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Introduction Générale

Depuis les trois dernières décennies, la chiralité est une préoccupation majeure pour l'industrie pharmaceutique et pour les autorités réglementaires. La chiralité supramoléculaire est intrinsèque aux biomacromolécules telles que l'ADN, l'ARN, les protéines et les polysaccharides; par conséquent, les organismes présentent souvent des réponses biologiques différentes en fonction des énantiomères. Actuellement, l'industrie pharmaceutique a pris conscience de la nécessité de réévaluer les propriétés pharmacologiques, pharmacocinétiques et toxicologiques des énantiomères de médicaments racémiques actuellement commercialisés. Ainsi, cette nouvelle demande a pour effet une augmentation significative de la recherche de nouvelles méthodes d'analyse dédiées à la séparation chirale.

De par leurs propriétés physico-chimiques identiques, les énantiomères ne peuvent pas être séparés dans un milieu achiral. Les scientifiques ont commencé à chercher, à développer une grande variété de sélecteurs chiraux pour la résolution de molécules chirales et de médicaments racémiques. Parmi les nombreux sélecteurs chiraux découverts on peut noter les cyclodextrines, les polysaccharides, les antibiotiques macrocycliques et les éthers couronnes, qui peuvent être utilisés avec les deux méthodes de choix pour la séparation et la quantification des énantiomères, que sont les techniques chromatographiques et électrophorétiques. Les sélecteurs chiraux ont été classés en deux grandes familles : les sélecteurs dits conventionnels (polysaccharides, glycopeptides, Pirkle, cyclodextrines, éther couronnes, protéines et les sélecteurs utilisés pour l échange de ligands) et les sélecteurs dits sur mesure (les polymères à empreinte moléculaire, les anticorps et les aptamères).

La découverte de la structure de l'ADN a stimulé l'intérêt scientifique pou à l tudeà des interactions de l'ADN avec d'autres espèces chimiques, telles que les protéines, les médicaments ou les complexes métalliques. Très récemment, des études scientifiques se sont intéressées à la capacité énantiosélective de l'ADN. L'utilisation de l'ADN comme sélecteur chiral est encore limitée à certaines molécules et / ou des applications spécifiques. Il a été établi que certains complexes métalliques chiraux peuvent engager des interactions stéréosélectives par intercalation ou par fi atio àauàsei àduàg a dàouàduàpetitàsillo àdeàl áDNàdou leà i .àEn outre, il a été démontré que les nucléotides / nucléosides et les structures en tétrade de guanine présentaient certaines propriétés sélectives chirales.

Ce travail de recherche avait pour buts : (i) de réexaminer les capacités de résolution chirale des oligonucléotides (ONs) en série ADN et ii àd essa e àdeàd fi i àlesàst u tu esà isesàe àjeu àda sà cette reconnaissance et de comprendre les mécanismes impliqués afin d ide tifie les sélecteurs chiraux les plus performants pour un large éventail de molécules.

Après une analyse bibliographique sur les sélecteurs chiraux, la première partie du travail a consisté à évaluer les propriétés énantiosélectives d'un répertoire d'oligonucléotides en série ADN choisis arbitrairement, ce qui a nécessité u eà thodeàa al ti ueàapp op i eàpou àlaà iseàe àoeu eà de cette étude. Not eà hoi à s està po t à su à l électrophorèse capillaire (EC) pour sa haute capacité s pa ati eàetàsaàfai leà o so atio àdeà a tifs.àG eà àl utilisatio àd une méthode de remplissage partiel, les propriétés de discrimination chirale de dix oligonucléotides en série ADN de structure variée ont été testées sur une large gamme de mélanges racémiques. Ces séquences oligonucléotidiques caractérisées par diverses compositions de bases et de structures, allant des homopolymères sans structure secondaire aux architectures duplexes, en épingle à cheveux et aux As it is well known, optically active compounds are very important for living organisms and plants.

Also, they are widely used in life's different aspects such as medicine, animal medicine and farming, as well as in the pharmaceutical, microbiological, and food industries 3 .

It is scientifically proven that drugs work by binding to specific biological sites (or drug binding sites), found in proteins (receptors, enzymes), nucleic acids (DNA and RNA) and biomembranes (phospholipids and glycolipids) present in the body. The pharmacological activity of drugs mainly depends on their interaction with these biological sites. All these sites are composed of homochiral biomolecules having complex three-dimensional structures, capable of recognizing the chirality of the drug molecule 2 .
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In our time, more than half of used drugs are chiral compounds and nearly 90% of the last ones are produced as racemates containing an equimolar mixture of two enantiomers 2 . The two enantiomers differ from the three-dimensional atom arrangement in such a way that they form different spatial bonds with receptors and enzymes. In many cases of chiral drugs, one enantiomer is the active pha a euti alà i g edie tà te edà asà euto e à hileà theà othe à a à eà e ig à or toxic 4 .

Nonetheless, only a few of the chiral drugs are administered as pure enantiomers. The pha a ologi all ài a ti eàe a tio e à te edàasà disto e à 5 can show unwanted side effects; in some cases antagonistic and even toxic effects are observed. Depending on the fact that the living systems are themselves chiral, the two enantiomers may differ in their absorption, distribution, protein binding and affinity to the receptor. Furthermore, the metabolic pathways can differ 6 .

Figure I-2:

Mechanism of chiral pharmacology and toxicity: the eutomer has a 3-dimensional structure that allows drug domain A to interact with the binding site domain a, B to interact with b, and C interacts with c and therefore exerts a desirable biological effect (an active enantiomer). In contrast, the distomer cannot be aligned to bind these three binding sites simultaneously no matter how it is rotated in space. As a result, it fails to exert a desirable effect (inactive or less active enantiomer or in few cases distomer interacts with an unusual binding site leading to undesirable biological effects i.e. drug toxicity). (Source: adapted from ref. 6 ).

The difference between the two enantiomers of a drug is illustrated using a hypothetical interaction between a chiral drug and its chiral binding site; the difference in three-dimensional structure prevents the inactive enantiomer from having the desired biological effect at the binding site. In some cases, the portion of a molecule containing the chiral center(s) may be in a region that does not pla à aà oleà i à theà ole ule sà a ilit à toà i te a tà ithà itsà ta get.à I à theseà i sta es,à theà i di idualà enantiomers may display very similar or even equivalent pharmacology at their target site. Even in these cases, the enantiomers may differ in their metabolic profiles as well as their affinities for other receptors, transporters, or enzymes 6 . Therefore, it will be necessary to establish the need for control of chiral impurities in the drug substance or finished product specification, and the analytical methodologies required for the determination of chiral compounds in pharmaceutical samples are a key component for the successful development of chiral drugs 7 .

Nowadays, the regulatory bodies want drugs that are submitted for approval to be single enantiomers, if it is at all possible. Thus, pharmaceutical firms continue to develop chiral drugs as single enantiomers in a direction to carry out racemic switches. This requires efficient methods for enantiomeric purity control. For enantiomer separation on analytical scale, a great variety of methods based on chromatographic techniques such as high-performance liquid chromatography (HPLC), gas chromatography (GC), supercritical fluid chromatography and thin-layer chromatography have been developed during the past three decades. More recently, capillary electrophoresis (CE)

and capillary electrochromatography (CEC) have also been shown to be useful techniques for this purpose 8 .

I.1.2 Chiral selectors

Over the last twenty years or so, a lot of chiral selectors have been designed by various research teams. Powerful chiral separation media and enantioselective columns for HPLC emanate from this evolution, which can be classified as follows 9 :

•àLo -molecular mass selectors: In general, two strategies are reported to create chiral stationary phases (CSP, a stationary phase that are designed to separate enantiomeric compounds). The first one involves the covalent immobilization of the chiral selector on the chromatographic surface. The second approach is related to the physical adsorption of the optically active species on a functionalized matrix 10 .

At the end of the 1970s, the first silica covalently bound CSP with entirely synthetic selectors has been proposed 11 Nevertheless, it is still used in various combinations. Both commercially available and newl àπ-donor acceptor modified CSPs appear in the literature 12 .

A survey of the literature shows that NMR was employed as a tool for investigating chiral recognition mechanisms with the selectors of donor-acceptor phases (Pirkle-type phases) 13 . The separation on these chiral stationary phases is based on a three-point interaction model where enantiomers will have three possible interaction points with the chiral stationary phase.

This class of CSP makes use of neutral synthetic chiral low-molecular mass selectors. They can be classified as classical normal-phase packings under which conditions are capable of effectively activating donor-acceptor interactions such as hydrogen bonding, face-to-face or face-to-edgeàπ-πàinteraction (between electron-rich and electron-poor aromatic groups), and dipole-dipole-stacking.

On Pirkle-type CSP,àπ-πàdo o -acceptor interaction is essential for the chiral recognition 14 . Bulky and rigid structural elements are often incorporated which may represent effective steric barriers triggering or amplifying their enantiorecognition potential. Several powerful CSP evolved into Pirkle group through the systematic selector development based on chromatography 15 .

Fo àeffe ti eàπ-πàdo o -acceptor interaction with racemic solutes, Pirkle-type CSP has been usually desig edà toà o tai à π-a idi à a d/o à π-basic aromatic groups. Similarly, racemic solutes that are resolvable on Pirkle-type CSP shouldà o tai à π-a idi àa d/o à π-basic aromatic groups or should be de i atizedà ithàde i atizi gàage tsà o tai i gàπ-a idi ào àπ-basic aromatic groups 16 .

A Pirkle-concept CSP possessing a wider degree of generality than earlier versions 17,18 has been also commercialized. This CSP, called Whelk-O ,àisàaà h id àofà othàπ-ele t o àdo ati gàa dàπ-electron accepting Pirkle-concept CSP 19 . Among the Pirkle-type CSP, Whelk-O1 appears to have nowadays the broadest distribution in industrial and academic laboratories 9 . The best separations occur when the solute has structural features similar to those of the chiral stationary phase. Tertiary alcohols, such as oxyphene, can be separated directly by a (S, S) -Whelk-O1 chiral stationary phase. The structure of (S, S) -Whelk-O1 chiral stationary phase is shown in Figure I-3. This chiral stationary phase has both π -acid (p-nitrobenzyl) and π -base (naphthyl) functionalities. This dual functionality allows for the separation of a wide variety of compounds such as amides, esters, carbamates, aldehydes, ketones, carboxylic acids, and alcohols 20,21 . Blum et al. confirmed that the Whelk-O1 provide good resolution for a wide range of compounds as acceptable results were obtained for most enantiomeric pairs they tested 19 . The test compounds were diverse in structure: aromatics, carboxylic acids, alcohols, ketones, epoxides, esters, ethers, carbamates, amines, sulfoxides, and sulfonamides. enantiomers in human plasma 22 .

Figure I-3: "t u tu eàofàπ-ele t o àa epto /π-electron donor phases 13 .

I.1.2.2 Ligand exchange

Ligand sorption by cation exchangers containing complexing metal ions was observed as early as 1954 by Walton 23 . An ion exchange containing a complexing metal ion (Cu 2+ , Ni 2+ , Ag + , Co 3+ , etc.) is used as a solid sorbent. The potential ligands are sorbed from solutions or gases and form complexes with the metal in the resin or displace other ligands which have previously complexed the metal, the latter remains in the ion exchanger. In contrast to the conventional ion exchange where counter ions are exchanged, ligand exchange is the exchange of ligands for others or for solvent molecules in the ionic solvation shells 24 .

The basic principle of ligand exchange 25 is the involvement of a complexing metal ion into the interaction between the analyte enantiomers to be resolved and the chiral selector, namely, through the formation of diastereomeric ternary complexes selector/metal ion/analyte. It is essential that the complexes are kinetically labile, i.e., they must form and dissociate at a high rate; otherwise the chromatographic column efficiency would be compromised. Complexes of Cu(II), Zn(II), Ni(II), and few other ions meet this condition while coordinating amino, carboxy, hydroxy, amido, thio, and few other electrons donating functional groups. In this case, the lone electron pairs of the hetero atoms (N, O, S) of the functional groups, belonging to the analyte and selector, occupy definite positions in the coordination sphere of the central metal ion, resulting in the formation of the ternary complex 26 .

Ligands involve amino acid derivatives but also hydroxy acids such as d-quinic acid, d-gluconic acid or l-threonic acid. Boron has also been applied as a central ion in combination with diols as ligands 27,28 .

Ligand exchange chromatography (LEC) was initially introduced by Helfferich in 1961 as a general chromatographic technique for the separation of the compounds which are able to form labile complexes with transition metal cations 24 that represents one of the oldest environments used for the separation of enantiomers. Then it was further developed by Rogozhin and Davankov 29 where the basic idea was to immobilize metal ions such as Cu(II) or Ni(II) on a stationary phase, in particular, a cation exchanger with sulfonic or carboxylic functional groups, and then let the ions form labile coordination compounds with analytes which possess electron-donating functional groups and can enter the coordination sphere of the metal ion. Those analytes that form stronger complexes with the central ion, are retained longer on such a metal ion-incorporating stationary phase 30 The most severe constraints related to the use of these selectors in CE are the analyte detection (e.g. low sensitivity, rough baselines) arising from the high absorption of the BGE and the tendency of some analytes to be poorly resolved because of their rather slow ligand-exchange kinetics 32 .

Moreover, the adsorption phenomenon of some analytes having positive charge onto the capillary wall might cause loss of efficiency 33 .

I.1.2.3 Cyclodextrins

Cyclodextrins (CDs) are well-known host molecules with large ring-like structures composed of - Theà he i all à odifiedà β-CDs, particularly hydroxypropyl-β-cyclodextrin, have received considerable attention due to their pharmaceutical properties and safety profile as compared to the othe àβ-CDs. Thus, each cyclodextrin has its own ability to form host-guest inclusion complexes by partially or fully incorporating specific guest molecules with appropriate dimensions into the cavities of cyclodextrins 35 .

The cyclodextrins form a hydrophobic cavity of toroidal shape. The secondary hydroxyl groups (OH in position C 2 and C 3 ) border the inlet of the cavity while the primary hydroxyl groups (OH in position C 6 ) nearer, and moreover more flexible, partially obstruct the narrower opposite access of the cavity.

This arrangement of the -OH groups confers to the outside of the molecule a hydrophilic character (Figure I-5). The interior of the cyclodextrin is both hydrophobic and non polar 36 , so that the most widely accepted mechanism for enantioresolution with a CD involves the inclusion of the hydrophobic group of the analyte into the cavity and lateral interactions of the hydroxyl groups of the C 2 and C 3 at the upper rim of the CD, such as hydrogen bonds and dipole-dipole interactions 37,38 .

In many cases, their binding and chiral recognition ability is improved after their functionalization with different functional groups, such as methyl-, sulfate-, acetyl-and prolyl-, with the modification of the hydroxyl groups, which are present on the CD rim, by chemical reactions. CD derivatives can be categorized as neutral, negatively charged, positively charged, amphoteric and polymerized CDs 37 .

There are few studies that demonstrate the resolving power of cationic CD CSP by the more versatile HPLC technique. However, Yao et al. were the first demonstration of a simple thiol-ene click he ist à toà a ho à i là i idazoliu à β-CD onto thiol silica to form a novel cationic native cyclodextrin (CD) chiral stationary phase. The CSP afforded high enantioseparation ability towards dansyl (Dns) amino acids, carboxylic aryl compounds and flavonoids in chiral HPLC. The CD CSP demonstrated the highest resolving ability towards Dansyl amino acids in a mobile phase, with high resolution of Dns-dl-leucine. Stability evaluation results indicated that thiol-ene reaction can provide a facile and robust approach for the preparation of positively charged CD CSP. This CD CSP may be adaptable to both reversed phase and hydrophilic interaction chiral chromatography 39 .

In the same year, an article attempted to use sulfated ß-cyclodextrin as a chiral additive in the mobile phase to achieve enantioseparation with HPLC to develop an inexpensive and easy-to-perform method for the chiral separation of cathinone and amphetamine derivatives using a common reversed-phase column under isocratic conditions 40 .

CDs are the most widely applicable chiral selectors in CE because of their availability, their relatively good solubility in aqueous solvents, their wide application range (polar, nonpolar, charged, unchanged analytes), their low toxicity and low UV absorption [START_REF] Juvancz | The role of cyclodextrins in chiral capillary electrophoresis[END_REF] . CDs were first introduced to CE in 1988 by Snopek and his co-workers [START_REF] Snopek | Use of cyclodextrins in isotachophoresis: IV. The influence of cyclodextrins on the chiral resolution of ephedrine alkaloid enantiomers[END_REF] . Moreover, charged CDs have been successfully used for the separation of enantiomers of ionic and non-ionic molecules. Enantioselective separations of ionic guest molecules with ionic CDs are determined at least by two phenomena: the complex-forming interaction between the hydrophobic cavity of the CD derivative and the analyte, and electrostatic interactions between the ionic substituents on the CD ring and the ionic guest compound [START_REF] Schmitt | Charged and uncharged cyclodextrins as chiral selectors in capillary electrophoresis[END_REF] . Among the many molecules which have been resolved with cyclodextrins, include, for example, in HPLC: amino acid derivatives [START_REF] Chen | Comparison of the chiral separation of amino-acid derivatives by a teicoplanin and RN-beta-CD CSPs using waterless mobile phases: Factors that enhance resolution[END_REF] , benzodiazepines and phenothiazines derivatives [START_REF] Tesařo | à&àBos ko ,à).àCo pa iso àofàe a tiosepa atio àofàsele tedà e zodiazepi eàa dà phenothiazi eàde i ati esào à hi alàstatio a àphasesà asedào àβ-cyclodextrin and macrocyclic antibiotics[END_REF] , while in CE : βblockers [START_REF] Hancu | Cyclodextrine Screening for the Chiral Separation of Carvedilol by Capillary Electrophoresis[END_REF] , warfarines [START_REF] No | àM.,àWoź iakie i z,àM.à&àKoś iel iak,àP.àFastàsepa atio àofà a fa i àa dàhydroxywarfarin enantiomers by cyclodextrin-assisted capillary electrophoresis[END_REF] , vinca alkaloids (vincamine, vinpocetine and vincadifformine) [START_REF] Sohajda | Separation of vinca alkaloid enantiomers by capillary electrophoresis applying cyclodextrin derivatives and characterization of cyclodextrin complexes by nuclear magnetic resonance spectroscopy[END_REF] , imidazole derivatives [START_REF] Sasse | Separation of chiral 4-substituted imidazole derivatives by cyclodextrin-odifiedà apilla àele t opho esis[END_REF] , and barbiturates [START_REF] Contradi | Separation of Enantiomeric Barbiturates by Capillary Electrophoresis Using a Cyclodextrin Containing Run Buffer[END_REF] .

