplet microfluidics for highthroughput biological assays[END_REF][START_REF] Howitt | Exosomes in the Pathology of Neurodegenerative Diseases[END_REF].

Despite overt evidence of the potential of EVs in clinical diagnostic practice, guidelines for analytical procedures have not yet been properly established. The isolation and enrichment of EVs from biofluids remains a challenging prerequisite before light can be shed on the target exosomal molecules (e.g. nucleic acids, proteins, growth factors, cytokines etc.) that are present in trace amounts. After this has been achieved, it is critical to verify the identity of EVs and monitor their purity and concentration.

Until now, most common physical characterization approaches have relied on microscopybased methods, dynamic light scattering (DLS), nanoparticle tracking analysis (NTA) and tunable resistive pulse sensing vesicle flow cytometry (see [START_REF] Shao | New Technologies for Analysis of Extracellular Vesicles[END_REF][START_REF] Koritzinsky | Quantification of Exosomes[END_REF]). To a lesser extent, immunoaffinity-based methods, notably enzyme-linked immunosorbent assays (ELISA) and amplified luminescent proximity homogeneous assay on beads (ExoScreen), have been employed to identify EVs' subpopulations from different cellular origins [START_REF] Szatanek | The Methods of Choice for Extracellular Vesicles (EVs) Characterization[END_REF][START_REF] Erdbrugger | Analytical Challenges of Extracellular Vesicle Detection: A Comparison of Different Techniques[END_REF]. Each technique can provide only part of the information sets required for the confirmation and characterization of target EVs. EVs identification can also be done via analyses of exosomal lysates (e.g. immunoblotting or mass spectrometry for intra-exosomal proteins [START_REF] Shao | New Technologies for Analysis of Extracellular Vesicles[END_REF], or Fluorocet kit to measure esterase activity released from lysed EVs [START_REF] Biosciences | FluoroCet exosome quantitation kit[END_REF]). Nevertheless, with such bulk measurements, the differentiation between small cells, debris and EVs may not be possible, and information on size and charge is not provided. To have access to reliable and fast identification and characterization of EVs, continued efforts have been directed toward the development of novel technologies. The most recent communications reported on exosome luminescent quantification [START_REF] Hikita | Sensitive and rapid quantification of exosomes by fusing luciferase to exosome marker proteins[END_REF] and electrical detection of polarized exosomes via capacitance-voltage measurements [START_REF] Ahmad | Electrical Detection, Identification, and Quantification of Exosomes[END_REF].

A satisfactory method should meet all the criteria for EV phenotyping, notably the ability to discriminate between different size sub-populations and to maintain EV integrity during analysis. High detection sensitivity in some cases is desirable, for example when working with EVs from cerebrospinal fluids, as their concentration after extraction may be very low.

Till now, no single method has succeeded in meeting all of these criteria simultaneously or that can be used universally in a variety of infrastructures (i.e. depending on the equipment and expertise to hand). To provide sufficient physical and biological information on isolated EVs many complementary techniques have to be used. From this rationality, capillary electrophoresis (CE), which has shown its capability to provide nanoparticle analysis and characterization [START_REF] Trapiella-Alfonso | Electromigration separation methodologies for the characterization of nanoparticles and the evaluation of their behaviour in biological systems[END_REF], emerges as an interesting and unexplored alternative to elucidate the electrokinetic distribution of nanoscaled EVs. The only electrokinetic approach, based on electrophoretic light scattering, was exploited by Ichiki's group for tracking exosomes and measuring their zeta potential, using a microchip format coupled with a laser dark-field microscope [START_REF] Akagi | On-Chip Immunoelectrophoresis of Extracellular Vesicles Released from Human Breast Cancer Cells[END_REF][START_REF] Kato | Electrokinetic Evaluation of Individual Exosomes by On-Chip Microcapillary Electrophoresis with Laser Dark-Field Microscopy[END_REF][START_REF] Akagi | Evaluation of desialylation effect on zeta potential of extracellular vesicles secreted from human prostate cancer cells by on-chip microcapillary electrophoresis[END_REF]. In addition, specific purpose-made instrumentation and manual operation are required for this new application.

Herein we report for the first time the use of CE coupled with laser-induced fluorescent (LIF) detection for the identification and quantification of EVs after their isolation. To this purpose, strategies for fluorescent labeling of EVs, EVs matrix substitution as well as background electrolyte optimization were developed. Then the developed CE-LIF method was employed to study the electrokinetic distribution of EVs isolates obtained from using various techniques, including the recently developed approach for high-yield EV isolation from human plasma

The CE-LIF studies were performed with a PA 800 Plus system (Sciex Separation, Brea, CA) equipped with a solid-state laser induced fluorescence detector (λexcitation: 488 nm, λemission: 520 nm) purchased from Integrated Optics (Art. No. 40A-48A-52A-64A-14-DM-PT, distributed by Acal BFi, Evry, France). Uncoated fused silica capillaries were purchased from CM Scientific (Silsden, UK). Polyvinyl Alcohol (PVA) neutral capillaries were obtained from Sciex. Data acquisition and instrument control were carried out using Karat 8.0 software (Sciex Separation, Brea, CA). Deionized water used in all experiments was purified using a Direct-Q3 UV purification system (Millipore, Milford, MA, USA). Conductivity and pH values of buffer solutions and samples were obtained with a SevenCompact pH meter (Mettler Toledo, Schwerzenbach, Switzerland). Preparation of background electrolyte (BGE) and buffer ionic strength (IS) calculations were based on simulations with the computer program PhoeBus (Analis, Suarlée, Belgium).