I.1.2.4 Crown ether

Crown ethers are macrocyclic polyethers that form host-guest complexes with alkali-, earth-alkali metal ions, and ammonium cations were discovered in 1967 by Pedersen with a relatively polar cavity [START_REF] Pedersen | Cyclic polyethers and their complexes with metal salts[END_REF] . C o àethe sào ge àato sàa eàideall àsituatedàtoà oo di ateà ith a cation in the interior of the ring, whereas the exterior of the ring is hydrophobic. The interior size of the crown ether determines the size of the cation that it can solvate [START_REF] Pedersen | Crystalline Salt Complexes of Macrocyclic Polyethers[END_REF] .

Sousa, Cram, and coworkers [START_REF] Sousa | Host-guest complexation. 12. Total optical resolution of amine and amino ester salts by chromatography[END_REF] found that chiral crown ethers can include enantioselectively primary amines and developed the first chiral crown ether phases for LC [START_REF] Sogah | Host-guest complexation. 14. Host covalently bound to polystyrene resin for chromatographic resolution of enantiomers of amino acid and ester salts[END_REF] . As a chiral recognition mechanism, the formation of hydrogen bonds between the three hydrogen atoms attached to the amine nitrogen and the oxygen atoms of the macrocyclic ether is postulated. Furthermore, the substituents of the crown ether are arranged perpendicular to the plane of the macrocyclic ring, forming a kind of chiral barrier, which divides the space available for the substituents at the chiral centers of the analyte into two domains. Thus, two different diastereomeric inclusion complexes are formed with the analyte enantiomers [START_REF] Gübitz | Chiral Separations: Methods and Protocols[END_REF]9 . As the chiral separations of the secondary amines with crow ether CSP in liquid chromatography [START_REF] Steffeck | Enantioselective separation of racemic secondary amines on a chiral crown ether-based liquid chromatography stationary phase[END_REF] .

The application of chiral crown ethers in CE was first described by Kuhn et al. [START_REF] Kuhn | Chiral recognition and enantiomeric resolution based on host-guest complexation with crown ethers in capillary zone electrophoresis[END_REF] . These authors used 18-crown tetracarboxylic acid (18C 6 H 4 ) in a low pH electrolyte for the chiral separation of amino acids. In addition to the inclusion into the cavity, lateral interactions, such as hydrogen bonds, dipoledipole interactions, and ionic interactions, between the carboxylic groups of the selector and the analyte are assumed to take effect. To date, only (+)-(18-crown-6)-2, 3, 11, 12-tetracarboxylic acid (18C 6 H 4 ) (figure I-6) has proved effective as a chiral selector for CE. Its selective ability to discriminate analytes bearing a primary amine makes it highly suitable for resolving drugs possessing this function [START_REF] Kuhn | Enantiomeric separation by capillary electrophoresis using a crown ether as chiral selector[END_REF] .

This chiral crown ether found applicable to the chiral separation of amino alcohols in CE [START_REF] Höhne | Capillary zone electrophoresis of the enantiomers of aminoalcohols based on host-guest complexation with a chiral crown ether[END_REF] , dipeptides [START_REF] Kuhn | Evaluation of an optically active crown ether for the chiral separation of di-and tripeptides[END_REF][START_REF] Höhne | Capillary zone electrophoresis of the enantiomers of aminoalcohols based on host-guest complexation with a chiral crown ether[END_REF] and 61 , amines [START_REF] Chiou | Application of crown ethers as modifiers for the separation of amines by capillary electrophoresis[END_REF] , and various drugs containing primary amino groups [START_REF] Nishi | Separation of enantiomers and isomers of amino compounds by capillary electrophoresis and high-performance liquid chromatography utilizing crown ethers[END_REF] . 

I.1.2.5 Macrocyclic antibiotics

Macrocyclic antibiotics (MAs) are viable chiral selectors for HPLC. Macrocyclic antibiotics were the first group of antibiotics introduced as chiral selectors by Armstrong and his workmates in 1994.

Cyclic antibiotics containing amine, hydroxyl, or carboxylic acid functionalities can be linked to silica gel in a variety of different ways. Thus, three representative macrocyclic compounds (vancomycin, thiostrepton, and rifamycin B) were covalently linked to silica gel and evaluated by HPLC for their ability to resolve racemic mixtures as well as for their stability. They have been used in either the reversed-phase mode or the normal-phase mode and have different enantioselectivities in each.

Seventy different compounds were resolved in each mode [START_REF] Armstrong | Macrocyclic Antibiotics as a New Class of Chiral Selectors for Liquid Chromatography[END_REF] .

Enantioselective separation of some phenothiazine and benzodiazepine derivatives was studied on six different macrocyclic antibiotic chiral stationary phases (such as vancomycin, teicoplanin, teicoplanin aglycone, and ristocetin A) in HPLC [START_REF] Tesařo | à&àBos ko ,à).àCo pa iso àofàe a tiosepa atio àofàsele tedà e zodiazepi eàa dà phenothiazi eàde i ati esào à hi alàstatio a àphasesà asedào àβ-cyclodextrin and macrocyclic antibiotics[END_REF] .

And also, evaluation of two MAs (Dalbavancin and Teicoplanin) based chiral stationary phases to discriminate large variety of racemates including: heterocyclic compounds, chiral acids, chiral amines, chiral alcohols, chiral sulfoxides and sulfilimines, amino acids and amino acid derivatives, and other chiral compounds have been done [START_REF] Zhang | Evaluation of dalbavancin as chiral selector for HPLC and comparison with teicoplanin-based chiral stationary phases[END_REF] .

At present, six groups of antibiotics are reported to be used as chiral selectors in CE: glycopeptides, polypeptides, ansamycins, aminoglycosides, macrolides and lincosamides. Several reviews dealing with chiral separation CE with (MAs) were published 66, 67, 68, 69 and 70 . They typically have molar masses between 600 and 2200 g/mol and often have numerous functional groups [START_REF] Ward | Chiral separations using the macrocyclic antibiotics: a review[END_REF] . The size of the antibiotic and the sterical arrangement of functional groups define its enantioselective properties (figure I-7). The primary interactions in antibiotics-based enantioseparations are thought to involve electrostatic interactions. Electronegative atoms in molecules such as oxygen, nitrogen, and halogens can form hydrogen bonds and provide dipole-dipoleà i te a tio s.à Mo eo e ,à πà -πà i te a tio à isà possible if one or more aromatic rings are present in the analyte structure. By nature, antibiotics can be acids, bases, amphoteric or neutral compounds [START_REF] Rundlett | Capillary electrophoretic enantiomeric separations using the glycopeptide antibiotic, teicoplanin[END_REF] . Although the precise mechanism has not yet been unequivocally established, there is evidence that it involves the inclusion into hydrophobic cavities, in addition of all possible interactions with MAs. This variety of potential interactions allows these selectors to enantioresolve analytes with widely different structures 38 .

In the reviews of 72 and 73 the achievements of the chiral CE for the pharmaceutical analysis are disclosed. As they contain several ionizable groups, isoelectric point (pI) of many antibiotics is in the pH range (7-8.5). Due to the presence of amino groups, antibiotics can be protonated at pH < pI so that the adsorption of the chiral selector phenomenon on the capillary wall can be observed. The adsorption level is greater when the number of amino groups in the antibiotic and overall positive charge is higher. This selector-wall interaction leads to the elongation of the analysis time and reduction of the separation efficiency. Therefore, as compared to the usual rinsing, longer and more intensive post-run washing is needed to achieve reproducible results. To overcome this problem, the use of the coated capillaries is particularly advantageous [START_REF] Prokhorova | Chiral analysis of pharmaceuticals by capillary electrophoresis using antibiotics as chiral selectors[END_REF][START_REF] Helle | Antibiotic fusidic acid has strong interactions with negatively charged lipid membranes: An electrokinetic capillary chromatographic study[END_REF][START_REF] Desiderio | Chiral analysis by capillary electrophoresis using antibiotics as chiral selector[END_REF] .

In addition, in aqueous solutions, glycopeptides antibiotics are known to decompose with time; they are particularly unstable at elevated temperatures and in basic solutions. The antibiotic degradation leads to the elongated migration times and noisy baseline, the enantiomer resolution decreasing as well. As glycopeptides significantly absorb in the UV region (max around 285 nm), the analyte detection can also constitute a significant problem [START_REF] Prokhorova | Chiral analysis of pharmaceuticals by capillary electrophoresis using antibiotics as chiral selectors[END_REF] . 

I.1.2.6 Proteins

The fact that binding of drugs to serum proteins takes place enantioselectively leads to the investigation of proteins as chiral selectors. The diversity of chemical functions and sites present at the surface of proteins allows them to interact in a variety of ways. This variety of possible interactions of proteins to the drugs forms the basis of their successful utilization as chiral selectors that can separate a large number of enantiomeric pairs. In the last decade, various proteins have been employed as chiral selectors: bovine serum albumin, ovomucoid andàα -acid glycoprotein [START_REF] Busch | Chiral separations by complexation with proteins in capillary zone electrophoresis[END_REF] ; human serum albumin, human serum transferring, egg white avidin and conalbumin [START_REF] Lloyd | Selectivity in capillary electrophoresis: the use of proteins[END_REF] ; succinyl avidin and streptavidin [START_REF] Kang | Pharmacokinetics of [3H]biotin bound to different avidin analogues[END_REF] ; egg white riboflavin binding protein (flavoprotein) [START_REF] De Lorenzi | Evaluation of quail egg white riboflavin binding protein as a chiral selector in capillary electrophoresis by applying a modified partial filling technique[END_REF] ; and so on. Their chiral recognition ability is related to the formation of a three-dimensional structure. Dipole-dipole interactions, hydrogen bonds, and hydrophobic forces are assumed to be the main contributions to separate enantiomers in chromatography and capillary electrophoresis. Ionic strength and pH, type, and concentration of organic modifiers were found to affect strongly retention and resolution. These chiral selectors show enantioselectivity for a broad spectrum of compounds, however, predictions are hardly possible [START_REF] Gübitz | Chiral Separations: Methods and Protocols[END_REF] .

Chromatographic methods employing proteins as chiral selectors have been found in recent years to be powerful tools for separating chiral drugs and for examining their interactions with proteins [START_REF] Nie | Review: Recent Application of Chiral Liquid Chromatography-Tandem Mass Spectrometric Methods for Enantiomeric Pharmaceutical and Biomedical Determinations[END_REF][START_REF] Millot | Separation of drug enantiomers by liquid chromatography and capillary electrophoresis, using immobilized proteins as chiral selectors[END_REF][START_REF] Haginaka | Protein-based chiral stationary phases for high-performance liquid chromatography enantioseparations[END_REF] . However, the application of protein chiral selectors as CSP is limited by a number of critical points:

proteins are prone to irreversible degradation over time and their cost is high beside from they are not used on the preparatory scale [START_REF] Maier | Stereoselective Chromatographic Methods for Drug Analysis[END_REF] . The proteins CSPs are also characterized by very low loading capacities.

Proteins can be positively or negatively charged depending on the pH applied. Their charges give them electrophoretic mobility and they can be used for the separation of neutral, basic and acidic analytes [START_REF] Gübitz | Chiral separation by capillary electromigration techniques[END_REF] . In CE, separations of drug enantiomers using proteins as the chiral selectors have been obtained by using albumins, glycoproteins, enzymes and other proteins. Protein-based CE is carried out in two modes: in one, proteins are immobilized or adsorbed on the capillary, or proteinimmobilized silica gels are packed into the capillary (CEC mode), and in the other, proteins are dissolved in the running buffer (affinity CE mode), that is the most common format [START_REF] Haginaka | Enantiomer separation of drugs by capillary electrophoresis using proteins as chiral selectors[END_REF] . The disadvantages of such an affinity CE method include the use of a large amount of a protein and the adsorption of the protein onto the capillary wall. In addition, the absorption of UV light at the detection wavelength can be problematic [START_REF] Gübitz | Chiral Separations: Methods and Protocols[END_REF] .

I.1.2.7 Polysaccharides (Cellulose -Amylose) and derivatives

Amylose-and cellulose-derived chiral selectors have been pioneered by Okamoto et al. [START_REF] Okamoto | Chiral HPLC for efficient resolution of enantiomers[END_REF] . The polysaccharides are linear helical polymers with glucose units linked via  → à ellulose ào à → à (amylose) linkages. The hydroxyl groups of the glucose molecules are derivatized with benzoate or phenylcarbamate moieties that bear methyl groups and/or chlorine substituents in various positions on the aromatic ring. The benzoate or phenyl-carbamate residues are oriented in such a way that chiral helical grooves are formed with the polar groups located deep inside the grooves near the carbohydrate backbone while the hydrophobic phenyl moieties are located outside. Selectorenantiomer complexes are thought toà eà p i a il à ediatedà iaà h d oge à o dsà asà ellà asà π-πà interactions and other Van der Waals forces [START_REF] Okamoto | Chiral polymers for resolution of enantiomers[END_REF][START_REF] Ikai | Structure Control of Polysaccharide Derivatives for Efficient Separation of Enantiomers by Chromatography[END_REF][START_REF] Shen | Synthesis and application of immobilized polysaccharide-based chiral stationary phases for enantioseparation by high-performance liquid chromatography[END_REF] .

Polysaccharide-based chiral packing materials are more frequently used as compared with the other CSPs. Since the cellulose is the most abundant and cheapest polymer in addition of readily modified to ester or carbamates, it pulled the attention for using in chiral separation methods [START_REF] Okamoto | Chiral polymers for resolution of enantiomers[END_REF] . The microcrystalline cellulose triacetate (MCT), which was synthesized from crystalline natural cellulose, was known to show unique chiral recognition to some racemates, particularly aromatic compounds, depending on its higher-order structure. However, its performance was not further improved as a CSP for HPLC. This difficulty in the improvement is mainly ascribed to the fact that MCT significantly loses its chiral recognition ability when dissolved in a solvent. The high-order structure of MCT that originated from the structure of the native cellulose was completely changed by dissolution. This was already pointed out by Hesse and Hagel [START_REF] Okamoto | Chromatographic resolution. 7. Useful chiral packing materials for high-performance liquid chromatographic resolution of enantiomers: phenylcarbamates of polysaccharides coated on silica gel[END_REF] . This success resulted in the preparation of many phenyl carbamate derivatives with various substituents on the phenyl group.

Until now, they have synthesized more than 100 derivatives including the derivatives with different substituents regioselectively. Among the many derivatives, cellulose tris (3, 5dimethylphenylcarbamate) (CDMPC, commercial name: Chiralcel OD) affords the most powerful CSP with a high chiral recognition for a broad range of compounds and drugs [START_REF] Okamoto | Chromatographic resolution[END_REF] . Amylose was also examined in the same way as described above for cellulose, and once again tris (3,5-dimethylphenylcabamate) (ADMPC, commercial name: Chiralpak AD) was the most attractive [START_REF] Okamoto | Useful Chiral Stationary Phases for HPLC. Amylose Tris(3,5-dimethylphenylcarbamate) and Tris(3,5-dichlorophenylcarbamate) Supported on Silica Gel[END_REF] . Okamoto group, nearly 80% of them were resolved [START_REF] Okamoto | Precision synthesis, structure and function of helical polymers[END_REF] . Moreover, these selectors are very interesting on the preparatory scale, due to their high number of chiral cavities which induce a high loading capacity [START_REF] Chankvetadze | High performance liquid chromatography enantioseparation of chiral pharmaceuticals using tris(chloro-methylphenylcarbamate)s of cellulose[END_REF] .

Polysaccharides can be also used as chiral additives in the CE enantiomer separation. Microcrystalline cellulose was used for the separation of DL-methyltryptophans in zone electrophoresis [START_REF] Huynh | Chiral separations on cellulose in electrophoresis[END_REF] . As well, other polysaccharides chiral selectors have been employed in CE [START_REF] Nishi | Enantiomer separation by capillary electrophoresis utilizing carboxymethyl derivatives of polysaccharides as chiral selectors[END_REF] .

II.1.2.8 Synthetic polymers

Synthesis of optically active polymers is an interesting field as they have an important application in the chiral recognition area [START_REF] Okamoto | Asymmetric Polymerization[END_REF] . The polymeric chiral selectors have been used for separating enantiomers on the analytical scale. Furthermore, the polymers used as CSP have a significant higher loading of chiral selector onto the surface of silica gel than smaller chiral selectors. These features make them suitable for preparative purposes [START_REF] Zhong | Chromatographic evaluation of poly (trans-1,2-cyclohexanediyl-bis acrylamide) as a chiral stationary phase for HPLC[END_REF][START_REF] Armstrong | Ionic Liquids as Matrixes for Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry[END_REF] .

According to the type of polymerization, there are three classes of polymers, that is: (1) addition polymers: including acetylene, aldehyde, isocyanide, and vinyl polymers, (2) condensation polymers:

including polyamides and polyurethanes, and the last (3) cross-linked gels 100, 91 .

In the past two decades, polymeric CSPs include polyamides, vinyl polymers, polyurethanes and polyacetylene derivatives 101, 102 , polymetacrilates and polytartardiamide CSP 103, 104 , tranc-1,2-diaminocyclohexane CSP 102,105,106 . The chiral discrimination by synthetic polymers can involve hydrogen bondings,àπ-π-interactions and dipolar interactions with the chiral analytes 9,101 .

The electrochromatographic enantioseparation of aromatic amino acids (phenylalanine, tyrosine and tryptophan) was successfully achieved by N-methacryloyl-L-histidine methyl ester as chiral selector. A new type of polymethacrylate-based monolithic column with chiral stationary phase was prepared for the enantioseparation by CEC 107 .

I.1.2.9 Molecularly imprinted polymers

Molecular imprinting technology is a rapidly developing technique for the preparation of polymers having specific molecular recognition properties for a given compound, its analogues or for a single enantiomer 108 . The imprinting of organic polymers was first reported by Wulff's group in 1972. The process of molecular imprinting involves the polymerization of a functional monomer and a crosslinker around a molecular template 109 . The chiral recognition process of a molecularly imprinted polymer (MIP) is determined by the spatial arrangement of the interaction groups between the template and the polymer 110 .

A typical MIP synthesis protocol contains a template, a functional monomer, a cross-linker, a polymerization initiator and a solvent (porogen) 111 . In order to obtain highly specific binding sites of a special shape that contain functional groups in a predetermined orientation, Wulff and co-workers During the imprinting procedure, the binding groups have several functions 114 . On one hand, is to bind the template and the binding group during the polymerization. The next function is the interaction of the binding groups with the substrates. Interactions can be covalent or non-covalent 111, 115 . Covalent interactions can provide precisely fixed of binding groups and they are very suitable if a high percentage of the templates can be removed and the interactions with substrates can be strongly accelerated by catalysis. With non-covalent interactions, a considerable excess (usually at least fourfold) of binding groups is required in the polymerization mixture so that the binding sites in the template are completely saturated at equilibrium. In this way, a considerable proportion of the binding groups are incorporated randomly. On the other hand, the template is usually very easily removed, and reversible interactions with substrates are, in principle, rapid. 115 .

The mechanisms of recognition and their rational control appear not entirely understood. Molecular The main advantages of MIPs are their high selectivity and affinity for the target molecule. As compared to biological systems such as proteins and nucleic acids, MIPs have the higher physical robustness, strength, resistance to elevated temperature and pressure and inertness towards acids, bases, metal ions and organic solvents. In addition, they are less expensive and the polymers storage life can be very high, keeping their recognition capacity for several years at room temperature 121 .

The molecular imprinting process also presents some drawbacks. First, the design of a new MIP system often requires a lot of time and work for synthesis, washing and testing. Moreover, the presence of non-specific binding sites often limits the use of MIPs 122 . Another important critical point is the design of water-compatible MIPs. The imprinting capability of MIPs in water solutions is required for clinical and environmental applications. Such water molecules will compete with the template making weaker or destroying non-covalent interactions between template and functional monomer. In spite of this, some progress has been made in developing water-compatible MIPs 123 . Hofstetter et al. have demonstrated that stereoselective antibodies can be employed as tailor-made chiral selectors for chromatographic enantiomer separations under mild, isocratic conditions. Using antibodies directed against the stereogenic center of -amino acids as a model system, it was shown that the strength of interaction between the immobilized chiral selector and analytes can be conveniently odulatedà à a i gà h o atog aphi àpa a ete sàsu hàasàflo à ateàa dàte pe atu e.à Thus, the whole chromatographic separation process can be carried out in an aqueous, physiological buffer that does not impair the structural integrity of the antibody-CSP 127,128 .

I.1.2.10 Antibody

The ,à i à ,à hi alà i u oaffi it à i o o eà olu sà e e directly interfaced with mass spectrometer detection, and the enantioseparation of a number of underivatized aromatic and aliphatic amino acids was investigated utilizing an antibody chiral stationary phase that had been prepared by immobilizing a monoclonal anti-D-amino acid antibody onto silica. Smaller amounts (about 1 mg) of chiral selector required for the preparation of microbore columns were particularly attractive to study the effect of chromatographic conditions on antibody-based enantiomer separations 129 .

As is the case of protein-ligand interactions, such as enzyme-substrate, receptor-hormone, or lectinsugar systems, the binding forces between an antibody and an antigen are of purely non-covalent nature and involve electrostatic interactions, hydrogen bonds, and Van der Waals forces 130 . The strength of the interaction, therefore, is affected by environmental parameters such as the temperature, and the pH, ionic strength and polarity of the solvent in which binding occurs. The effect of the mobile phase on protein-ligand interactions has successfully been utilized in a number of protein-based chiral separations to modulate the interaction between the immobilized chiral selector and the analyte, and to optimize separations 131,127 .

Most chromatographic applications related to the use of antibodies as chiral selectors enabled the separation of pharmaceutical active substances 132 , amino acids and derivatives in immunoaffinity micro LC-MS 129 , and alpha-hydroxy acids in high-performance immunoaffinity chromatography 133 .

The illustration of the remarkable versatility of stereoselective antibodies as tailor-made chiral selectors has been introduced by Hofstetter et al. when they used stereoselective antibodies for the detection of stereoisomers in immunoassays and sensors 134 .

In capillary electrophoresis, crossreactive monoclonal antibodies could be effectively utilized for specific stereoisomeric differentiation and chiral separations. For example, monoclonal antibodies directed against polycyclic aromatic hydrocarbon have shown different binding properties for (±)-cisand (±)-trans-benzo[a]pyrene tetrols 135 .

Nevertheless, the use of antibodies has a number of disadvantages. Firstly the antibodies specific for a given enantiomer are obtained from animals. This involved long production steps, problems of reproducibility and difficulties in obtaining antibodies against molecules not tolerated by animals (example: toxins). In addition, the immobilization capacities on chromatographic support are limited because of their large size 136 . The identification and production of monoclonal antibodies are laborious and could become very expensive in searches for rare antibodies that require screening of a large number of colonies. On the other hand, and as a general rule, the small molecules are weakly immunogenic. Furthermore, the length of the elution cycles and the regeneration of the stationary phase make this method unusable in the laboratory of quality control. After all, the antibodies are sensitive to temperature and may undergo irreversible denaturations, they also have a limited shelf life 136 .

I.2 DNA and RNA

It is amazing to realize that the full diversity of life on this planet, from the simplest bacterium to the largest mammal, is captured in a linear code inside all living cells 137 . Double helical DNA consists of two complementary anti-parallel, sugar-phosphate poly-deoxyribonucleotide strands that are associated with specific hydrogen-bonding between nucleotide bases 138 .

These two complementary channels wrap around each other, forming a double helix. Helicoïdal suga àa dàtheà ′-phosphate (P) of the next. Thus, each polynucleotide strand has a chemical polarity; that is, its t oàe dsàa eà he i all àdiffe e t.àTheà ′àe dà a iesàa àu li ked -OHàg oupàatta hedàtoàtheà ′àpositio ào àtheà suga à i g;àtheà ′àe dà a iesàaàf eeàphosphateàg oupàatta hedàtoàtheà ′àpositio ào àtheàsuga à i g.

There are two types of nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA is the carrier of the genetic information and cannot leave the nucleus. RNA may play multiple roles as the messenger between DNA and protein, or a catalytic role through its ability to form complex structures. It can cross the nuclear membrane by nuclear pores 140 .

I.2.1 Single-stranded DNA (ss-DNA)

In 1981, Kim et al. were the first to introduce the idea of the chiral recognition by nucleosides and nucleotides, coated on silica gel for HPLC separation. Stereoselectivity was detected when the nucleobase was a purine (adenosine 3', 5'-monophosphate, and guanosine), but was not detected with the pyrimidine derivative uridine 143 . Later, the enantioseparation abilities of the optically active nucleoside and deoxynucleoside have been evidenced by a research group in China by using uridine, thymidine and inosine as chiral selectors bonded to silica gel via 3-(triethoxysilyl) propyl isocyanate.

Six enantiomers (among 12 chiral compounds tested), including alcohols, amines and carboxylic acids were separated by uridine column, which exhibited better separation ability than thymidine column.

Three enantiomers including alcohol, ketone and amine were separated by thymidine. This work indicates that nucleosides or deoxynucleosides could be useful for the separation of enantiomers in the liquid phase 144 .

The DNA triplet GCA was also successfully used for the first time as a chiral selector for the differentiation of D and L-amino acids (as well as for measuring their optical purity) from each class, like neutral (Alanine, Proline, Asparagine, Phenylalanine, Tryptophan, and Tyrosine), acidic (Aspartic acid and Glutamic acid), and basic (Lysine) through investigating the collision-induced dissociation spectra of the complex ion formed by electrospray ionization. Out of many DNA triplets tested in mass spectrometry, only the GCA triplet was found to be a successful chiral selector. On the other side, the AGC did not show the same chiral selectivity which implies that not only the presence of the bases but also the particular sequence is responsible for the discrimination by the GCA 145 . Another article has demonstrated that the GCA triplet showed a great degree of chiral discrimination for amino acids (Tryptophan, Glutamic acid, Glutamine, Tyrosine, Aspartic acid, Lysine, Phenylalanine, Asparagine, Threonine and Serine) in the presence of another amino acid as a reference (coselector), which improve the degree of chiral discrimination. The chiral discrimination of GCA was also investigated by the collision-induced dissociation spectra in mass spectrometry 146 . Comparing to the previous method without a reference 145 , the GCA chiral selectivity was amplified by the use of a co-selector and the degree of discrimination was improved in the presence of the co-selector. The GCA successfully showed selective binding towards D-amino acid except Tyrosine and Lysine. The suitability of the mass spectrometry method for the measurement of optical purity was also demonstrated 146 . However, in the case of tetranucleotides with G-A pairing, additional conformational flexibility produced by an extra nucleotide may act as a better choice for the chiral discrimination of amino acids as compared with GCA 145,146 .

Based on that, in 2008, a set of DNA tetranucleotides, which are 3'-or 5'-end extended versions of GCA, was used as chiral selectors for the discrimination of enantiomers of -amino acids in mass spectrometry. These DNA tetranucleotides, in which an extra base is added either at the 3'-or 5'-end of GCA (i.e., GCAA, GCAG, GCAC, GCAT, AGCA, GGCA, CGCA and TGCA) have been selected to test their chiral discrimination ability for the enantiomers of amino acids. Among the tetranucleotides used, GCAA and GGCA exhibited better discrimination, in which GCAA showed D-selectivity and GGCA showed L-selectivity for the 13 amino acids studied. The selectivity obtained with GCAA is similar to that observed with GCA in the earlier study, which suggests retention of the loop-like structure of GCA in GCAA also 147 .

This result prompted the same group to search the enantiomeric properties of eight DNA tetranucleotides (GCAA, GCAG, GCAC, GCAT, AGCA, GGCA, CGCA and TGCA) that are extended versions of GCA and tested them as chiral selectors for discriminating some chiral drug molecules by mass spectrometry. The drugs selected were Atenolol, DOPA, Tamsulosin, Valacyclovir and Zolmitriptan. The results pointed out that AGCA is the best selector for compounds with bulky aromatic rings and it showed the highest chiral discrimination among all the tetranucleotides studied which emphasised the role of the position of an adenine base in the tetranucleotide chiral discrimination under electrospray ionisation conditions. In addition, all the tetranuclotides with a 5'end extension of GCA showed better chiral discrimination when compared to the 3'-end extension for all the chiral drugs studied 148 .

I.2.2 Double stranded DNA (ds-DNA)

So far, the use of ds-DNA as chiral selector was limited to some specific molecules and/or The chiral resolution of the phenylalanine racemic was performed by ultrafiltration experiments that use DNA-immobilized chitosan membranes. The DNA-immobilized chitosan membranes are categorized as channel-type membranes and not as affinity membranes 150 . Atomic analysis on the membranes showed that the chitosan membranes covalently bound six times more DNA than the cellulose membranes used in a previous study 151 . This study showed that ds-DNA has a higher binding affinity for L-phenylalanine (S-phenylalanine) than for D-phenylalanine (R-phenylalanine).

Recently, the utilization of the DNA double helix for the discrimination of ofloxacin enantiomers was reported. DNA-based chiral selectors were constructed through metal-ion anchoring on a special DNA double helix that contained successive GC pairs. In the same work, the effects of diverse metal ions involving Mg 2+ , Ni 2+ , Cu 2+ , Ag + , and Pt 2+ on the regulation of DNA chiral discrimination of ofloxacin enantiomers were studied. It is shown that the DNA-Cu (II) complexes exhibit the highest enantioselectivities for the [Cu 2+ ]/base ratio of 0.1. This DNA-based chiral selector exhibits excellent reusability without apparent loss of enantioselectivity after three cycles of adsorption and desorption 152 .

I.2.3 G-quadruplex

For years, little consideration was given to possible roles for G-quartets in biological systems until

Henderson and colleagues made the observation that oligonucleotides corresponding to the G-rich strand of telomeric DNA display unexpectedly high electrophoretic mobility on nondenaturing polyacrylamide gels. Structural probing later showed that G-rich sequences found at telomeres can indeed adopt stable four-stranded structures now known as G-quadruplexes 153 .

Guanosine-gels have been used as chiral selectors 154 , which are formed by self-assembly of guanosine compounds 155 . These guanosine nucleotides create gels through hoogsteen hydrogen bonded tetrads , which gathered onto themselves, when the monomer concentration increased, to fo à olu a àheli alàst u tu esà àπ-π coupling 156 . The stability of these structures is attributed to centrally located metal cation like K + that are coordinated to oxygen atoms in the guanosine Because guanosine is chiral, guanosine-based materials have potential as a media for enantioselective separations. The use of guanosine hydrogels for separations was first demonstrated in 2004 155 .

The chiral selectivity of G-gels arises from the asymmetric, helicity of the aggregates. Previous work showed that a G-gel formed by guanosine-5'-monophosphate (GMP), which is anionic at the separation pH of 7, could resolve the D and L forms of the drug propranolol, which is cationic at pH 7, in capillary gel electrokinetic chromatography 155 .à Theà ′-GMP run buffer provides excellent resolution of the D and L enantiomers of propranolol in CE. The effects of monomer concentration, pH, temperature, and cation concentration on enantiomeric resolution are related to changes in gel structure and viscosity as well as more general electrophoretic effects. Subsequently, it was observed that the G-gels are effective for some chiral compounds but not for others 154,160 .

Whereas, it was found that not all chiral compounds could be resolved into their enantiomers, leading Dong & McGown to investigate in their work the structural features that appear to be correlated to enantiomerically selective interactions of chiral compounds with G-gels. For those o pou dsà a io i à , ′-binaphthyl-, ′-diyl hydrogen phosphate and zwitterionic tryptophan) for which enantiomeric resolution was achieved in capillary electrophoresis, the effects of experimental conditions and G-gel composition were noted to have powerful effects on separation efficiency as well as chiral selectivity, presumably through effects on the G-gel organization and solute-G-gel interactions. It was found that the extent of interaction alone does not determine the chiral selectivity of the G-gel, indicating that the mechanism of chiral separation involves particular structural characteristics of the chiral compounds. Chiral selectivity appears to be favored by aromatic systems of two fused rings without any substitutes that could cause steric interference 154 .

I.2.4 Aptamers

Nucleic acid aptamers are oligonucleotides, often times single-stranded DNA or RNA with selective binding properties towards amino acids, drugs, proteins, virus, bacteria, ions and other molecules 136 .

Since the early 1990s, the systematic evolution of ligands by exponential enrichment (SELEX) and similar methods have been reported by two different groups, Ellington and Szostak 161 , and Tuerk and Gold 162 to efficiently select RNA and DNA aptamers.

The first group coined and defined the term (Aptamer): short sequence of RNA or single-stranded DNA (ssDNA) selective to a target molecule. They demonstrated that the aptamers are able to differentiate between similar targets. In the Tue kà a dà Gold sà o k,à theà 'Náà sele tedà se ue esà were structurally similar to the wild-type sequence found in the bacteriophage mRNA and the synthetic aptamers dissociation constant (K d ) was similar to the wild-type. Also, the aptamers selected synthetically in their study had been just as good as those selected by nature 162 .

Aptamers have a specific and complex three-dimensional shape characterized by stems, loops, bulges, hairpins, pseudoknots, triplexes, or quadruplexes (figure I-14) 163 . The aptamer-target complex results from structure compatibility, stacking of aromatic rings, electrostatic and Van der Waals interactions, and hydrogen bondings, or from a combination of these effects 164 . Extreme enantioselectivities, ranging from about 100 to more than 10000, have been reported for several compounds, including oligopeptides, amino acids, and derivatives or nucleosides. Depending on these stereoselective binding features, aptamers appear to be excellent potential elements for the development of chiral assays 165 .

A new class of target-specific chiral stationary phases for enantiomeric separation in liquid chromatography has been reported by our group. Due to the selectivity and affinity of these aptamers for their target enantiomer, they have been used as chiral selectors for enantiomer separation in HPLC 166,167 , demonstrating that the DNA aptamers, specifically selected against one enantiomer of small molecules, can be used successfully as target-specific CSP.