Asymmetrical flow field-flow fractionation (AsFIFFF) system used was from Postnova Analytics (AF2000 system, Landsberg, Germany). It was equipped with 350 μm spacer (Postnova Af2000 MF) and a 10 kDa mass cut-off regenerated cellulose membrane (Postnova AF2000 MT series) in a kite shaped channel (Ltot=27.5 cm). The channel was followed by UV (SPD-20A Prominence, Shimadzu, Japan), multi-angle light scattering (MALS) (BI-MwA Molecular Weight Analyzer, USA), and DLS (Zetasizer Nano, Malvern Instruments, UK) detectors. The fractions were collected with CBM-20A modular system controller (Shimadzu, Japan) and FRC-10A fraction collector (Shimadzu, Japan). Fractions were further lyophilized for EVs enrichment using Heto PowerDry LL1500 freeze dryer (Thermo Scientific).

Methods

Isolation of bovine milk-derived EVs with sucrose gradient ultracentrifugation

Whole bovine milk samples were centrifuged at 3,000 x g for 30 min at 4°C (Allegra X-15R, Beckman Coulter, France) to separate fat from skimmed milk. The whey was obtained after acid precipitation of milk (50 mL) with 5 mL of 10% acetic acid and incubation at 37 °C for 10 minutes. This was then continued by addition of 5 mL of 1 M sodium acetate, and incubation for 10 minutes at RT. This was followed by centrifugation at 1500 x g, 4°C for 15 min and filtration of supernatant using vacuum-driven filtration system Millipore Steritop, 0.22 μm. The whey supernatants were concentrated by centrifugation at 4,000 x g and 20°C using Amicon 100kDa centrifugal filter units (Merck Millipore). The obtained retentate was ultra-centrifuged for pelleting the EVs at 100 000 x g for 1h10 at 4°C (Beckman Coulter, Optima XPN-80, 50TI rotor). The pellets were solubilized in 500 μL of PBS then added to 11 mL of pre-prepared sucrose gradient 5-40% and ultra-centrifuged at 200 000 x g for 18h at 4°C (Beckman Coulter, Optima XPN-80, SW41 rotor). Selected fractions corresponding to EVs' flotation densities (1 mL) were collected, diluted in 6 mL of PBS 1x and finally centrifuged at 100 000 x g for 1h10 at 4°C (Beckman Coulter, Optima XPN-80, 50TI rotor).

The pellets were resuspended in 50 μL of PBS 1x and stored at -80°C, until further analyses.

Bovine milk-derived EVs with narrow size distribution, well-determined concentrations and characterized with dynamic light scattering (DLS), nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM) as well as proteomic profiling were used as EV standards for CE-LIF methodology development.

Isolation of pony plasma/serum and human plasma derived EVs with size exclusion chromatography (SEC)

Preparation of plasma: Peripheral blood was collected into EDTA-coated vacutainer tubes.

After ten-time inversion, samples were processed within the 60 minutes of collection.

Consecutive centrifugation steps at 2,500 x g, 4°C for 15 minutes and then at 15 000 x g for 10 minutes were performed followed by filtration of the supernatant through 0.22µm filters.

Preparation of serum: Whole blood was collected into anticoagulant-free tubes and allowed to clot at room temperature for 45 minutes. The clot was removed by centrifuging at 3 200 x g, 4°C for 15 minutes, followed by centrifugation at 15 000 x g, 4°C for 10 minutes and filtration of the supernatant through 0.22 µm filters. 500 µl of pre-treated plasma/serum was loaded onto a qEVoriginal SEC column (Izon Science, New Zealand) previously washed and equilibrated with PBS. Fraction collection (0.5 mL per fraction) was carried out immediately using PBS as elution buffer. The selected elution fractions were pooled and were subsequently concentrated using 100 kDa Amicon centrifugal filter units (Merck Millipore). Post-treatment processing with several washing steps with PBS was applied to obtain highly pure EV fractions.

Isolation of human plasma derived EVs with monolithic disks via immunoaffinity chromatography

EVs were isolated from human plasma using a recently developed monolithic affinity chromatography approach [START_REF] Multia | Fast isolation of highly specific population of platelet-derived extracellular vesicles from blood plasma by affinity monolithic column, immobilized with anti-human CD61 antibody[END_REF]. Briefly, diluted human plasma samples (250 µL of plasma diluted to 5 mL in PBS) were percolated through monolithic disk columns immobilised with either anti-human CD61 or anti-human CD9 antibodies The enriched EVs were eluted with 2 mL of either ammonium hydroxide (NH4OH, pH 11.3) or carbonate-bicarbonate (pH 11.3) solution after washing the unbound plasma with 3 mL of PBS. The ammonium hydroxide solution was prepared by diluting 2.26 mL of 25% ammonia to a final volume of 100 mL with Milli-Q water. The carbonate-bicarbonate solution was prepared by mixing 90 mL of 0.1 M Na2CO3 stock solution (1.06 g of anhydrous Na2CO3 dissolved in 100 mL of Milli-Q water) with 10 mL of 0.1 M NaHCO3 stock solution (0.84 g of NaHCO3 in 100 mL of Milli-Q water) and adjusting the pH to 11.3 with 200 µL of 5 M NaOH. The pH of the isolates (final volume 0.5 mL) was adjusted by addition of 50 µL of 1 M HCl prior to characterization with Lowry method [START_REF] Lowry | Protein measurement with the folin phenol reagent[END_REF], NTA, Western blotting, and TEM [START_REF] Puhka | KeepEX, a simple dilution protocol for improving extracellular vesicle yields from urine[END_REF]. The results of these characterizations can be found in our previous study [START_REF] Multia | Fast isolation of highly specific population of platelet-derived extracellular vesicles from blood plasma by affinity monolithic column, immobilized with anti-human CD61 antibody[END_REF].

Asymmetrical flow field-flow fractionation (AsFIFFF) coupled with UV, multi-angle light scattering (MALS) and flow DLS detectors were used to characterize and fractionate subpopulations of the eluents. EV isolation and characterization were performed using the protocol recently published [START_REF] Multia | Fast isolation of highly specific population of platelet-derived extracellular vesicles from blood plasma by affinity monolithic column, immobilized with anti-human CD61 antibody[END_REF] with some modifications. Briefly, 500 μL was injected with a flow of 0.1 mL/min over 5 min during the focus mode at the cross-flow rate of 3 mL/min. Detector flow rate was 0.5 mL/min and PBS was used as a running buffer. After the focusing step and 1 min of transition time, a 2 min linear decrease in cross-flow to 0.5 mL/min was implemented, followed by a linear decrease over 1 min to 0 mL/min. The run was continued for 15 min with only the detector flow (0.5 mL/min), followed by a rinse step (0.5 mL/min) for 2 min, making a total run time of 26 min. EV fractions (300 µL each) provided by AsFlFFF were frozen and subsequently lyophilized over 3 hours at temperature of -110°C.

Before starting the labelling protocol, the fractions were rehydrated with 30µL PBS for EVs enrichment.

Dynamic Light Scattering (DLS) of extracellular vesicles

Size distribution and zeta potential of EVs were measured using a Zetasizer Nano (Malvern Instruments, Malvern, UK). All measurements, using PBS as the dispersant, were undertaken in triplicates at 25°C with scattering angle of 90º and refractive index of 1.332. Data processing and analysis were performed in the automatic mode with at least 13 measurements per run using Zetasizer software version 7.11.

Nanoparticle Tracking Analysis (NTA) of extracellular vesicles

Size distribution and particle concentration were determined with either Nanoparticle Tracking Analysis (NTA) systems: Zetaview (Particle Metrix, Germany) or Nanosight (Malvern Instruments, UK). All experiments were carried out with pre-diluted samples in PBS according to input sample concentrations, leading to particle concentration within the 10 7 -10 9 particles per mL range for optimal analysis.

The Zetaview system (Particle Metrix) was equipped with a 488 nm laser. Each experiment was performed in duplicate on 11 different positions within the sample cell with following specifications and analysis parameters: sensitivity 60, shutter 100, Max Area 100, Min Area 5, Min Brightness 25. The results were validated while obtaining at least 1 000 valid tracks for each run. For data capture and analysis, the Nanoparticle Tracking Analysis Software (NTA) vs 8.05.04 was used.

Particle concentration and size distribution were also determined with a Nanosight NS300 instrument (Malvern, version NTA 3.2 Dev Build 3.2.16) equipped with a 405 nm laser, sCMOS camera type and the NTA software v3.1. The video acquisition was performed using a camera level of 14. Per sample, 3 videos of 90 seconds with a frame rate of 30 frames/s were captured at 25°C and subsequently analyzed with a threshold set up at 5. The results were validated with at least 2,000 valid tracks for each triplicate.

Fluorescent labelling of EVs

The fluorescently labelled EVs were prepared using the 5-(and-6)-Carboxyfluorescein diacetate succinimidyl ester (CFDA-SE). The CFDA-SE stock solution (10 mM) was prepared in DMSO following the manufacturer's instructions. Prior to staining, the working solution was diluted to 200 µM in PBS. 20 µL of EVs was mixed with 20 μL of 200 μM CFDA-SE solution (resulting in a final CFDA-SE concentration of 100 μM), and incubated for 2h in the dark at 37°C with gentle shaking.

Matrix substitution of EVs

Labelled EVs were obtained from two different matrix exchange approaches, using either centrifugal filtration on Nanosep Omega Membranes 3K (PALL Life Sciences, Port Washington, NY, USA) or EVs filtration with commercial Exosome Spin Columns (MW 3000) obtained from Thermo Fisher Scientific (Waltham, MA USA). The first approach (centrifugal filtration) was carried out by addition of the desired buffer to be substituted on the top of the labelled EVs, then centrifugal spinning of the column for approximately 4 minutes at 5000 x g. This process was repeated four times. In the last step, a buffer volume equivalent to that of labelled EVs was used to maintain the same concentration before and after filtration.

The second approach was carried out according to the manufacturer's instructions.