The stationary phases were first prepared by linking the aptamer to a chromatographic support via a biotin streptavidin bridge 168 or by a covalent bond 169 . The aptameric stationary phases have interesting properties. In fact, the enantioselectivity is greater than that obtained with the previously reported pre-designed chiral selectors and equivalent to that observed with the stereoselective monoclonal antibodies. In addition, the columns containing DNA selectors show satisfactory stability over a long period. The interaction mechanisms for this type of stationary phases seem to be based on electrostatic interactions, hydrophobic effects and adaptative conformational changes. The DNA aptamers were successfully used to discriminate among the enantiomers of some analytes such as arginine vasopressine (oligopeptide) 170 . Then immobilized DNA aptamers specifically selected against D-adenosine (nucleoside) and L-tyrosinamide (amino acid derivative) were also used to resolve the enantiomers by HPLC 167 . The ability of two related DNA aptamers (15-mer and 20-mer) that form the G-quartet structure were covalently attached to fused-silica capillaries and used in capillary The well-known inherent instability of RNA, which is significantly higher than that of DNA due to the a ilit à ofà theà ′-hydroxyl groups to act as intramolecular nucleophiles in both base-and enzymecatalyzed hydrolysis 172,173 , is expected to be the major drawback of such RNA aptamer CSP.

Nevertheless, RNA aptamers have been used by our group 168 for the separation of the enantiomers of the arginine, by using the mirror-image approach which was very simple and powerful strategy to considerably extend the L-RNA CSP lifetime due to the intrinsic insensitivity of L-RNA to degradation.

In another work, histidine enantiomers have been separated by RNA aptamers 174 . In addition, the enantiomers of tyrosine and analogues (11 enantiomeric pairs) were separated by using an immobilized tyrosine-specific L-RNA aptamer as CSP. It appeared that the carboxylic and amino groups as well as the aromatic side chain of amino acid controlled the stereospecific recognition 175 .

Another publication has been reported for the chiral resolution of arginine by using an anti-arginine L-RNA aptamer chiral selector in partial-filling CE 176 . Three RNA conformations were identified for the 50-60 °C temperatures and it was suggested that the presence of these different RNA conformations was a source of the binding site heterogeneity.

Other aptamer-based stereoselective assay has been developed using an affinity capillary electrophoresis-based competitive, homogeneous format and an on-capillary mixing approach which allowed the detection of as low as 0.01% of the minor enantiomer (D-arginine) in a nonracemic mixture through short analysis time (less than five minutes). The competitive method used a label (Darginine tagged with a dansyl group) and an anti-D-arginine aptamer as target-specific receptor 177 .

This aptamer-based competitive affinity capillary electrophoresis assay was improved through combined both the pre-incubation of the aptamer-arginine sample before the capillary injection, and an on-capillary mixing approach for the competition with the dansyl-labeled arginine. It was found thatàthisà h id àstrategy significantly improved the assay sensitivity relative to that obtained with a full ào -capillary mixing format 178 . Concomitantly, others have studied the chiral discrimination by aptamers, for example and not limited to, a comparative study of the DNA aptamer binding with Largininamide (L-Arm) and its enantiomer (D-Arm) was investigated by spectroscopic methods 179 , likewise 180 .

Compared with antibodies and nucleic acid, aptamers have many advantages in their suitability for clinical application and industrialization, including almost no immunogenicity and nontoxic, less batch variation, easy modification, cost-effectiveness and short production times 181 .

Chapter II Experiments and results

II.1 Introduction of our work

In the last 30 years, chirality has become a major concern in the modern pharmaceutical industry. A variety of chiral selectors have been discovered and used in chromatographic and electrophoretic techniques. Nonetheless, a few of these chiral selectors display practical applicability. with the same bases but with a different spatial arrangement of the bases were also evaluated by CE. Finally, the binding constants between analytes and DNA were measured to investigate the thermodynamical contribution effect in this chiral separation method.

This work represents the first demonstration of such analyte selectivity spectrum for nucleic acidbased chiral separation tools and could lay the foundation for the design of performance oligonucleotide chiral selectors for capillary electrophoresis.

II.2 Chiral resolution capabilities of DNA oligonucleotides

II.2.1 Objective of the work

Supramolecular chirality is intrinsic to biomacromolecules involving DNA, RNA, peptides, proteins, and sugars; therefore, organisms often exhibit different biological responses to enantiomers. The discovering of DNA structure has stimulated scientific interest to investigate the DNA interaction with other chemical species, such drugs or metal complexes.

It would be ideal if naturally occurring and readily available compounds could be used as chiral selectors, as in the case of peptides/proteins and polysaccharides. The use of DNA as chiral selector is still limited to some specific molecules and / or applications. It has been established that some chiral metal complexes can engage stereoselective interactions with ds-DNA by intercalation through the major and/or the minor groove. Also, it has been demonstrated that the nucleotides and nucleosides as well as G-quadruplex structures exhibit some chiral selective properties (see literature review).

The objective of the present work is to evaluate more widely the enantioselective properties of DNA molecules, by focusing firstly on the potential stereoselective features of single-stranded homopolymeric DNA. This investigation was pursued, for the same purpose, with a set of DNA oligonucleotides with different structures and configurations including duplex, hairpin and three-way junction architectures. To achieve this, the study was carried out by partial-filling capillary electrophoresis, which is characterized by its high-efficiency separations, the very low DNA sample volume required for the analysis and the limitation of the detection interferences (See Supporting

Information about the following article for experimental details).

Under submillimolar concentration, the enantiodiscrimination capabilities of DNA oligonucleotides were evaluated over twenty four diverse zwitterionic, neutral and cationic aromatic racemates of pharmacological and biological relevance, including drugs, narcotics, amino-acids, and nucleosides. C hirality is an exquisite feature of nucleic acids originating from both their backbone sugar units and their secondary/tertiary topologies. Moreover, during the last 3 decades, a huge number of studies have demonstrated not only the enantioselective ability of the double helix as well as other organized architectures toward chiral ligands 1 but also some chiral recognition properties at the molecular level. 2 These stereoselective features have attracted considerable attention in numerous areas: to induce asymmetric synthesis, 3 to create chiral ligands probing specific sequences/structures or modulating biological processes, 4 and to construct functional mirrorimage structures. 5 The importance of the strict control of the enantiomer purity for bioactive substances has generated an enormous demand for the development of efficient enantioselective methodologies at the analytical level. In this context, high-resolution separation technologies such as chromatography and capillary electrophoresis (CE) constitute the most powerful methods through the use of a variety of surface-immobilized or free chiral selectors. 6 To date, naturally occurring species (and their derivatives), ranging from polymers including polysaccharides 7 and proteins 8 to macrocycles/low-molecular weight molecules such as cylodextrins, 9 glycopeptide antibiotics, 10 and cinchona alkaloids, 11 represent the dominant classes of commercially available chiral selectors.

This part is already published in

In contrast, the exploitation of nucleic acids in the chiral separation field has yet received much less attention. Indeed, only a few examples of enantioseparations based on DNA/RNA molecules have been reported. These earlier approaches were typically developed in a peculiar rather than a general perspective in such a way that they were either dedicated to chiral ligands of modest application interest or restricted to a narrow analyte selectivity range. [12][13][14][15][16][17][18][19][20][21][22][23][24] Thus, there is an urgent need to systematically reconsider the stereoselective properties of nucleic acids within the chiral separation framework.

In this work, we aimed to assess the chiral resolution ability of a repertoire of arbitrarily chosen oligonucleotides (ONs). Several DNA sequences with distinct base compositions, lengths, and structural characteristics, ranging from secondary structure-free homo-oligonucleotides to structured motifs such as duplex, small, and large hairpins and three-way junction, were evaluated as potential chiral selectors in CE (Scheme 1a). CE possesses many attractive features such as homogeneous format, high separation efficiency, and very low volume sample requirements (in the nanoliter range). The CE experiments were carried out using the capillary partial filling mode 25 (see the Supporting Information for experimental details and optimization experiments). Briefly, a discrete plug of ON was introduced into a bare fused silica capillary of 25 μm inner diameter. At a running buffer pH of 7.5 (ionic strength ∼160 mM) and under normal polarity conditions, ON moved very slowly toward the anodic side while injected analytes migrated in the opposite direction through the nucleic acid separation zone and reached the detector (Scheme 1b). This format allowed eliminating the UV-absorbing DNA interferences and reducing the consumption of ONs. In addition, sequential injections of multiple analytes can be performed with the same ON plug. Before CE analysis, the conductivity of the DNA sample was adjusted by the running buffer in such a way that the conductivities in all the capillary zones are approximately the same. This limited the concentration Kohlrausch adjustment which can cause the dilution of the DNA sample in the capillary during the run. 26 A total of 24 chiral species were tested for enantiodiscrimination (Scheme 2). We chose a racemate collection containing diverse classes of small aromatic compounds of pharmacological or biological relevance, including drugs, illegal drugs, amino-acids and derivatives, and nucleosides. Unlike most works dealing with the chiral recognition features of DNA, 1 we did not include in the screening both the metal complexes and the common intercalators and groove binders (except chloroquine that is a weak intercalating agent). 27 Anionic compounds were not considered in the present study because of their charge-to-mass ratio close to that of ONs. This would lead to a small electrophoretic mobility difference between free and DNA-bound ligand then preventing enantiomeric separation under the present CE conditions. It should be noted however that the previously described drag-tag strategy could overcome this pitfall by modulating the ON mobility. 18 In the first stage of this work, we spontaneously focused our attention on simple single-stranded sequences lacking any secondary structure, i.e., homopolymeric DNA. These included poly dA, poly dC, and poly dT sequences of 30-nt length. Because of its propensity to form high-order G-quadruplex structures, 28 poly dG was not investigated. As shown in Figure 1, a plug of 1.6 mM poly dT provided partial or complete enantiomeric separation for eight chiral substances (Table S1 in the Supporting Information). Enantioselective properties were also observed with poly dA and poly dC but to a lesser extent. Interestingly, chloroquine enantiomers were separated at least in part in all cases (for example, with a high resolution of 4.2 for poly dT), although no typical intercalation mode was possible with such unstructured DNA molecules.

Encouraged by these findings, we subsequently concentrated our efforts on the analysis of the chiral discrimination ability of ONs characterized by higher diversity and complexity (Scheme 1). We deliberately screened arbitrary ONs with a variety of sequence compositions and lengths, consisting of different degrees of structuration. All the DNA species displayed enantiodifferentiation capabilities, with an amount of resolved probes ranging from seven for dsDNA -30 to 15 for hpDNA -31 (Table S1 in the Supporting Information). It was of interest to mention that resolution higher than 1.5 was reported for the three-quarters of the separated enantiomers. Not less importantly, as high as 21 enantiomer couples were separated with only 3 ON sequences (hpDNA -31 , 3 WJDNA -36 , and hpDNA -24 , Figure 2). These resolved compounds are either cationic carrying one phenyl group or contain two aromatic cycles with no net or one positive charge (Scheme 2). This suggests that electrostatic, π-π interactions, and hydrophobic effect may constitute driving forces for the enantiodifferentiation. The three chiral selectors demonstrate some complementary selectivity patterns. For example, propanolol and chloroquine were partly resolved with hp-DNA -24 whereas no enantiomer separation was reached with 3 WJDNA -36 and hpDNA -31 . Amphetamine was well-resolved solely by using 3 WJDNA -36 . The separation of enantiomers of isoprenaline, norepinephrine, and atenolol was observed only with the most broadly applicable hpDNA -31 chiral selector.

We further established the usefulness of the ON-based chiral selectors by reporting the straightforward manipulation of the enantiomer migration order. As most of selectors used in CE are naturally occurring compounds available in only one chiral configuration (cylodextrins, proteins, glycopeptide antibiotics, for example), the reversal of the enantiomer migration order commonly requires either their substitution by chiral selectors with opposite enantiomer affinity features or the careful control of the experimental conditions. 29 Herein, we were able to apply the mirror-image strategy by using ONs composed entirely of L-nucleosides (L-ONs). 30 Figure S13 in the Supporting Information shows the separation of 1-methyl-tryptophan enantiomers obtained using L-hpDNA-14 as the electrolyte additive. A reversed migration order of enantiomers was observed relative to the parent hpDNA-14. As expected from the principle of chiral inversion, L-hpDNA-14 recognizes the mirror-image of the most hpDNA-14 interacting enantiomer with the same binding features. This mirror-image approach allows also designing a chiral selector resistant to nuclease digestion for potential applications in biological conditions. 30,31 The repeatability study was performed by injecting a test mixture of Trp, 1-MT, and Bta racemates (n = 6) with tbDNA -38 as the running buffer additive. The % RSD values for the intraday repeatability of the relative migration time, chiral resolution, and peak area were in the range of 0.4-0.6, 2.7-4.8, and 3.9-14.4, respectively.

As examples of chiral separation were reported for all the screened DNA molecules, it would seem that the enantiodiscrimination ability is a common denominator of ONs as long as sufficiently high concentrations (typically milli-or submillimolar) are used. Indeed, when ON in the micromolar concentration range was employed, no separation was possible whatever the sequence (see Figure S14 in the Supporting Information for 3 WJDNA -36 as a representative example). In that sense, ONs are close to chiral selectors such as cylodextrins and glycopeptide antibiotics for which millimolar concentration in the electrolyte is generally needed for achieving successful chiral separation. As the optimal concentration of a chiral selector depends inversely on its affinity for enantiomers, 32 the binding of ONs to enantiomers is expected to be of low magnitude (i.e., apparent K d in the millimolar range). The understanding of the chiral recognition mechanism of polymerbased chiral selectors is commonly a very difficult task due to the lack of precise information on the macromolecule structure and the complexity of binding modes. 33,34 This should be particularly true for the various ON chiral selectors described here. Small ligands such as tested chiral analytes could weakly associate with DNA through multiple mechanisms and interaction sites as a function of its nature. 1,[35][36][37][38] As an additional complicating factor, enantioseparations in CE rely not only on the thermodynamic selectivity of the chiral recognition but also possibly on the mobility differences of diastereoisomeric complexes. 29 Thus, structural, computational, and further electrophoretic studies are needed to gain insight into the mechanistic aspects of the different ON-based enantiomeric separations. In summary, the present work demonstrates that very diverse ONs, even in their simplest unstructured forms, all display chiral resolution capabilities toward chiral aromatic compounds. This opens up new prospects for developing nucleic acid-based enantioseparation tools of wide applicability. In this study, several pharmacologically relevant compounds were preliminarily resolved (Scheme 2) and we may envisage much more cases of enantiodiscrimination in the medicinal field since many drugs are aromatic and possess basic functions. 39,40 One peculiarity of ONs as chiral templates is related to the fact that their base and backbone nature, overall structure, chiral configuration, and functionalization can be systematically varied in a reliable way. On one side, the possibilities to generate an almost unlimited arsenal of chiral agents as well as to readily reverse the migration order of enantiomers constitute significant advantages over most of the available chiral selectors. Conversely, the identification of a reduced set of practical, broadly applicable selectors is expected to be laborious and challenging. In this context, the screening of small libraries derived from the best sequences reported here constitutes the most obvious way to investigate in future works. Along lines resembling to those of many derivatized chiral selectors, 6,7 a promising increase in the molecular space diversity could be realized by the incorporation within these chiral templates of a variety of commercially available base/backbone chemical substituents.
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Capillary electrophoresis:

Capillary Electrophoresis (CE) experiments were carried out with a 3D-CE instrument (Agilent Technologies, Waldbronn, Germany) equipped with a diode array detector. Barefused silica capillaries were purchased from Photon Lines (Saint-Germain-en-Laye, France).

As described in Figure S1, the cassette was modified by abrading the plastic in order to create a channel for the capillary to re-enter in the cassette. The capillary was immobilized with removable adhesive gum. This format allows us to use a long capillary (105 cm) × 25 µm inner diameter while keeping short effective length (60 cm). The resolution was calculated with Agilent software by using the following equation:
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where t is the apparent migration time of the analyte and  the peak width at the half-height.

The relative migration time of analytes was determined by the migration time ratio using the EOF peak as the reference point.

DNA preparation and injection vial configuration:

DNA stock solutions were prepared in pure water, aliquoted in small volumes (4 to 6 µL) into a PCR tube and stored at -20°C. The working DNA solutions were obtained by adequate dilution, of the aliquoted stock solution, in 2.2 times concentrated BGE. Prior to the first use, the working solutions were heated at 80°C for 5 min and left to stand at room temperature for 30 min. After a brief centrifugation to recover condensed water vapor, the top of the PCR tube was cut (Figure S2a). In order to use a very small amount of DNA sample, the injection vial configuration was also modified. As depicted in Figure S2a, Beckman vial cap was used and

Abraded area

was cut in two parts (part 2 and 3). The small part was introduced into the injection vial (Figure S2c) while the other was discarded. Then, the PCR tube was introduced in the injection vial, covered with parafilm and stored at 4°C until the time of the analysis, in order to limit the sample evaporation. Immediately after the DNA injection in the capillary, the vial is stored again at 4°C. The sample can be used throughout the day and at least for 16 runs. 
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II.2.2 Conclusion

In summary, we have demonstrated the enantiodiscrimination properties of very diverse DNA oligonucleotides sequences. The three homopolymeric DNA tested (poly-dT, poly-dA, poly-dC) exhibited enantioselective properties, but to a lesser extent with Poly-dA and Poly-dC than with Poly-dT.

All the screened DNA oligonucleotides displayed enantiodiscrimination capabilities towards small aromatic compounds with an amount of resolved probes ranging from 7 for dsDNA -30 to 15 for hpDNA -31 . The combination of only three oligonucleotides (hpDNA -31 , 3 WJDNA -36 , and hpDNA -24 ) allowed the resolution of 87.5 % of the racemates tested that are either cationic carrying one phenyl group or contain two aromatic cycles with no net or one positive charge. The majority of these chiral separation characterized by resolution higher than 1.5. The millimolar or submillimolar DNA oligonucleotide concentration was needed for obtaining the enantiodiscrimination.