CE-LIF of fluorescently labelled EVs and EOF measurement

The fused silica capillary (I.D. of 50 µm, O.D. of 375 µm effective length (Leff) of 50.2 cm and total length (Ltot) of 60.2 cm) was pre-conditioned (using a pressure of 172 kPa at the capillary inlet) with the following sequence: water for 10 min, 1 M NaOH for 10 min, 1 M HCl for 10 min and then water for 10 min. The rinsing between two analyses was carried out with 50 mM SDS for 5 min, 1 M NaOH for 5 min, deionized water for 5 min, and finally the running BGE for 5 min using a pressure of 207 kPa. A plug of sample was hydrodynamically injected from the inlet end by applying a pressure of 3.4 kPa for 2 min. The separation was carried out under 25 kV (normal polarity) at 25 °C and the samples were maintained at 5 °C with the sample storage module of the PA 800 Plus equipment. The optimized BGE was composed of Tris / CHES (IS 90 mM, pH 8.4). This BGE was prepared as follows. First two stock solutions of 1.5 M Tris and 1.2M CHES were prepared by dissolving 1.817 g of Tris base in 10 mL of water and 10.447 g of CHES in 42 mL of water. Then, 8 mL of 1.5 M Tris was mixed with 41.09 mL of 1.2 M CHES. Deionized water was then added to a total volume of 50 mL. pH of the BGE after preparation was confirmed with a pH meter.

The calibration curve was acquired using bovine milk derived EV standards. The EVs isolates 

Results and Discussion

Fluorescent labeling of EVs

Our preliminary attempts to determine EVs with CE-UV showed insufficient sensitivity in detecting low-abundant milk EVs purified by ultracentrifugation and suspended in PBS. To improve the detection sensitivity and specificity, an effort was made to specifically tag EVs with a fluorescent dye for CE-LIF analysis. Among the different available strategies for the fluorescent labelling of EVs [START_REF] Hoshino | Tumour exosome integrins determine organotropic metastasis[END_REF][START_REF] Roberts-Dalton | Fluorescence labelling of extracellular vesicles using a novel thiol-based strategy for quantitative analysis of cellular delivery and intracellular traffic[END_REF][START_REF] Lannigan | Imaging flow cytometry for the characterization of extracellular vesicles[END_REF][START_REF] Morales-Kastresana | Labeling Extracellular Vesicles for Nanoscale Flow Cytometry[END_REF], the intra-membrane labelling approach using CFDA-SE, initially applied for flow cytometry of EVs derived from dendritic cell lines, was reported to result in no changes in size or charge of EVs [START_REF] Morales-Kastresana | Labeling Extracellular Vesicles for Nanoscale Flow Cytometry[END_REF]. This approach also avoided previous issues encountered with lipophilic dyes that form dye aggregates or micelles with similar signals to those of EVs , thereby inducing misleading data [START_REF] Dehghani | Exosome labeling by lipophilic dye PKH26 results in significant increase in vesicle size[END_REF]. This intracellular covalent protein tagging method was therefore adapted to CE-LIF with further optimisations to label EVs. Different parameters, including incubation temperature, duration, dye concentration as well as agitation mode and speed, were optimized to achieve the highest difference between LIF signals of milk EVs samples and those from blanks (see Fig. S1 in the Electronic Supplementary Information ESI). We observed that EVs staining reached the saturation at dye concentrations higher than 200 µM (Fig. S1 A). By varying the EVs dye incubation time from 30 min to 12 hours, it was found that much longer incubation times (at least 2 hours) were required for EVs labelling than those normally used for cell labelling with CFDA-SE (5-15 min) [START_REF] Wang | Carboxyfluorescein diacetate succinimidyl ester fluorescent dye for cell Labeling[END_REF]. This is presumably due to differences in size and esterase expression. Too long incubation time on the other hand resulted in lower signal-to-noise ratio in a time-dependent manner (Fig. S1 B), possibly due to EVs lysis or breaking of the covalent linkage in fluorescent dye over long time. Optimal conditions for EVs labelling with CFDA-SE were set at 37 °C, 2 hours of incubation, and shaking at 300 rpm. Quality control of CFDA-SE labelled EVs using DLS and NTA (see Fig. S2) revealed no significant change in size distributions (153 nm vs 147 nm), surface charges (-14.8 mV vs -15.4 mV), nor concentrations of EVs (determined with NTA) before and after labelling.

CE-LIF of fluorescently labelled EVs

CE-LIF method development was first conducted with bovine milk-derived EVs isolated with sucrose gradient ultracentrifugation and suspended in phosphate-buffered saline (PBS) buffer.