The possibilities to generate an almost unlimited arsenal of chiral agents as well as to readily reverse the migration order of enantiomers constitute significant advantages over most of the available chiral selectors. This work opens up new prospects for developing nucleic acid-based enantioseparation tools of wide applicability, which is one of our important proposals for our working continuation.

We assume that, at a high-order level, partial intercalation and/or groove interactions with a secondary structure motifs, may contribute to the stereoselectivity. For single-stranded DNA homopolymers, it is reasonable to assume that the chiral recognition mechanism of these sequences mainly involves the unpaired bases of the DNA that are hidden in the case of dsDNA -30 . However, the prediction of the discrimination mechanisms is a tough task as several interaction modes are possible. To gain further information about these structural aspects, additional experiments were carried out by varying diverse sequence features of DNA chiral selectors.

II.3 Sequence requirements of oligonucleotide chiral selectors for the capillary electrophoresis resolution of low-affinity DNA binders

II.3.1 Objective of the work

Following the investigation of the chiral resolution capabilities of great variety of DNA oligonucleotides, we next studied the structural design properties of the DNA oligonucleotides.

In the current work, the investigation was conducted towards three principal pivots (length sequence, unpaired base region and chemical diversity of ssDNA) which elicited from our previous publication.

At first, we examined the sequence length-dependent separation capabilities of poly-dT homopolymers. In order to prevent the presence of multiple enantiomer interaction sites in the oligonucleotides structures, we focused on the study of single-stranded DNA homopolymers poly-dT of different length (from 5-to 60-mer). Twenty four neutral and cationic aromatic racemates including drugs, illegal drugs, amino-acids and nucleosides, were screened in capillary electrophoresis with the four poly-dT homopolymers.

The second studied pivot was the effect of the DNA sequence unpaired-base region on the separation selectivity. The chiral resolution ability of the 30-mer poly-dT through the full hybridization with its complementary 30-mer poly-dA was studied. 

Introduction

The combination of the high-resolving features of capillary electrophoresis (CE) with the recognition properties of nucleic acid molecules has allowed the development of several DNA-based CE methods for the determination of affinity and kinetic constants [1], the study of interaction modes [2] or the design of efficient sensing platforms [3]. In the peculiar nucleic acid-based chiral analysis field [4-12], enantioseparation CE methods involved typically double-stranded (ds) DNA molecules and other high-order structures such as G-quadruplexes (G4) or aptamers used either as background electrolyte additives or as surface-immobilized chiral selectors in capillary electrochromatography [13-17]. In these previous works, the chiral recognition relied either on classical enantioselective intercalation or groove binding (for dsDNA or G4 templates), or enantiospecific allosteric mechanism (for aptamers), making these approaches of limited value in terms of analyte selectivity range and practical applications.

In a recent communication [18], we demonstrated that the chiral resolution ability of DNA was of larger spectrum than that expected from the literature. Indeed, we reported that under partial-filling CE mode a great variety of DNA oligonucleotides (ONs), related to a large repertoire of arbitrarily chosen sequences with diverse base compositions, lengths, and motifs, exhibited interesting enantioselective properties. Furthermore, the range of resolved racemates was significantly enlarged as compared with that of the previously reported dsDNA-based selectors, i. e. low-affinity DNA binders including drugs, illegal drugs, amino-acids and nucleosides versus high-affinity DNA ligands such as metal complexes and common intercalators. The critical issue for further applicability of such a new type of DNA chiral selectors is now the lack of precise information on the ON sequence prerequisites for CE resolution. Some observations from our preliminary experiments [18] had caught our attention on potential critical factors. First, we had noted that two hairpins of similar relative composition but with different size generated chiral resolution changes, suggesting that the sequence length could be of importance in the separation. Second, ONs with a dominant unpaired-base region in their sequence apparently provided a larger analyte selectivity range than those displaying secondary structure motifs. Third, the chemical diversity of the oligonucleotides had been perceived also as a possible separation factor since heteropolymers displayed, on average, greater chiral resolution capabilities than homopolymers.

Herein, we aimed to systematically discern the ON sequence requirements for the CE-based enantioresolution.

To achieve this, we first studied the sequence lengthdependent separation capabilities of poly-dT homopolymers of different sizes (from 5-to 60-mer). The choice of poly-dThomopolymeric sequences as test DNA templates was motivated by the fact that (i) the chemical diversity and (ii) both the intramolecular H-bonding and stacking interactions were reduced as much as possible, providing a reliable comparison between ONs of various sizes. It should be noted that the poly-dC and poly-dA lengths were not investigated in this work because they display lower enantioselective properties than poly-dT [18]. Once this step completed, we subsequently evaluated the impact of the base-pairing on the chiral resolution ability of the 30-mer poly-dT through the full hybridization with its complementary 30-mer poly-dA. Finally, the influence of the chemical diversity was investigated by simply incorporating the four natural bases at different locations into a 30-mer sequence, while maintaining the unfolded state of the ON.

Materials and methods

Chemicals and materials

Threo-3-phenylserine was purchased from Acros Organic (Geel, Belgium). Tris(hydroxymethyl)aminomethane (Tris), Atenolol, Ephedrine, Baclofen, Tyrosine methyl ester, Phenylalanine, D-Amphetamine, 1-Methyl-Tryptophan (1-MT), Isoprenaline (ISP), Tramadol (TRA), Verapamil (VPM), Norepinephrine (NE), Tryptophan (Trp) and Tryptophan methyl ester (WME) were purchased from Sigma-Aldrich (Saint-Quentin, France).

1-Naphthylalanine (1-Nal), H- ␤-(3-Benzothienyl)-Ala-OH (Bta), H-␤-(2-Quinolyl)-Ala-OH (Qal(2'
)) were purchased from Bachem (Budendorf, Switzerland). L-Amphetamine, Methylenedioxymethamphetamine (MDMA) and Paramethoxyamphetamine (PMA) were purchased from Lipomed (Cambridge, USA). Propranolol (PL) was from AstraZeneca (Rueil-Malmaison, France). Chloroquine (CQ) was from Sanofi (Paris, France). 2'-Deoxycytidine, 2'-Deoxyguanosine (dG) and 2'-Deoxyadenosine (dA) were purchased from ChemGenes Corp. (Wilmington, USA). NaCl was from Chimie-Plus laboratories (Bruy ères de Pouilly, France). HCl was provided by Carlo Erba (Val de Reuil, France). Water was purified using a Purite Still Plus system (Thame, U.K.) fitted with a reverse osmosis cartridge. DNA oligonucleotides were synthesized and HPLC-purified by Eurogentec (Angers, France). The 0.2 mL PCR tubes were from VWR (Leuven, Belgium).

Capillary electrophoresis

Capillary Electrophoresis (CE) experiments were carried out with a 3D-CE instrument (Agilent Technologies, Waldbronn, Germany) equipped with a diode array detector. Bare-fused silica capillaries were purchased from Photon Lines (Saint-Germain-en-Laye, France). Polyvinyl Alcohol (PVA) Coated Capillary were purchased from Interchim (Montluc ¸on, France). For the experiments performed in bare-fused silica capillary and in partial filling CE mode, the cassette was modified by abrading the plastic in order to create a channel for the capillary to re-enter in the cassette [18]. The capillary was immobilized with removable adhesive gum. This format allows the use a long capillary (105 cm) × 25 m inner diameter while keeping short effective length (60 cm). Indeed, in the peculiar enantioselective partial filling CE mode, the contact time between the solutes and the chiral selector increases with increasing selector plug length. Longer is the selector plug length and better is the enantiomeric separation. However, we observed that if the oligonucleotide plug length exceeded 50% of the total capillary length, the oligonucleotide plug moved toward the outlet side of the capillary. This generated UV-absorbing DNA interference. Then, we used a long capillary (105 cm) in order to inject a large oligonucleotide plug length (ß40 cm) while remaining below the 50% of the total capillary length. The cartridge was modified in order to decrease the effective capillary length (60 cm instead of 96.5 cm) and to reduce the analysis time. New bare-fused silica capillaries were conditioned by performing the following washes: 1 M NaOH for 30 min and water for 10 min. The washing process between runs was performed with 1 M NaOH during 5 min (corresponding to ß320% of the capillary volume (Vc), water (1.5 min, ß100% of the Vc) and electrolyte (5 min, ß320% of the Vc). An external pressure of 8 bar was used in both cases. DNA oligonucleotides was introduced into the capillary by using CE internal pressure (1 bar). The DNA injection time is reported in the supporting information and in the figure legends.

The CE experiments were carried out using the capillary partial filling mode [18] except when otherwise specified.For the experiments performed in PVA coated capillary the washing process between runs was performed with water (2 min, ß250% of the Vc) and electrolyte (5 min, ß630% of the Vc) at 1 bar. The resolution and efficiency were calculated using the Agilent software as previously reported [18]. Two electrolytes (BGE1 and BGE2) of different ionic strength were used in this work. BGE 1 is constituted by (Tris/HCl/NaCl 70/56/ 140 mM, pH 7.5) and BGE 2 by (Tris/HCl/NaCl 57.5/46/ 115 mM, pH 7.5).

DNA preparation and injection vial configuration

DNA stock solutions were prepared in pure water, aliquoted in small volumes (4-6 L) into a PCR tube and stored at -20°C. The working DNA solutions were obtained by adequate dilution, of the aliquoted stock solution. Prior to the first use, the working solutions were heated at 80°Cf o r 5 min and left to stand at room temperature for 30 min. After a brief centrifugation to recover condensed water vapor, the top of the PCR tube was cut. In order to use a very small amount of DNA sample, the injection vial configuration was also modified as previously described [18].

Results and discussion

Effect of the Poly-dT sequence length on the chiral resolution

Four poly-dT strands of different lengths (in the range of 5-60 bases) were screened using the previously reported library of 24 cationic and zwitterionic racemates (see Supporting Information Scheme S1). The experiments were performed by using the partial filling technique, as described in ref [18], with slight modification. In these experiments, a highly concentrated electrolyte (ionic strength 196 mM, pH 7.5) was used. The capillary was first fully filled with the BGE1 (Tris/HCl/NaCl 70/56/140 mM), then, a large plug of poly-dT (ß40% of the total volume of the capillary), in 2.1 times diluted BGE1, was introduced by pressure. The concentrations of the Poly-dT 5 , Poly-dT 10 , Poly-dT 30, and Poly-dT 60 used were 5.11 mM, 2.55 mM, 0.85 mM, and 0.46 mM, respectively (see Fig. 1). This maintained approximately constant the nucleotide concentration for all the experiments whatever the Poly-dT length. Upon applying positive voltage, Poly-dT migrated very slowly toward the inlet side of the capillary while the injected analytes migrated in the opposite direction.

The ionic strength of the BGE1 as well as that of the Poly-dT dilution medium were selected in such way that the conductivity in both compartments (BGE1 compartment and Poly-dT compartment), were approximately the same. In partial filling technique, especially in cases of highly concentrated electrically charged pseudostationary phases, this condition should be respected. Indeed, in CE, the current density (j) in the capillary is given by the modified Ohm's law (Eq. ( 1)) [19]:

j = E (1)
where E is the local electric field and is the electric conductivity of the solution. During the electrophoretic process, the current density is constant at any cross-section of the capillary [19].Then, if a difference in conductivity exist between the two compartments, the local electric field will vary inversely proportional with the conductivity. If the conductivity in the ON zone is too high comparatively to the electrolyte zone, the local electric field in ON compartment will be very low and the electrophoretic velocity of the ON will be close to zero. Consequently, the ONs will move, under the electroosmotic flow effect, toward the outlet side of the capillary. Due to the high conductivity of the BGE1 and in order to limit the joule effect, the experiments were performed in capillary of 25 m id. It is also important to notice that, in these experimental conditions, the maximal oligonucleotide injection volume cannot exceed 50% of the total volume of the capillary otherwise the oligonucleotide plug moves toward the outlet side of the capillary (toward the detector) even though the conductivity is the same in both compartments (BGE1 compartment and ON compartment). It is well known that in the presence of two different zones, in a bare-fused silica capillary, the average solvent flow is equal to the average of the electroosmotic mobilities of each zone, weighted by the relative lengths of the zones [20]. Then, we can assume that the electroosmotic mobility in ON compartment is higher than the electroosmotic mobility in the BGE1 compartment. Consequently, if the injected oligonucleotide plug length exceeds a certain length, the average solvent flow becomes higher than the electrophoretic mobility of the ON and the ON moves, under solvent flow effect, toward the detector (outlet side of the capillary).

As described in Fig. 1, among the 24 tested racemates, eight were partially or completely resolved by using Poly-dT 60 (trace (A)) and Poly-dT 30 (trace (B)) as pseudostationary phases, confirming our previous results [18]. The obtained resolutions were almost identical for the two ONs or slightly increased from Poly-dT 30 to Poly-dT 60 (Supporting Information Fig. S1). The other racemates cannot be CE resolved whatever the length of the Poly-dT used (data not shown). Below 30 bases, the resolution tended to be significantly reduced (or even abolished) as the Poly-dT length was shortened (e.g., Poly-dT 10 (trace (C)) and Poly-dT 5 (trace (D)). In all cases, the resolution improvement from Poly-dT 5 to Poly-dT 60 was associated with an increase in the solute migration times (Fig. 1). In the peculiar enantioselective partial filling CE mode, the measured migration time commonly increases with an increased length of the separation zone (effective plug length, PL eff ), as the result of a longer contact time between the solutes and the selector [21]. Obviously, the PL eff value depends, in part, on the electrophoretic mobility of the chiral selector [21].

To evaluate the impact of the effective plug length on the Poly-dT size-based enantioseparation behavior, we then carried out Poly-dT electrophoretic mobility measurements (see Fig. 2). The experiments were performed in neutral coated capillary with the same electrolyte as that used in Fig. 1. An electrophoretic marker (oxalic acid) was added to the Poly-dT sample for the determination of the residual electro-osmotic flow in the capillary. The Poly-dT migration times were converted into effective mobilities by using Eq. ( 2):

ep,Poly-dT = 1 t app,Poly-dT - 1 t EM lL V + ep,EM (2) 
where ep,Poly-dT is the effective mobility of the Poly-dT, l is the effective capillary length, L is the total capillary length, V is the applied voltage, t app,Poly-dT is the Poly-dT detection time, t EM and ep,EM are respectively the detection time and the effective mobility of the electrophoretic marker. Typical electropherograms are depicted in Fig. 2A. As described in this figure, the mobility difference between the four oligonucleotides was sufficient for their separation. In Fig. 2B, the ep,Poly-dT are plotted as a function of the Poly-dT length. The absolute values of ep,Poly-dT increased rapidly with the Poly-dT length increasing until ß30-mer long. Beyond this value, the ep,Poly-dT tended to level off. This behavior is well documented in the literature [22-25]. Sim et al. studied the flexibility of Poly-dT of different lengths (from 8 to 100 bases) by Small-Angle X-ray Scattering (SAXS) [26].They observed that the compactness of the Poly-dT ONs increases with the residues number.This effect is more pronounced at high salt concentration (NaCl ࣙ 125 mM), when more counterions are present to more effectively screen the charge repulsion of the DNA backbone [26].Thus, the quantitative trend of ep,Poly-dT versus the number of bases can be explained by the transition of the DNA structure from a rod-like to a coil-like conformation [24, 25]. Small rode-like oligonucleotides experience more solvent friction than larger, more highly coiled ONs [23, 25]. For long chains, charge and friction become linearly dependent on chain length which in turn determines the so-called "free-draining limit" [27]. Since the absolute electrophoretic DNA mobility increased with the ON size increasing, the PL eff value was then diminished from Poly-dT 5 to Poly-dT 60 . Considering that the measured mobility of enantiomers followed a reversed trend (Fig. 1), we deduced that the Poly-dT size-induced mobility shift of the enantiomers was dependent on other factors, including an increase in the (i) absolute complex mobility and/or (ii) apparent analyte binding to DNA [28].

We subsequently investigated the dependence of enantiomer mobility on the Poly-dT mobility. As a representative example, we focused on the chloroquine enantiomers for which the greatest mobility shift occurred when the poly-dT length increased. The average electrophoretic mobility of the chloroquine enantiomers ( ep,chloroquine ) was calculated and plotted against the ep,Poly-dT .A ss h o w n in Fig. 3A, an excellent correlation (R 2 = 0.9976) was 

)
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- obtained between ep,Poly-dT and ep,chloroquine . The result reveals that the poly-dT-induced solute mobility shift strongly depended on the size-based DNA mobility variation, leading to an enhanced electrokinetic contribution (that is, the difference between the enantiomer mobility and the complex mobility) through the increase in the absolute DNA:enantiomer complex mobility [28]. Although the nucleotide concentration was kept almost constant for all the Poly-dT, some changes in the association constants, binding sites and/or complex mobilities upon the sequence lengthinduced DNA conformational switch cannot be excluded and could concomitantly be implied in the solute migration time increase [28].