Keeping the EVs in PBS during CE separation represents the best-case scenario to maintain both physiological pH and isotonic conditions. This allowed us to focus on BGE optimization by reducing the risk of EVs loss or lysis induced from sample treatment steps. Several issues were however encountered during our preliminary tests using conventional BGEs for CE-LIF (i.e. phosphate, borate, and Tricine/NaOH buffers). High conductivity of the PBS matrix of the samples was detrimental to CE stacking and separation, and adsorption of EVs to capillary wall led to undetectable and irreproducible signals. An effort was then made to exploit 'inorganic-species-free' (ISF) BGEs containing concentrated weakly charged molecules, which have recently been found to improve the performance of CE-LIF for proteins and peptides [START_REF] Morani | A fresh look into background electrolyte selection for capillary electrophoresis-laser induced fluorescence of peptides and proteins[END_REF]. While both constituents of the ISF BGE used in this work are well known, the novelty lies in the use of unprecedently high concentrations (several hundred mM) of these large weakly charged molecules. Such high concentrations, while not favorable for conventional UV detection due to elevated background signal, were found advantageous for CE-LIF of EVs. This BGE at very high concentrations reduced spikes provoked by EVs aggregation / collision during electrophoresis, which was observed with other conventional BGEs. Interestingly, this observation was also reported in the recently released work on CE-UV of EVs, in which large ions (i.e. bis-tris propane ions) were employed to maintain the EV signal stability [18]. The ISF BGEs, which are tolerant to the presence of PBS in the sample matrix, were found to minimize protein adsorption to capillary wall and induce excellent stacking of slowly migrating proteins. They were expected to provide similar positive features when applied to EVs. The separations of labelled EVs from the abundant residual fluorophores in the PBS matrix are shown in Fig. 1. The ISF BGE was made up of Tris / CHES (pH 8.4) at different ionic strengths (50-150 mM). The use of extremely high BGE concentrations (630 mM Tris and 870 mM CHES, IS: 150 mM) was still possible without generating high current intensity (only 30 µA under 25kV). Under the working conditions, the negatively charged EVs transported by an elevated EO mobility migrated faster than the residual CFDA-SE. The EO mobility was tuned from 26×10 -9 to 12×10 -9 m 2 .V -1 .s -1 by increasing IS from 50 to 150 mM. Under an IS of 90 mM (Fig. 1B), labelled EVs and CFSE fluorophore were much better separated than with IS of 50 mM (Fig. 1A), whereas the EV peak shape was not too broadened as was the case when observed with IS of 150 mM (Fig. 1C). Sufficient resolution between EVs and CFSE fluorophore was needed to avoid peak overlapping due to a time-dependent increase in CFSE fluorophore peak. Indeed, CFSEprotein conjugates can exit EVs or become degraded over time [START_REF] Banks | Quantifying CFSE label decay in flow cytometry data[END_REF]. Peaks of EVs were broad and many spikes appeared in the profile. To understand the origin of these events, the analysis was performed with a commercial PVA neutral coating, using the same BGE. As can be seen in Fig. 2, EVs peaks were still broad, this phenomenon being even more pronounced with the PVA coating that decreased the apparent EVs velocity. These results disproved the hypothesis that the broad peaks observed came from EVs adsorption to the silica capillary wall. The large peaks of EVs were most likely the result of a large size distribution of EVs (153 nm ± 60 nm, obtained from three measurements of the same sample). It can also be observed from Figs. 1 and 2 that the longer the migration time of EVs is, the more the spikes on EVs' peaks can be visualized. The EV standards (bovine milk-derived EVs) used in this study had a high purity, thus excluding the possibility of impurity-induced spikes. Indeed, our results with LC-MS/MS (see Fig. S3 in ESI) showed that the major milk protein contaminants (e.g. α-s1 casein, α-s2 casein, β-casein and κ-casein) as well as some whey milk proteins such as α-Lactalbumin, serum albumin, etc.) were not detected in the EVs standards. Furthermore, the TEM pictures for bovine-milk derived EVs with negative staining by uranyl acetate proved again the high purity of EVs with the absence of the contaminant protein traces in the TEM images (Fig. S4 in ESI). The appearance of spikes during the CE of nanometric entities was already discussed in other studies on nanoparticles and was frequently related to the formation of aggregates [START_REF] Quang | Characterization and separation of inorganic fine particles by capillary electrophoresis with an indifferent electrolyte system[END_REF][START_REF] Petersen | Separation of micrometer-size oxide particles by capillary zone electrophoresis[END_REF]. The particle aggregates can lead to some unwanted detector response (i.e. spike signals) due to the light scattering when passing through the detector [START_REF] Dziomba | Stabilization and isotachophoresis of unmodified gold nanoparticles in capillary electrophoresis[END_REF][START_REF] Dziomba | Gold nanoparticles dispersion stability under dynamic coating conditions in capillary zone electrophoresis[END_REF]. This common problem observed with nanoparticles was also observed during the CE of liposomes [START_REF] Roberts | Liposome behavior in capillary electrophoresis[END_REF]. Interestingly, another recent work on CE-UV of EVs also revealed the presence of spikes during electrophoresis [18]. Since EVs suspended in PBS were injected to the CE-LIF, the presence of PBS in the sample plugs (accounting for 10 % of the total capillary volume) are likely to produce local Joule heating under a high electrical field due to its high conductivity. The slower the migration of EVs in PBS under high voltages is, the longer EVs suffer from this local heating inside the capillary, which in turn provokes more spike-reflected aggregation. Due to the selectivity offered by LIF detection, only the peaks of EVs and those of fluorophore appeared in the electropherogram (see Fig. 1), allowing us to tolerate larger injection volumes. Our experimental data obtained with injection volumes from 2 % to 20 % of the total capillary volume (see Fig. S5 in ESI) revealed that an improvement of peak height was observed with an increase in injection volume, regardless of the tested sample matrix (i.e. PBS or 90 mM Tris/Ches). At large injection volumes of 15 and 20 %, the augmentation of peak intensity led to peak distortion where the signal did not drop to the normal baseline after the EVs peak. Furthermore, the distance between the EVs peak and the fluorophore-induced plateau became much closer at injection volumes of 15-20 %, inducing more risk of peak overlapping upon inevitable increase in fluorescent signal over time (see section below). An injection volume of 10 % was found to be optimal, offering high signal intensity compared to that for the case of 2-3 % as in conventional hydrodynamic injection for CE, while maintaining sufficiently high separation resolution between EVs' and fluorophore's signals.

Note also that, with the pioneering work on electrophoretic separation of EVs, we encountered more constraints than with the CE of nanoparticles (at least to our experience), notably more strict conditions for EVs stability, poorer signal intensity, and the high ionicstrength matrix required for biological entities which hinders efficient stacking. A compromise CE condition was therefore established taking into consideration all these constraints.

Matrix removal strategy

To avoid the aforementioned undesirable phenomenon during CE-LIF of EVs, two matrix cleanup approaches were tested, i) centrifugal filtration using Nanosep with Omega Membrane 3K, which was inspired from our previous work on matrix removal after fluorescent peptide labeling [START_REF] De Lassichere | Online Preconcentration in Capillaries by Multiple Large-Volume Sample Stacking: An Alternative to Fluid[END_REF] and ii) EVs filtration with commercial Exosome Spin Columns (MW 3000) (see Fig. 3). In both cases, the EVs were recovered in the BGE. Both approaches offered efficient removal of redundant CSFA-SE, reflected by the absence of the peaks of fluorescent dyes. With the centrifugal filtration (Fig. 3B) multiple spikes were still detected. The aggregation of EVs was still induced in this case, presumably due to the centrifugal force at 5000 rpm required to eliminate the PBS ions through the 3K filter.

However, such spikes were not observed when the sample was filtered with the Spin Column (Fig 3C). Furthermore, unsatisfactory EVs recovery (less than 60%) was obtained with the centrifugal filtration approach, compared to that achieved with the Spin Column-based alternative (75 % recovery, with deviation less than 5 % for a repeatability test on 4 EV samples), presumably due to EVs sticking to the NanoSep filter membranes [START_REF] Petersen | Exosome Isolation: Cyclical Electrical Field Flow Fractionation in Low-Ionic-Strength Fluids[END_REF]. A similar observation on low EVs recovery and reproducibility after filtration was also made in a recent work on CE-UV separation of EVs [18].

In a related context, another challenge encountered was to minimize or eliminate the lysis of EVs during analysis. Several studies have shown that EVs are stable under isotonic and hypotonic solutions [START_REF] Willms | Cells release subpopulations of exosomes with distinct molecular and biological properties[END_REF][START_REF] Chernyshev | Size and shape characterization of hydrated and desiccated exosomes[END_REF]. At the same time, if the IS (or conductivity) of the EVs sample matrix is higher than that of the BGE, this would lead to unfavorable de-stacking of EVs during CE-LIF with degraded peak shape and detection sensitivity. To find a compromise, matrix substitution after the Spin Column-based filtration was implemented with water and Tris / CHES having IS from 5 to 90 mM. The respective electropherograms using the optimized BGE are shown in Fig. 4. The best signal of EVs was achieved for the sample matrix composed of Tris / CHES IS 90 mM. The signal-to-noise ratios for EVs peaks dropped from 524 to 89 with IS decreasing from 90 mM to 0 mM (DI water). Compared to other more diluted sample matrices, the 90 mM Tris / CHES did not produce any stacking effect since the matrix shares the same composition and concentration as the BGE employed. On the other hand, the rate of EVs lysis may be slowed down thanks to the IS being closer to isotonic conditions, resulting in a higher signal for EVs even without stacking effect. Sample matrices composed of Tris / CHES at higher IS (up to 240 mM) were also tested, but unsatisfactory data were obtained (data not shown) due to the unfavorable de-stacking with broader peaks when the IS of the sample matrix was higher than that of the BGE. The salient performance data obtained from these optimized conditions are shown in Table 1. The best detection limit for EVs achieved using the developed CE-LIF method reached approximately 8 × 10 9 EVs / mL whereas the calibration curve was acquired up to 1.20 × 10 11 EVs / mL. The correlation between EVs concentrations and peak areas (R 2 = 0.968) was not optimal. It was nevertheless deemed satisfactory, taking into consideration that it comprises all the operational errors accumulated from the different steps, including EVs labeling, buffer substitution, electrokinetic separation and LIF detection. In the recent work on CE-UV of EVs [18], the linear correlation achieved was also far from optimal (R2 = 0.81), confirming the challenges currently encountered with electrokinetic separation of EVs. Note that the working EVs volume of 40 µL during the buffer substitution was at the lower limit of the recommended range (20-100 µL) for Exosome Spin columns, which in turn may lead to some dilution errors. Larger working volumes were not available due to limited EVs concentrations and limited initial sample volumes. Better performance would nevertheless be expected when working with more concentrated EVs samples. To minimize fluorescent signal deviation due to sample degradation over time after buffer substitution (evidenced by reappearance of fluorophore signals in the electropherogram of Fig. S6), a calibration curve was made with four samples of different concentrations prepared in parallel and analyzed promptly within the same day. Excellent intermediate precision was achieved for migration times (RSD < 0.6%) whereas a satisfactory one was obtained for peak areas (RSD < 5%).