We next evaluated the influence of the Poly-dT mobility on the apparent selectivity factor S of the chloroquine enantioseparation (S = ( 2 -1 )/( 2 + 1 )where are the apparent mobilities of enantiomers). As shown in Fig. 3B, we also observed a very good correlation between the apparent selectivity factor and the ON mobilities (R 2 = 0.9856), suggesting that the Poly-dT length-mediated enhancement of the electrokinetic contribution to solute migration led also to a beneficial effect on the apparent selectivity. This can be explained by the direct relation that exists between the difference in the apparent electrophoretic mobility of enantiomers and the difference between the enantiomer mobility and the complex mobility [28]. As the chiral resolution is directly proportional to the S factor (R s = 0.5N 1/2 S, with N corresponding to the averaged theoretical plate number), the increase in the apparent selectivity with the Poly-dT length increasing allowed a significant enhancement of the chiral resolution (Fig. 3D). Therefore, the quantitative trend of ep,Poly-dT versus the number of residues (Fig. 2B) can explain, at least in part, the size-mediated separation behavior: the significant decrease in the absolute electrophoretic mobility for Poly-dT 10 and Poly-dT 5 led to a poorer electrokinetic contribution to S factor, then determining a lower chiral resolution. As additional contributing phenomenon, we also reported that the separation efficiency was enhanced with the Poly-dT size increasing (Fig. 3C), further improving the resolution. 

Effect of the base-pairing and chemical diversity on the chiral resolution

The second part of this work focused on the potential influence of the base-pairing and chemical diversity on the chiral resolution properties of ON chiral selectors. To rationally evaluate the effect of the structural switch from the singlestranded to double-stranded element, we first simply studied the enantioresolution ability of a double-stranded DNA template (dsDNA dA-dT ) constituted of the above-studied Poly-dT 30 fully hybridized to its complementary Poly-dA 30 sequence. For a comprehensive comparison, the structure was screened, independently, on the same library of 24 racemates (see Supporting Information Scheme S1) and the concentration of each element (ß1.6 mM) was maintained constant in all the experiments. As shown in Fig. 4A and4B, and as previously reported [18], Poly-dA 30 provided partial enantiomeric separation for seven chiral molecules (while the Poly-dT 30 allowed the resolution of eight racemates). However, only four racemates can be CE resolved by using the dsDNA dA-dT selector. Furthermore, as described in Fig. 4, among the ten racemates separated either by Poly-dA 30 or Poly-dT 30 ,o n l y two were also partly CE resolved by using the dsDNA dA-dT ,i.e. 1-naphthylalanine (1-Nal) and propanolol (PL). The significant modification in the analyte selectivity pattern for the double-stranded motifas compared to its single-stranded counterparts supported the occurrence of thermodynamic changes upon helix formation. To note, an electrokinetic contribution to the enantioseparation process could be additionally involved because some change in the electrophoretic mobility of dsDNA dA-dT was observed (see Supporting Information Fig. S2).

For weak DNA binders such as those tested here [18], the association with the DNA helix can classically involve (partial) intercalation, groove and nonspecific outside binding. For example, saccharin is known to interact with the minor groove of calf-thymus DNA [29] while small phenol derivatives can intercalate into the base-pairs of the double-stranded structure or bind to its groove outside sites [30]. In contrast, the chiral discrimination of the Poly-dA 30 or Poly-dT 30 is expected to only occur at the molecular level due to their unfolded state. Moreover, some previous works have shown that (i) aromatic compounds can engagestacking interactions with single bases [31] and (ii) simple nucleotides or nucleosides intrinsically possess some chiral discrimination features [32, 33]. It can be hypothesized that the unpaired and unstacked state of homopolymers determines facilitated accessibility of base binding sites, which would become partially or completely hidden by the formation of the double helix. Moreover, similar observation has been made several years ago by Shen and Pernet who have reported that the low-affinity DNA ligand norfloxacin binds more strongly to single-stranded DNA than duplex regions [34]. In absence of additional structural information, it was not possible to go further on the origins of the difference in the enantioselective capability between single-and double-stranded ONs. Nevertheless, the present data are of interest as they indicate that interactions with exposed nucleotides of single-stranded DNA were more efficient than the conventional binding modes of double-stranded DNA for resolving racemates of weak DNA binders.

We next aimed to investigate the role of the chemical diversity of single-stranded DNA on the enantioresolution. To achieve this, two single-stranded DNA heteropolymers were evaluated ( Li DNA 30.1 and Li DNA 30.2 ). The sequence was set at a 30-mer length and the composition was chosen in relation to their inability to form stable secondary structures. Both sequences were constituted by the same 30 bases (7 A, 9 C, 5 G and 9 T) but with different scrambled location. Melting temperatures, predicted by using the Zuker mfold Web server [35], for the electrolyte condition used in the following experiments, were negative for both sequences (see Table 1), highlighting the absence of any secondary structure. Moreover, Li DNA 30.1 and Li DNA 30.2 displayed approximately the same effective mobility, close to those of unstructured poly-dT and poly-dA ONs (see Table 1). Furthermore, their diffusion 

Sequences

T m (°C) a a) Melting temperatures were predicted by using Zuker mfold Web server (http://mfold.rna.albany.edu/? = mfold/DNA-Folding-Form). b) Diffusion coefficient measurements were performed by Taylor Dispersion Analysis (see in Supporting Information Fig. S2). c) Electrophoretic mobility measurement of the Li DNA 30.1 and Li DNA 30.2 was performed in neutral coating capillary at 10°C(see Supporting Information Fig. S4). The resolution obtained for the 24 tested racemates are shown in Supporting Information Table S1. coefficients determined by Taylor Dispersion Analysis (TDA) were of identical magnitude (see Supporting Information Fig. S3 for experimental details and results).

<D> n = 5 (10 -10 m 2 s -1 ) b < ep > n = 3 (10 -9 m 2 V -1 s -1 ) c Li DNA
81 62 43 24 0 (d) (c) (b) (a) 
These oligonucleotides were also screened on the library of 24 racemates (see Supporting Information Scheme S1). The obtained separations are depicted in Fig. 5. The two sequences demonstrated different selectivity patterns.

Li DNA 30.1 provided enantiomeric separation for 12 chiral molecules while the Li DNA 30.2 allowed the separation of seven racemates. Moreover, tryptophan methyl ester (WME) and propranolol (PL) can be resolved only with Li DNA 30.2 .M o r e interestingly, despite the fact that both sequences were constituted by nine thymines, no separation was observed for the chloroquine (CQ) and verapamil (VPM) for which Poly-dT 30 exhibited excellent resolving properties (see Fig. 3B). Higher chiral resolutions (2.59 versus 1.46) were reported for heteropolymers as compared with homopolymers (Table 2), demonstrating the importance of the chemical diversity in the chiral discrimination features. This confirms the results of our previously reported work that has shown that the less structured ON heteropolymer possessed the better chiral resolution capability [18]. In addition, the present data demonstrated that, for heteropolymers of identical sequence Experimental conditions as described in Figs. 4 and5.

composition, the spatial arrangement of the bases also controlled the chiral resolution and had to be considered in the design of ssDNA chiral selectors. This behavior supports an enantioselective binding mechanism that would involve multiple nucleotidic sites along the DNA chain rather than individual chiral moieties.

of low-affinity DNA binders. The sequence length should be higher than or equal to 30 mer in such way that the DNA molecule can adopt a coil-like conformation especially favorable for improving the electrokinetic contribution to apparent selectivity and then resolution. Next, we show that double helix-involved nucleotides are likely responsible for a thermodynamic loss of the enantioselective properties as compared to their 'free' counterparts. We also establish that the two single-stranded heteropolymers sequences screened possess better chiral resolution properties than poly-dA and poly-dT homopolymers. Finally, not only the conformation, the nucleotide 'free' state and the base chemical diversity but also the spatial arrangement of the bases has to be taken into account in the enantioseparation capabilities of ONs.

This work was supported by AGIR program (Univ. Grenoble Alpes) and ANR program Labex Arcane ANR -11-LABX -0003-01 (French National Research Agency). We acknowledge the financial scholarship support of the higher committee for education development in Iraq (LT).

Scheme S1. Names, abbreviation and chemical structures of the tested chiral compounds. Underlined racemates were not resolved by the screened DNA sequences.
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Resolutions obtained for the poly-dT chiral selectors of different lengths.

To note: plots for 1-Nal and Qal(2') are not presented as resolutions were too low to be accurately determined. Samples are diluted in BGE2. Other conditions as described in experimental section.

Abbreviation: EM (Electrophoretic marker: oxalic acid). 
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Figure 

where R C is the capillary radius and t R is the time required for the solute to reach the detector.

The viscosity was evaluated by CE using pressure mobilization. 4 Peak variance was determined by Gaussian fit. Samples are diluted in BGE2. After each run, the capillary was rinsed for 3 min with NaOH, 1.5 min with water and equilibrated with the eluent for 5 min. Other conditions as described in experimental section. Taylorgrams were normalized on the y and x-axis for a better comparison between the two samples. 

II.3.2 Conclusion

It has been inferred from this investigation the main sequence requirements of DNA oligonucleotides chiral selectors for the CE chiral resolution of low-affinity DNA binders. It was found that the sequence length of 30-mer (or more) is better for the enantioseparation properties. DNA adopts a coil-like conformation that improves the mobility of the oligonucleotide and then the selectivity of the chiral separation.

We have also demonstrated that the chiral recognition ability of the DNA oligonucleotides relies on the presence of free DNA bases as chiral separations capabilities of dsDNA dA-dT are mainly lost as compared with poly-dT 30 and poly-dA 30.

In CE enantioseparation, the difference in enantiomer mobility can be described by the following relation: 182

[Equation -1]
Where  is the measured mobility of the enantiomers, µ f the mobility in absence of chiral selector in the electrolyte,  c the mobility of the diastereosiomeric complex, K the binding constant between the selector and the enantiomer and the concentration of the chiral selector in the electrolyte.

From Eq. 1, it is obvious that the enantioseparation can be achieved when the binding constants K R and K S are different. This phenomenon, based on the thermodynamic contribution, is commonly retrieved in the literature. However, there exists very few examples of chiral separations that are only based on a difference in the diastereoisomer mobility 182 , that is related to an exclusive electrokinetic contribution.

Therefore, the K d of the two enantiomers should be measured in order to further investigate the mechanistic aspect of the CE chiral separation. We next focused our attention on these points to find if there is a difference between the affinities of enantiomers toward the DNA chiral selector. The thermodynamic contribution was assessed through the measurement of the dissociation constants between the enantiomers and the DNA chiral selectors.

II.4 Measurements of the binding constants between the enantiomers and DNA oligonucleotides

II.4.1 Introduction

The analysis of the interaction between a receptor and a ligand such as protein with drugs and toxins is of great importance in drug discovery and pharmaceutical development processes.

The quantitative measurement used to assess the affinity of a biological interaction can be the equilibrium dissociation constant (K d ). The smaller the dissociation constant, the more tightly bound the target is, or the higher the affinity between target and DNA is. The apparent K d is the concentration of DNA oligonucleotide at which 50% of the target is complexed to the DNA molecule, hence, it is expressed in units of molar (mole/liter).

A titration of the receptor with a target over a concentration range and vice versa too, combined with a method for detecting the receptor-target complex, provides a direct means to determine K d values 183,184 .

Many techniques have been developed to measure binding constants. Notably, Nuclear Magnetic Resonance (NMR) was used to determine the equilibrium constant by measuring equilibrium concentrations of the two conformers using NMR 185 , as well as capillary electrophoresis 186 . The capillary electrophoresis method can be used to find the binding constants through electrophoretic mobility shift assays 184 . The affinity capillary electrophoresis has been also introduced for the analysis of receptor-ligand interactions and relying only on the migration time and shape of the peak 187, 188, 189 . The fluorescence polarization spectroscopy was also introduced as a method to estimate the binding constant when the ligand possesses fluorescence ability 190,191 . In addition, quenching of the intrinsic fluorescence of tryptophan has been applied to measure the K d value when tryptophan is the ligand or when it is one of the components of the receptor (in the case of proteins) 192,191 .

To investigate the thermodynamic contribution of the chiral separation (see the sequences in table II- These species were chosen as model systems to estimate the dissociation constants of the analyte-ON complexes. 

II.4.2 Fluorescence of Tryptophan

II.4.2.1 Introduction

Fluorescence spectroscopy is one of the most widely used methods for monitoring drug-binding to plasma albumin 194 because of its sensitivity, accuracy, rapidity and ease of use 192 . The potentially fluorescent amino acid residues in proteins are tryptophan, tyrosine and phenylalanine. Among these three fluorescent amino acid constituents of proteins, tryptophan is the dominant source of intrinsic protein fluorescence 183 . As the understanding of protein-ligand binding is of prime interest in biochemistry and life sciences, number of studies have used the quenching of tryptophan fluorescence to determine the binding constants 183,191,195 . For example, some authors have studied the binding constants of some fungal metabolite productions with the human serum albumin as it contains tryptophan in its structure 191 . This quenching measurement of albumin fluorescence is a well-characterized methodology for the study of interactions of several substances with this protein 196 . Quenching of the ligand fluorescence by titration with a receptor to form receptor-ligand 95 complex may prove to be a rapid and facile method for determining the binding affinities of the receptor-ligand complex.

Herein, the addition of DNA oligonucleotide is expected to produce a decrease in the tryptophanfluorescence as the result of the stacking interaction between tryptophan and bases, enabling us to measure the dissociation constants. 

II.4.2.2 Materials and methods

Apparatus

Centrifuge

The centrifuge (Hettich ZENTRIFUGEN, Mikro 220R) has been used which permit to centrifuge the DNA oligonucleotide sample at 5°C [where the temperature range of this apparatus between -20 to +40°C, and the maximum rotational speed is 18000 rounds per minute (rpm)]. Generally, the centrifugation duration is between 1 second to 99 minutes. We used the duration of 30 min.

UV-visible spectrophotometer

The UV-visible spectrophotometer (Shimadzu UV mini 1240) has been used to estimate the concentration of DNA as this instrument allows for full spectral data acquisition over the wavelength range of 190 nm to 1100 nm. Upon completion of the spectral scan, the peaks and valleys can be marked within a few seconds. The measurements are carried out in a suprasil quartz cell of (1 mm) from Helma (sample volume of 5 µL). Basically, the Beer Lambert Law makes it possible to relate the amount of light absorbed to the concentration of the absorbing molecule. The extinction coefficient factor of DNA oligonucleotide is used to convert the absorbance (optical density) value at 260 nm to concentration of unknown DNA samples:

Where is the absorbance light value, is the extinction coefficient factor in (L.mol -1 .cm -1 ), is the length of solution the light passes through in (cm) and is the concentration of DNA solution in (mol.L -1 ).

Chemicals and materials:

Tryptophan (D and L), Tris(hydroxymethyl)aminomethane (Tris) and ion-exchange resin chelex 100 sodium form were purchased from Sigma-Aldrich (Saint-Quentin, France). Ethylenediaminetetraacetic acid disodium salt dihydrate was purchased from Carl Roth. Water was purified using a Purite Direct-Q 3UV (Millipore, France) fitted with a reverse osmosis cartridge and an ion exchange cartridge. Sodium chloride (NaCl) was purchased from Chimie-Plus laboratories (Bruyères de Pouilly, France). HCl and NaOH were provided by Carlo Erba (Val de Reuil, France). DNA oligonucleotides were synthesized and HPLC-purified by Eurogentec (Angers, France). The DNA sequences used are presented in (table II-1).
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The DNA oligonucleotide solutions were prepared in water and stored at -20°C. The working DNA solutions were obtained by adequate dilution of the stock solution in 2X concentrated binding buffer (Tris/HCl/NaCl 70/56/140 mM) at pH=7.5. Prior to the first utilization, the working solutions were heated at 80°C for 5 min and left to stand at room temperature for 30 min.

DNA purification protocol:

We used a Nanosep centrifugal device which contains low protein-binding Omega membrane to reduce non-specific adsorption. The retention properties of ultra-filtration membranes are expressed as Molecular Weight Cutoff of 3 kDa. Prior to adding the DNA solution, a preparation of nanosep was done by putting 70% ethanol and spun up to 7000 tours/min at 20°C for 30 min, followed by heating the nanosep with purified water for 5 min at 80°C then spun up to 5000 tours/min at 20°C for 40 min.

The lyophilized oligonucleotide was dissolved at a concentration of (2-3 mg/ml) in purified water with 0.15 M of Ethylenediamine-tetraacetic acid disodium salt dihydrate. The solution was added to a nanosep centrifugal device with a few balls of washed chelating ion-exchange resin chelex 100 sodium form, then spun up to 5000 tours/min at 5°C for 30 min. Then we pulled the filtrate and added purified water on the DNA solution in nanosep and re-spun up to 5000 tours/min at 5°C for 30 min. The previous step was re-done six times in total. After the centrifugation, the sample was pooled and lyophilized after estimation of the concentration by using a UV-visible spectrophotometer 198 .

II.4.2.3 Results and discussion

The first experiments were applied to measure the fluorescence emission spectrum for a mixture of protocol. The Li DNA 30.1 oligonucleotide concentration was calculated precisely by measuring the absorbance at 260 nm with extinction coefficients of Li DNA 30.1 (284 800 l.mol -1 .cm -1 ), using UV absorption before and after the purification process. From the results, the fluorescence intensity ratio of D and L-tryptophan was the same after the DNA purification. Furthermore, no effect of the salt quenching on the K d measurements was noted.

The same experiments were done with the poly-30T ssDNA, one at ambient temperature (20°C) and the other at 10°C (corresponding to the capillary electrophoresis separation conditions). Similar results (figure II-2) were observed. Also, we performed this measurement on D and L-tryptophan with the purified 30T ssDNA oligonucleotide; here again, similar data were obtained. From the data obtained using the fluorescence method, we can conclude that the K d was in the µmolar range, that is similar to the K d values observed in other studies of sera albumin -aptamers interaction 196 . More importantly, no significant difference can be observed between the K d values for the two enantiomers (figure II-4). Herein, the experiments were carried using the steady-state fluorescence anisotropy DNA-based assay that relies on the special excited state lifetime features of the SYBR Green (SG) dye (asymmetrical monomethine cyanine dye), as described by our lab in 2017 205 . This DNA binding probe exhibits a drastically short lifetime in solution, leading to a high FA signal, where SGoligonucleotides complex determines a singular and large depolarization depending on the concerted effects of extreme lifetime enhancement and resonance energy homotransfer.