Electrokinetic distribution of EVs from different animal and human origins

EVs purified with SEC or ultracentrifugation

Batches of EVs isolated from different animal and human origins using the established method (i.e. SEC and ultracentrifugation) were analyzed with our optimized CE-LIF method to demonstrate its potential in distinguishing EVs subpopulations based upon their electrophoretic mobilities (see Fig. 5). The EOF was measured before and after each EVs sample analysis and was shown to be remarkably stable (RSD less than 0.5 % over the whole analysis series). The difference in migration times observed between different EVs populations hence came purely from variation in their electrophoretic mobilities. The size distributions of the EVs isolates measured with NTA were also included in Fig. 5 for cross comparison with results obtained with CE-LIF. To interpret further the obtained results, our initial efforts to related migration behavior of EVs to their physicochemical characteristics (notably size, charge, charge/size ratio and shape) were made based on previous studies on CE of nanoparticles (NPs). Both EVs and NPs were thought to share similar size and charge characteristics. After this deep investigation we came to the conclusion that the dependency of NPs' electrophoretic mobilities on their size, charge, charge-to-size ratio and shape cannot be determined by a general rule, but was rather possible only for very specific situations and under some specific conditions [START_REF] Orlye | Size-based characterization of nanometric cationic maghemite particles using capillary zone electrophoresis[END_REF][START_REF] Orlye | Charge-based characterization of nanometric cationic bifunctional maghemite/silica core/shell particles by capillary zone electrophoresis[END_REF][START_REF] Liu | Studying the size/shape separation and optical properties of silver nanoparticles by capillary electrophoresis[END_REF][START_REF] Vanifatova | Investigation of iron oxide nanoparticles by capillary zone electrophoresis[END_REF]. Indeed, many parameters should be well considered and defined before a clear correlation between the electrophoretic mobilities of NPs and one of their particular characteristics can be established. Parameters such as BGE ionic strength, pH and composition, applied electrical field, injected amount of NPs etc. were found to have impacts on NPs' electrophoretic mobilities ( [START_REF] Pyell | Characterization of nanoparticles by capillary electromigration separation techniques[END_REF] and other references listed therein). This makes it very difficult to rule out the dependency of NPs electrophoretic mobilities on a single parameter. In the case of EVs, the situation is even more complicated, since their size distributions are broader and different sub-populations can co-exist (as reflected by NTA data). With bovine milk-derived EVs (Fig. 5A) one main peak was detected with CE-LIF and NTA, evidencing a low degree of polydispersity. A large size distribution of 175 nm ± 60 nm was observed in this case according to NTA measurements. This observation is contrary to the case of CE of nanoparticles reported by Jones at el., in which sharp peaks reflected different particle populations, but each having a narrow particle size distribution [START_REF] Jones | Separations of chemically different particles by capillary electrophoresis[END_REF]. A low degree of polydispersity however was not the case with pony plasma-derived EVs (Fig. 5B) or serumderived EVs (Fig. 5C) where two subpopulations were clearly identified with CE-LIF, and several size-based peaks were observed with NTA. An interesting observation was made on human plasma-derived EVs (Fig. 5D), where NTA data demonstrated a relatively homogeneous size distribution whereas two equivalent subpopulations were revealed with CE-LIF, implying some pronounced population heterogeneity from the human EVs source.

While a conclusion on the reason behind the different profiles obtained with CE-LIF and NTA cannot be made at this stage of proof-of-concept for electrokinetic characterization of EVs, we assumed that this was due to different origins of EVs. EVs from different origins probably have different proteins / biomolecules on their surface and also different shapes that may influence their electrophoretic mobilities. Note also that EVs can exhibit shape variations in different BGE conditions, similar to the behavior of cells. Lysis of EVs can also occur, NPs separations [START_REF] Orlye | Charge-based characterization of nanometric cationic bifunctional maghemite/silica core/shell particles by capillary zone electrophoresis[END_REF][START_REF] Jones | Separations of chemically different particles by capillary electrophoresis[END_REF], could not be utilized for EVs because it would provoke lysis. As a result, when applying these to the CE-LIF separations of EVs from different origins (Fig. 5), it was difficult to draw any conclusion. A deeper characterization study would therefore be needed to elucidate the EVs electrophoretic migration behavior, using EVs with a lower degree of polydispersity and narrower size distribution. Such pure EVs nevertheless are not yet available with existing methods for EV purification.