SG is known to interact with dsDNA, ssDNA and G-quadruplex 205,206,207,208 , which produces a significant increase in the lifetime, leading to increase the ratio. So the anisotropy will decrease as it inversely dependent on ratio. In other words, the SG anisotropy decreases with the dye/base (d/b) ratio decreasing, followed by a clear transition (at d/b=0,1) where the further increase depolarization appears to result from the resonance energy homotransfer between the bound SG dyes. 

II.4.3.2 Material and method

Apparatus

TECAN spectrophotometer

Fluorescence anisotropy readings were taken on a Tecan Infinite F500 microplate reader (Männedorf, Switzerland) using black, 96-well Greiner Bio-One microplates (Courtaboeuf, France).

Excitation was set at 485 ± 20 nm and emission was collected with 535 ± 25 nm bandpass filters in relation to the nature of the fluorescent dye (SYBR Green). We used the total volume 100 µl of the sample in the microplates after testing two different volumes (100 µl and 50 µl), and we found that As a lower concentration of SG can ameliorate the SG FA assay 205 , we subsequently used 30T ssDNA, SG at 1.5X with 2.5% ethanol. A lower reaction temperature of 4°C (in line with our results in capillary electrophoresis 193,209 ) was also used. Here again, no difference between the D and L enantiomer assay data was reported (figure II-8 (B)).

The same experiment was concomitantly performed by using the 60T ssDNA, 10T ssDNA, 5T ssDNA From all these experiments, we can conclude that the apparent dissociation constants are in the mM range. As retrieved earlier with the fluorescence data, no significant differences are obtained between D and L enantiomer binding features. The K d differences observed between the two assays can be explained by the fact that the SG-based approach is based on a displacement strategy. A competition event between the dye and the analyte is therefore assumed to significantly increase the apparent dissociation constant.

Finally, we used another complementary technique such as nuclear magnetic resonance (NMR) spectroscopy for gaining further information on the chiral molecule-DNA oligonucleotide interaction. 

II.4.4.3 Results and discussion

As shown in the tryptophan spectrum (figure II-10), the aromatic proton peaks of the tryptophan were considered to evaluate the K d value, where the intensity of these peaks was normalized on TSP integral. The possibility of using this rigorous method was based on our observation that there is no overlap between the NMR spectra of tryptophan and 30T ssDNA in the studied region (figure II-10).

For the determination of the K d via the decrease of the aromatic proton intensity of the tryptophan peak, which is due to an increase of the NMR line-broadening, two sets of titration experiments were conducted for each enantiomer in which the tryptophan enantiomers concentrations were kept fixed at 50 µM. The 30T ssDNA concentration varied from 0 to 57.7 µM by adding the different volume of the stock solution at 250 µM 30T ssDNA in the same buffer to the tryptophan sample under optimized conditions. Where and are the peak heights of H E signal for the free and bound ligand, respectively, and can be defined in the following equation:

Where V F and V B represent NMR linewidths of the free and bound ligand, respectively, and and represent the total amount of ligand (tryptophan) and aptamer (30T ssDNA oligonucleotide in our case), respectively. For each titration, the peak heights of H E signal for the ligand were obtained to give and . The free and bound ligand linewidths were directly measured from NMR spectra by using the deconvolution model of Bruker software. In the firstàoptio ,àtheà t ue àe a tiosele ti it à i.àe.,àtheàKà atio àgo e sàtheàsepa atio àp o ess.àI à such a case, one possibility would be that the different characterization methods used are unsuitable for the studied systems. Indeed, all these techniques mainly rely on the stacking interaction between the indole ring of tryptophan and the DNA bases. If stacking interactions are of similar magnitude for the two enantiomers, no differential signal is expected upon the formation of the diastereoisomers.

Another possibility is that the investigation methods are unsufficiently performant in terms of accuracy and precision to highlight the enantioselectivity.

Alternatively, the thermodynamic contribution is really nil and the enantioseparation is only based on the difference in the mobility between the formed diastereoisomers (that is based on the electrokinetic contribution).

As a last option, a combined action of the two contributions can be also envisaged.

114

Chapter III

Conclusion and perspectives

Conclusion and perspectives

Stereochemistry and biological action provides an integrated perspective of chiral drugs from concept, synthesis, and pharmaceutical properties. Because of its profound relationship with pharmacology as well as medicine, the development of discrimination methods for chiral compounds is of pivotal importance not only in biomedical sciences but also in industry. As recently the DNA oligonucleotides started to be used as chiral selectors, the desired intent from this thesis was (1) to use DNA as chiral selector through capillary electrophoresis technique and (2) to investigate the mechanistic aspects of separation. The diverse possibilities of interactions (like electrostatic i te a tio s,à π-πà i te actions, hydrophobic effect and Van der Waals forces) make the DNA ONs efficient binding molecules, capable of binding to an array of molecular targets.

Initially, a diverse array of ten DNA oligonucleotides stretching from simple single-stranded homopolymeric DNA to secondary structure, duplex, hairpin and three-way junction architectures were studied. The partial filling capillary electrophoresis method made it possible for testing 24 chiral sorts with these DNA oligonucleotides chiral selectors. This group of molecules contains small aromatic compounds of pharmacological and biological importance like drugs, illegal drugs, aminoacids and derivatives, and nucleosides. The chiral discrimination properties were manifested in all DNA ONs tested at high concentration (milli-or submillimolar) against 21 from 24 cationic compounds carrying one phenyl group or contain two cycles with no net or one positive charge. The enantioseparation of 87.5% of the chiral molecules tested were performed with just 3 DNA ONs (hpDNA -31 , 3 WJDNA -36 , and hpDNA -24 ) with resolution as higher as 1.5 for most cases. In addition, the reversal of the enantiomer migration order was obtained with L-ONs selectors (L-hpDNA -14 ).

The poly-dT exhibited higher enantioseparation ability than poly-dA and poly-dC at the same sequence lengths which pointing the base composition role. Furthermore, the ONs having unpairedbase region presented better enantioseparation selectivity than the ONs possessing secondary structure and this indicated that the free bases possess an important role.

The ability to understand the sequence requirements of ONs chiral selectors is fundamental in an attempt to introduce them for scientific research works. Upon that, the second part of this thesis focused on the investigations of these requirements. Four poly-dT strands of different lengths (5, 10, 30 and 60 bases) presented enantioseparation with a clearly increase in the resolution from 5 to 30 bases, followed by a very slightly increase between 30 and 60 bases. Depending on the poly-dT 116 migration time in a neutral coated capillary, the poly-dT electrophoretic mobility measurements showed that the mobility increased with poly-dT length until 30 bases. As it was already proven that the compactness of poly-dT increased with the residues number, small poly-dT DNAs faced more solvent friction than the larger ones for which friction became linearly depending on chain length.

This, in turn, could explain the mobility (and then the selectivity) increase with the poly-dT length increasing from 5 to 30 bases.

We also focused on the base-pairing effect of the ONs by testing the same 24 aromatic molecules with double stranded dsDNA dA-dT for which only four racemates were resolved with different selectivities (as compared with seven with and eight for poly-dA 30 and poly-dT 30 , reqspectively). This 

Capillary Electrophoresis Study of the Chiral Resolution Properties of DNA Oligonucleotides

Abstract: Nowadays, drug stereochemistry has become a significant issue for both the pharmaceutical industry and the regulatory authorities. It has been demonstrated that nucleotides/ nucleosides or duplex and G-quadruplex structures showed some enantioselective properties. Nevertheless, to date, the use of DNA as chiral selector has been largely neglected. Using partial filling capillary electrophoresis (CE) method, highly efficient technique with little volume consumption need, the assessment of the enantioselective properties of a repertoire of arbitrarily chosen DNA oligonucleotides (ONs) characterized by diverse base compositions and structural features was studied for a series of various racemates. Under (sub) millimolar DNA concentration conditions, it was shown that all the ONs tested presented enantiodiscrimination properties for interesting organic compounds. The resolved compounds are either cationic carrying one phenyl group or contain two aromatic cycles with no net or one positive charge. Then, sequence prerequisites of ONs for the CE enantioseparation process were studied for a series of homopolymeric sequences (Poly-dT) of different lengths (from 5 to 60-mer) and for the discrimination of various enantiomers. The results showed that the sequence length of 30-mer (or more) of the ONs was better for the enantioseparation properties, where the DNA adopted a coil-likeà o fo atio ,à tha à ONsà ithà aà se ue eà le gthà ≤à -mer. The base-unpaired state constituted also an important factor in the chiral resolution ability of ONs. Moreover, the chemical diversity enhanced the enantioresolution ability of single-stranded ONs. Finally, several attempts have been conducted to study the thermodynamic contribution involved in enantiomeric separation obtained with DNA strands. Binding affinity constants were determined for tryptophan enantiomers towards Poly-dT 30 by three different techniques. The used methods did not allow determining a difference of affinity between enantiomers.

Key words: Chiral discrimination, DNA oligonucleotides, partial filling capillary electrophoresis, chiral drugs.

Étude par électrophorèse capillaire des propriétés de résolution chirale des oligonucléotides en série ADN

Résumé: De nos jours, la stéréochimie des médicaments est devenue un enjeu important aussi bien pour l'industrie pharmaceutique que pour les autorités réglementaires. Il a été démontré que les nucléotides / nucléosides ou les structures en double hélice et tétrade de guanine présentaient certaines propriétés énantiosélectives. Néanmoins, à ce jour, très peuàd tudesàseàso tàfo alis esàsu àl utilisatio àdeàl áDNàe àta tà que sélecteur chiral. G eà àl utilisatio àd u eà thodeàdeà e plissageàpa tiel,àlesàp op i t s de discrimination chirale d'un répertoire d'oligonucléotides (ONs) en série ADN caractérisé par diverses compositions de bases et de structures ont été testées sur une large gamme de mélanges racémiques par électrophorèse capillaire (EC), méthode séparati eàpe fo a teàutilisa tàdeàfai lesà olu esàd ha tillo s.à A des concentrations d'ADN submillimolaire, il a été montré que tous les ONs en série ADN testés, présentaient des capacités d'énantiodiscrimination vis-à-vis de plusieurs composés pertinents. Lesà ouplesà d a tio esà s pa sà so t,à soit des composés cationiques possédant un groupement phényle, soit des analytes sans charge nette ou avec une charge positive et comportant deux cycles aromatiques. Une étude portant sur les capacités séparatives de plusieurs séquences d'homopolymères poly-dT de longueurs différentes (de 5 à 60-mer) a ensuite été menée su à e tai sà ouplesàd a tio es.àLesà sultatsào tà o t à u u eàlo gueu à i i aleàdeà à ases,àoùàl'áDNà semble adopter une conformation de type pelote, présentait de meilleures propriétés d'énantioséparation u u eà s ue eà o stitu eà d u à a i u à deà à ases.àDeà plus,à la reconnaissance chirale des ONs en série ADN implique principalement des bases d'ADN libres dont la diversité chimique augmente leur capacité d'énantiorésolution. Finalement, afin d'étudier la contribution thermodynamique impliquée dans les s pa atio sà a tio i uesào te uesàpa àlesàONsàsi plesà i sàtest s,àdesà esu esàdeà o sta tesàd affi it à pour les énantiomères du tryptophane ont été réalisées vis-à-vis du Poly-dT 30 par trois techniques différentes. Lesà thodesàutilis esà o tàpasàpe isàdeàd te i e àu eàdiff e eàd affi it àe t eàlesàdeu à a tio es.à

Mots clés: Discrimination chirale, oligonucléotides en série ADN, remplissage partiel par electrophorèse capillaire, énantiomères de médicaments.
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 11 Figure I-11 Schematic representation of two-dimensional model of an IgG molecule 126 . Figure I-12 Schematic representation of DNA double helix 142 . (A) A space-filling model of 1.5 turns of the DNA double helix. Each turn of DNA is made up of 10.4 nucleotide pairs and the center-to-center distance between adjacent nucleotide pairs is 3.4 nm. The coiling of the two strands around each other creates two grooves in the double helix. As indicated in the figure, the wider groove is called the major groove, and the smaller the minor groove. (B) A short section of the double helix viewed from its side, showing four base pairs. The nucleotides are linked together covalently by phosphodieste à o dsàth oughàtheà ′-hydroxyl (-OH àg oupàofào eàsuga àa dàtheà ′phosphate (P) of the next. Thus, each polynucleotide strand has a chemical polarity;
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 134214441982993 Figure I-13Self-assembly of guanosine compound monomers to form a planar guanosine tetrad (left), a columnar aggregate of guanosine tetrads stabilized by cations (gray spheres) centrally located between tetrads (right) 159 .

Figure II- 4

 4 Figure II-4 The apparent K d estimation of D and L-tryptophan with 30T ssDNA at different concentrations (0-200 µM) at 20°C and 10°C.

Figure II- 5

 5 Figure II-5 Basic principle of fluorescence polarization 202 . A fluorophore is excited with light that is linearly polarized by passing through an excitation polarizing filter; the polarized fluorescence is measured through an emission polarizer either parallel or pe pe di ula à toà theà e iti gà light sà pla eà ofà pola izatio .à T oà i te sit à measurements are obtained (I V and I H ) and used for the calculation of FA.

Figure II- 6

 6 Figure II-6The basic principle of SG-based FA intercalator displacement assay 205

Figure II- 7

 7 Figure II-7 Titration curves of 30T ssDNA with and without analyte. The 30T ssDNA concentrations range (15624.9 -3.05 nM), L-tryptophan= 5.44 mM, in binding buffer (Tris/HCl/NaCl 70/56/140 mM), pH=7.5, with 2.5% ethanol at ambient temperature.

Figure II- 8

 8 Figure II-8 SG-based FA intercalator displacement assay using 30T ssDNA (48.8 nM) with D and L-tryptophan; (r-r 1 ) x1000 where r 1 is the fluorescence anisotropy in the absence of analyte. A) At ambient temperature SG at 4X concentration, D and L-tryptophan concentrations range (0.0 -5.44 mM) in binding buffer (Tris/HCl/NaCl 70/56/140 mM), pH=7.5 and 2.5% ethanol. B) At 4°C, SG at 1.5X concentration, D and Ltryptophan concentrations range (0.0-16.33 mM) in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5 and 2.5% ethanol.

Figure II- 9

 9 Figure II-9The effect of ethanol percentage on the SG assay, Li DNA 30.1 =25.6 nM, with Ltryptophan in the binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5, at 4°C.

Figure II- 10

 10 Figure II-10 NMR spectra of 30 ssDNA and Tryptophan, H E proton signal used in K d estimation.

Figure II- 11

 11 FigureII-11 NMR titration, plot of the B factor (Equation2) versus the total concentration of 30T ssDNA.

Figure II- 12

 12 Figure II-12The K d estimated by NMR titration for L and D-tryptophan with 30T ssDNA.

Figure IV- 1 A)

 1 Figure IV-1 A) Titration curves of 60T ssDNA with and without target. The 60T ssDNA concentrations range (200 -12.5 nM), L-tryptophan= 8.1 mM, in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5, and 2.5% ethanol at 4°C. B) SG-based FA intercalator displacement assay using 60T ssDNA (100 nM) with D and L-tryptophan concentrations range (16.33 -0.0 mM) in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5 and 2.5% ethanol at 4°C.

Figure IV- 2 A)

 2 Figure IV-2 A) Titration curves of 10T ssDNA with and without target. The 10T ssDNA concentrations range (391 -24.4 nM), L-tryptophan= 8.1 mM, in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5, and 2.5% ethanol at 4°C. B) SG-based FA intercalator displacement assay using 10T ssDNA (195.5 nM) with D and Ltryptophan concentrations range (16.33 -0.0) in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5 and 2.5% ethanol at 4°C.

Figure IV- 3 A)

 3 Figure IV-3 A) Titration curves of 5T ssDNA with and without target. The 5T ssDNA concentrations range (804 -50 nM), L-tryptophan= 8.1 mM, in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5, and 2.5% ethanol at 4°C. B) SG-based FA intercalator displacement assay using 5T ssDNA (407.2 nM) with D and Ltryptophan concentrations range (16.33 -0.0 mM) in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5 and 2.5% ethanol at 4°C.