EVs isolated with monolithic disks via immunoaffinity chromatography

Our CE-LIF approach was used to verify the presence of subpopulation of EVs isolated with our recent method based on functionalized monolithic disks. The reported isolation protocol using anti-human CD61 antibody [START_REF] Multia | Fast isolation of highly specific population of platelet-derived extracellular vesicles from blood plasma by affinity monolithic column, immobilized with anti-human CD61 antibody[END_REF] was herein extended using monolithic disk immobilized with monoclonal anti-human CD9 antibody. While monolithic disks immobilized with anti-CD61 antibody allow collection of platelet-derived EVs with sizes of 30-130 nm [START_REF] Multia | Fast isolation of highly specific population of platelet-derived extracellular vesicles from blood plasma by affinity monolithic column, immobilized with anti-human CD61 antibody[END_REF], those immobilized with anti-CD9 antibody were expected to capture more specifically a potential EV subtype historically claimed as "exosomes", since CD9 is a tetraspanin that is thought to be enriched specifically in exosomes [START_REF] Kowal | Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes[END_REF]. Note that according to the MISEV guidelines from ISEV, it is still not possible to propose a specific and universal marker of one or the other type of EVs. Distinct elutions from these two monolithic disks, using either ammonium hydroxide or sodium bicarbonate-carbonate as eluents are shown in Fig. 6. For comparison purpose, some NTA data for such elutions were provided in Fig. S7 in the ESI. From the electropherograms, three EV subpopulations from each of these elutions () were detected with CE-LIF. Three fractions were also detected with asymmetrical flow fieldflow fractionation (AsFlFFF) in our previous work [START_REF] Multia | Fast isolation of highly specific population of platelet-derived extracellular vesicles from blood plasma by affinity monolithic column, immobilized with anti-human CD61 antibody[END_REF], proving the concordance of the results obtained with CE-LIF. Based on the CE-LIF signal intensity, the highest concentration was found for the fraction with the longest migration time (17 min). . When monolithic disks immobilized with anti-CD9 antibody were employed, the signal of the second peak zone (10-12 min) became more intense (Fig. 6D). As already discussed above, no conclusion on the precise size and charge of EV subpopulations visualized with CE-LIF could be made due to the lack of reference data for the fractions collected after the elution step. In an effort to give a deeper insight into EVs after the monolithic affinity step, AsFIFFF was employed to further fractionate these eluents. Our CE-LIF approach was used to verify the quality of these EV fractions collected with AsFIFFF. .. Due to considerably lower EV concentrations in the AsFIFFF fractions compared to the whole monolithic disk isolates, lyophilization was used to enrich EVs prior to CE-LIF. This process was shown not to change the properties of EVs, or at least their physical characteristics [START_REF] Russell | Biological membranes in EV biogenesis, stability, uptake, and cargo transfer: an ISEV position paper arising from the ISEV membranes and EVs workshop[END_REF]. The electropherograms for the AsFIFFF fractions expected to contain small EVs were shown in dashed lines in Figs. 6C andD. As can be seen, the presence of EVs in the AsFIFFF fractions (Fig. 6) was confirmed by the superposition of their profiles on those of the bulk collects.. Based on our results, the CE-LIF shows a real potential in distinguishing different EV subpopulations from highly specific EV isolates, which provides crucial information for future studies in the EV field. The developed CE-LIF method visualized the EVs distribution in AsFlFFF fractions and demonstrated that further optimization of the AsFlFFF method would be needed to obtain purer fractions of the EV subpopulations. Interestingly, higher LIF intensities were always observed on carbonatebicarbonate elutions (Figs. 6 C,D 

Conclusion remarks

We successfully developed a fast and reliable CE-LIF method for the determination of labelled EVs, providing the first evidence that CE can be applied to distinguish EVs subpopulations from EV isolates, based on their electrophoretic mobilities. This new tool for the elucidation of electrokinetic distribution of EV populations adds valuable information to commonly-used size-based physical techniques such as NTA and transmission electron microscopy. The applicability of the CE-LIF approach was successfully demonstrated for tracing of EVs from different origins, as well as for quality control of EVs after isolation with different methods including monolithic disks and subpopulation fractionation with AsFIFFF.

Inclusion of a forefront isolation step from highly complex biofluids into an integrated microfluidic platform is now envisaged for the electrokinetic characterization of EV subpopulations with tiny sample volumes and low EV concentrations. Translation of batchwise EV sample treatment protocol into an integrated microfluidic platform is also desirable to reduce operation time and avoid cross contamination and EV loss. Prospective work to establish a solid theoretical background for the electrokinetic profiling of EVs will also be implemented when EVs with a better degree of polydispersity and narrower size (and charge) distribution could be obtained through improvement of EV purification technologies. 

  were diluted with 1X PBS to prepare different initial EVs concentrations from 1.65 × 10 10 to 1.65 × 10 11 EVs / mL before the labeling and matrix removal on spin columns. 20 µL of EVs was mixed with 20 μL of CFDA-SE 200 μM solution (resulting in a final CFDA-SE concentration of 100 μM CFDA-SE), and incubated for 2 h at 37°C. Then 40 μL of labelled EVs was loaded into EV Spin Columns and recovered in Tris / CHES 90 mM. Calculations for final concentrations were based on initial concentration measured by NTA before the labeling and taking into account a recovery of 75 % from the matrix substitution step. EO mobility was measured with CE-LIF using 4-(4-Methoxybenzylamino)-7-nitro-2,1,3benzoxadiazole (MBD, used as an EOF marker) which is a neutral and fluorescent compound [21]. The EOF marker was dissolved in a DMSO:CH3OH (1:1 v/v) solution to a concentration of 20mM, and then further diluted to 2 mM in BGE before use.

  requiring a careful and restricted selection of BGE composition and ionic strength. The application of a high electrical field, as suggested by Jones et al. and d'Orlyé et al. for better

  ) compared to those of ammonium hydroxide ones (Figs. A, B), regardless of the antibody used. This led us to a deeper study on CFDA-SE labelling in different media (see Fig. S6 in the ESI), which confirmed the less efficient labelling under an ammonium hydroxide medium due to unwanted conversion of CFDA-SE into side products in the presence of ammonium / amine groups.
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 6 Fig.6CE-LIF of fluorescently labeled EVs isolated with affinity monolithic disks
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Table 1 :

 1 Calibration range, coefficient of determination (R 2 ) for linearity, limit of detection (LOD) and repeatability (n = 3) for the CE-LIF determination of fluorescently labelled

	EVs				
	Calibration range (EVs / mL) a	R 2	LOD (EVs / mL) b	RSD (%) migration times	RSD (%) peak areas
	1.22 × 10 10 -12 × 10 10 0,968	7.86 × 10 9	0.6	4.3
	a 4 concentrations.				
	b Based on peak heights corresponding to S/N =3		
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