Figure IV- 4

 4 Figure IV-4 Titration curves of Li DNA 30.1 with and without target. The Li DNA 30.1 concentrations range (2058.34 -4.02 nM), L-tryptophan = 5.44 mM, in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5, and 2.5% ethanol at 4°C.
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  structures à trois branches, ont été testées sur vingt-quatre ouplesàd a tio esà o p e a t des médicaments, des narcotiques, des acides aminés et des nucléosides. A des concentrations d'ADN (sub)millimolaires, il a été montré que tous les oligonucléotides en série ADN, même dans leurs formes non structurées les plus simples, présentaient des capacités d'énantiodiscrimination vis-à-vis de plusieurs composés pharmacologiquement pertinents. Une grande quantité de mélanges racémiques ont été résolus, allant de sept pour l oligo u l otideàdsDNA -30 à 15 pou àl oligo u l otideà hpDNA -31 . La combinaison de seulement trois oligonucléotides (hpDNA -31 , 3 WJDNA -36 et hpDNA -24 ) a permis la résolution de 87,5% des racémates aromatiques neutres et cationiques testés. Il est intéressant de mentionner qu'une résolution supérieure à 1,5 a été rapportée pour les trois quarts des énantiomères séparés. De plus, Il a été mis en évidence que les composés séparés sont soit cationiques et avec un groupement phényle, soit sans charge nette ou avec une charge positive et comportant deux cycles aromatiques.à Ceà t a ailà aà faità l o jetà d u eà pu li atio à da sà Analytical Chemistry, 2015, 87(11), Pages 5491-5495. Potentiellement, de nombreux énantiomères de médicaments possédants des groupements aromatiques et des groupements basiques pourraient être séparés avec ces nouveaux sélecteurs chiraux. Par la suite, afin d e a i e à l effetà des propriétés structurales des oligonucléotides sur la reconnaissance chirale, une étude portant sur les capacités séparatives de plusieurs séquences d'homopolymères poly-dT de longueurs différentes (de 5 à 60-mer) a été menée. Les vingt-quatre racémiques ont été criblés par électrophorèse capillaire avec les quatre homopolymères poly-dT. Il a été trouvé, par analyse de la dispersion de Taylor (Taylor Dispersion Analysis (TDA) ,à u u eàlongueur de séquence de 30 bases (ou plus) présentait de meilleures propriétés d'énantioséparation u u eà séquence constituée de moins de 10 bases. En effet, l'ADN semble adopter une conformation de type pelote qui améliore la mobilité de l'oligonucléotide dans l EC, de même que la sélectivité et la résolution apparentes desà a tio es.à áfi à deà o p e d eà l effetà duà passageà d u eà st u tu eà monocaténaire à une structure bicaténaire sur la discrimination chirale, nous avons simplement tudi àlesà apa it sàdeàs pa atio à hi aleàd u àáDNàdou leà i àdsDNA dA-dT o stitu àd u àoligo eà Poly-dT 30 complétement hybridé avec sa séquence complémentaire Poly-dA 30 . Seulement, quatre mélanges racémiques sur 24 étudiés ont été résolus avec ce sélecteur alors que la séquence Poly-dA 30 s pa eà pa tielle e tà à ouplesà d a tio esà età ueà leà pol dT 30 permet la résolution de 8 racémates. Cette modification significative dans la reconnaissance sélective de ce double brin comparé aux séquences simple brin est probablement due à des changements thermodynamiques lors de la formation de la double hélice. Ainsi, la reconnaissance chirale des oligonucléotides en série ADN impliquerait principalement des bases d'ADN non-appariées. Enfin, nous avons examiné le rôle deà laà di e sit à hi i ueà d hétéropolymères monocaténaires sur l'énantio-résolution. La discrimination chirale de deux ADNs simple brin ( Li DNA 30.1 et Li DNA 30.2 ) constitués de 5 guanines, 9 thymines, 7 adénines et 9 cytosines, avec des arrangements spatiaux différents des bases a été évaluée par EC. Les résultats ont montré que l'agencement spatial des bases dans les séquences oligonucléotidiques affectait de manière drastique la capacité d'énantiodiscrimination des ONs dans les mêmes conditions d ECà età au à esà o e t atio sà d ONs. Ceà t a ailà aà faità l o jetà d u eà publication dans Electrophoresis, 2017, 38, Pages 1383-1390. Finalement, afin d'étudier la contribution thermodynamique impliquée dans les séparations énantiomériques obtenues, des mesures de constantes d affi it à pou à lesà a tio esà duà t ptopha eào tà t à alis es.àDesàessaisàpa àspe t os opieào tà t àeffe tu sàe àsui a tàl i te sit àdeàfluorescence du tryptophane émise en fonction de la concentration en oligonucléotide. Des o sta tesàdeàdisso iatio àsi ilai esà e t eà lesà deu à a tio esàetàdeàl o d eàd u eàt e tai eàdeà µM ont été déterminées par cette méthode. Un essai compétitif par anisotropie de fluorescence utilisant le SYBR G ee àaà gale e tà t àe ut àetàaà o fi à u ilà àa aitàdeàdiff e eàd affi it à entre le L-et le D-tryptophane pour le Poly-dT 30 . Des essais par Résonnance Magnétique Nucléaire ont aussi été réalisés.à Lesà e p ie esà o duitesà o tà pasà pe isà deà montrer une différence de fixation entre les deux énantiomères du tryptophane vis-à-vis du Poly-dT 30 . En conclusion, on peut émettre deux hypothèses : (i) soit les techniques utilisées sont inadaptées ou ne sont pas assez performantes pour mettre en évidence une différence d affi it e t eàlesàdeu à a tio esàduàt ptopha eà is-à-vis du Poly-dT 30 ii àsoitàilà e isteàpasàdeà différence de fixation du D-et du L-t ptopha eà su à l oligo eà Pol -dT 30 . Dans ce dernier cas, on pourrait alors expliquer la différence de séparation obtenue en EC par la différence de mobilité électrophorétique des deux diastéréoisomères du tryptophane. En conclusion, ce travail représente la première démonstration deà l utilisatio à d oligo u l otidesàe às ieàáDNàpou àlaàs pa atio à hi aleàd u àla geà e tailàd a al tesàet pourrait permettre le développement de sélecteurs chiraux oligonucléotidiques performants utilisables pour des applications pharmaceutiques ou environnementales. an asymmetric carbon center has a unique three-dimensional shape and is called chiral, from Greek cheir ea i gà ha d .à án enantiomer and its mirror image are not completely identical as the àdiffe ài àthei à ha d ess àa dàa eà otàsupe i posable. Chiral molecules are called e a tio e s 1 . The origin of the chirality lies in stereoisomerism, and the two different forms of a chiral pair (isomers) comprise the same number and types of atoms, but they differ from each other by the way of orientation of atoms (or group of atoms) in a three dimensional space 2 .
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 1 Figure I-1: Non-super imposable enantiomers of a chiral molecule.



  Donor-acceptor (Pirkle-type) selectors  Ligand exchange selectors (chelating agents) •àMa o clic selectors: Biopolymers and derivatives (proteins, polysaccharide derivatives)  Synthetic polymers  Molecularly imprinted polymers  Antibody I.1.2.1 Donor-acceptor-type selectors (Pirkle type)

  . This work paved the way for a class of CSPs that are known as Brush type or Pirkletype CSPs (in recognition of the pioneering role Pirkle played in this field over decades). Pirkle type CSPs have been prepared by using low molecular weight selectors which have been designed to contain only those interaction sites that are essential for the separation of the enantiomers. Brush type columns have a wide range of physical compositions ranging from amino acids to substituted naphthyl rings. These CSPs generally fall into three classes: π -electron acceptors such as phenylglycine, π -electron donors such as naphthylleucine, and π -electron acceptor / π -electron donors such as Whelk-O1 (4-(3, 4-dinitrobenzamide, tetrahydrophenanthrene). Theà π-do o à o à π-acceptor CSP belongs to the oldest applications in chiral HPLC separations.

Pirkle-type chiral

  selectors have widely been used in HPLC in nonaqueous medium. In capillary electrophoresis, the Pirkle-type (R)-DNBPG chiral selector (R)-(2)-N-(3,5-dinitrobenzoyl)-a-phenylglycine has been also used by Thormann et al. for separating albendazole sulfoxide (ABZSO)

  . During the chromatographic process, the coordinated ligands are reversibly replaced by other ligands, such as molecules of water, ammonia, or other components of the eluent. A quick exchange of ligands in the metal ion coordination sphere dictates the name of the technique ligand-exchange chromatography (LEC) 26 . Our group, in 2008, succeeded in growing a new class of ligand-exchange chiral stationary phase (LE-CSP) based on the copper complexes of lipophilic aminoglycoside derivatives. Different stationary phases were developed by coating reversed-phase liquid chromatography supports with three neamine derivatives carrying a lipophilic octadecyl chain at the 4, 5 and 6 positions, respectively. A simple change in the substituent position appears to have crucial effects on the chiral discrimination p ope tiesàofàtheài o ilizedà ea i eà etallode i ati es,àtheà ′-neamine derivative being the most efficient ligand for the amino acid enantiomeric separation 10 . In capillary electrophoresis, ligand exchange was the first enantioselective separation technique used. As early as 1985, Gassman et al. reported on the use of Cu(II)-L-histidine complex in ammonium acetate background electrolyte (BGE) for a successful separation of enantiomers of a number of dansyl-amino acids (Dns-AAs). In this one-phase system, the only driving force for chiral recognition is the difference in the thermodynamic stabilities of diastereomeric ternary complexes Cu(II)-L-histidine -L-or D-Dns-AA formed by the analyte enantiomers with the chiral selector [Cu(II)-Lhistidine]. This difference results in the differential involvement of the two analyte enantiomers in the formation of ternary complexes 31 .

( 1 , 4 )

 14 -linked D-(+)-glucopyranose units. Native CDs are cyclic oligosaccharides consisting of six (-CD), seven (-CD), and eight (-CD) glucopyranose units (as shown in figureI-4). In 2006, -CD (nine glucopyranose units) was introduced into a CE system by Schurig et al.34 ; however, its applicability, so far, is limited.

Figure I- 4 :

 4 Figure I-4: Chemical structures of Native CDs, six (-CD), seven (-CD), and eight (-CD).

Figure I- 5 :

 5 Figure I-5: Chemical structures of (-CD), representing the hydrophobic cavity.

Figure I- 6 :

 6 Figure I-6: Chemical structures of (+)-(18-crown-6)-2, 3, 11, 12-tetracarboxylic acid (18C 6 H 4 ).

Figure I- 7 :

 7 Figure I-7: Chemical structures of some Macrocyclic antiobiotics.

Figure I- 8 :

 8 Figure I-8: Chemical structures of Cellulose, MCT, CTPC and CDMPC. Source: adapted from ref.92 .

Figure I- 9 :

 9 Figure I-9: Chemical structures of Amylose and ADMPC. Source: adapted from ref. 92 .

  bound the functional groups in a polymerizable form to a suitable template molecule (as illustrated in figure I-10) 112 . The structure of the matrix is crucial in the imprinting process. As the specific structure of the cavity is not determined by low molecular weight molecules, but by the fixed arrangement of the polymer chains, the optimization of the polymer structure is extremely important. The polymer should have the following properties 113 : a) Stiffness of the polymer structure. b) High flexibility of the polymer. c) Good accessibility of as many cavities as possible in the highly cross-linked polymer. d) Mechanical stability of the polymer particles. (e) Thermal stability of the polymers.

  recognition ability is dependent on several factors, such as shape complementarity, functional complementarity, contributions from the surrounding environment 109 . Compared to other recognition systems, MIPs have become attractive in many fields, such as purification and separation, chemo/biosensing, drug delivery, catalysis, owing to their high physical stability, straightforward preparation, remarkable robustness and low cost 116 . This technique was used for the enantioseparation of different molecules by various analytical technologies as the separation of amino acids, amino acid derivatives, peptides, amines, carboxylic acids and some commercial drugs racemates in HPLC117, 118 , amino acid enantioseparation in CEC 119 , separation of L and D-phenylalanine anilide in thin-layer chromatography 120 .

Figure I- 10 :

 10 Figure I-10: Schematic representation of covalent and non-covalent molecular imprinting procedures 109 .

  Immunoglobulins (Igs) belong to the eponymous immunoglobulin super-family (IgSF). They consist of two heavy (H) and two light (L) chains (Figure I-,à he eàtheàLà hai à a à o sistàofàeithe àaà ào àaà à chain. Each component chain contains one NH 2 -te i alà a ia le (V) IgSF domain and one or more COOH-te i alà o sta t à C à Ig"Fàdo ai s,àea hàofà them consisting in t oàsa d i hedàβàpleatedà sheets pinned together by a disulfide bridge between two conserved cysteine residues. Each V or C domain consists of approximately 110-130 amino acids, averaging 12,000-13,000 kDa 124 . The use of antibodies in detecting analytes predates the 1950s 125 and became widespread by the 1970s, when polyclonal sera from immunized animals was the popular choice.

Figure I- 11 :

 11 Figure I-11: Schematic representation of two-dimensional model of an IgG molecule 126 .

  structure was proposed by James Watson and Francis Crick in 1953 who changed our view of the world, the importance of this discovery was awarded the Nobel Prize in Physiology and Medicine in 1962. Each chain consists of a sequence of nucleotides. The latter consist of a phosphodiester linking two nucleotides consecutive between them, a sugar, 2-deoxyribose, and one of the four nitrogenous bases (two purines bases type -adenine (A) and guanine (G), and two pyrimidines bases such thymine (T) and cytosine(C). Each DNA strand is composed of a skeleton hydrophilic sugarphosphate, which is connected to hydrophobic nitrogenous bases139 .The double helix (figure I-12) consists of two intertwined helical phosphate-sugar backbones, with the heterocyclic DNA bases projecting inwards from each of the two strands. Each strand is complementary to the opposite strand, running in opposite directions. If one strand has an adenine at a position, its anti-parallel strand would have a thymine at the corresponding position. Likewise, guanine and cytosine would be complementary linked by hydrogen bonds and these base-pairs are stacked on top of each other along the helix axis. The glycosidic bonds (the links between sugar and base) are related by the perpendicular dyad, so that they occur in identical orientations with respect to the helix axis. The two glycosidic bonds of a pair will not only be the same distance apart for all pairs, but can be fitted into the structure either way round. This feature allows all four bases to occur on both chains, and so any sequence of bases can fit into the double helix. The two chains are said to bear a complementary relationship to each other. This means, as Crick and Watson spelt out in their second paper in Nature in May 1953, that when the two chains come apart during replication of DNA, each can be used as a template to assemble a duplicate of its former partner. The crucial feature of the structure of DNA is not therefore the actual double helical form of the two phosphatesugar chains eye-catching as it is-but the unique pairing of the bases projecting from each strand 140, 141 .

Figure I- 12 :

 12 Figure I-12: Schematic representation of DNA double helix 142 . (A) A space-filling model of 1.5 turns of the DNA double helix. Each turn of DNA is made up of 10.4 nucleotide pairs and the center-to-center distance between adjacent nucleotide pairs is 3.4 nm. The coiling of the two strands around each other creates two grooves in the double helix. As indicated in the figure, the wider groove is called the major groove, and the smaller the minor groove. (B) A short section of the double helix viewed from its side, showing four base pairs. The nucleotides are linked together o ale tl à àphosphodieste à o dsàth oughàtheà ′-hydroxyl (-OH) group of one

  applications. In the work first published in 1997, the capacity of CE to separate chiral transition metal (TM) complexes of the type [M(diimine) 3 ]n, like Λàa dàΔ-['u , -bipyridine, (bpy) 3 ] 2+ and Λàa dàΔ-[Ru ( 1,10-phenanthroline,phen) 3 ] 2+ by adding calf-thymus (CT) DNA directly to the run buffer has been demonstrated. It is straightforward to establish the relative binding affinity of the isomers to DNA based on the migration order 149 .

  monomers157 .While non covalent interactions that enable the formation of a G-quadruplex are certainly interconnected, the structure can be dissected in figure (I-13). In the first, four molecules of G use self-complementary hydrogen bonds to form a planar G-quartet. Then, the G-quartets stack with a separation of 3.3 Ångström (Å) between individual layers. An octacoordinate cation, which forms cation-dipole interactions with eight separate molecules of G and located between the two Gquartets, stabilizes hydrogen-bonded quartets and enhances base-stacking interactions to provide a C 4 -symmetric G 8 •K + octamer. One remarkable feature of this structure is the four colinear cations, spaced 3.3 Å apart, that are arranged down a central channel. The electrostatic repulsion that might be expected between the channel cations is clearly minimized by the G-quartet oxygen atoms and aromatic rings 156 .As monomer concentration is increased, the G-tetrads stack upon themselves through π-π coupling to form columnar, helical structures 158 . These structures are generally stabilized by centrally located metal cations such as K + that are coordinated to oxygen atoms in the guanosine monomers. An important feature of G-gels is their tunability as a function of temperature, pH, guanosine compound concentration and cation content154, 156 .

Figure I- 13 :

 13 Figure I-13: Self-assembly of guanosine compound monomers to form a planar guanosine tetrad (left), a columnar aggregate of guanosine tetrads stabilized by cations (gray spheres) centrally located between tetrads (right) 159 .

Figure I- 14 :

 14 Figure I-14: Schematic representation of the functionality of aptamers 163 .

  electrochromatography (CEC) to separate nontarget compounds like binary mixtures of amino acids (D-trp and D-tyr), enantiomers (D-trp and L-trp), and polycyclic aromatic hydrocarbons (naphthalene and phenanthrene, benzo[a]pyrene, or benzo-[ghi]perylene) 171 .



  The objective of this work is to highlight the chiral resolution capabilities of single-stranded DNA oligonucleotides, by capillary electrophoresis, in order to find new types of DNA-based chiral selectors. In the first step of the work, the chiral resolution properties of an array of arbitrarily chosen DNA oligonucleotides (ONs) were studied. A total of 24 chiral species were tested for enantiodiscrimination. Ten oligonucleotidic sequences characterized by diverse base compositions and structural features, ranging from secondary structure-free homooligonucleotides to duplex, hairpin and three-way junction architectures, were investigated in CE through the partial filling method.  In the second part of my thesis, we inspected the enantioselective properties of simple single-stranded sequences lacking any secondary structure, homopolymers poly-dA and poly-dT (sequences of 30-nt length). Poly-dT homopolymers of different sizes (from 5-to 60-mer) were used to investigate the sequence length effect on ONs chiral discrimination properties.The enantiomeric capability of a double-stranded poly-dA:poly-dT (dsDNA dA-dT ) was also studied. Finally, we investigated the role of the chemical diversity of the single-strand DNA heteropolymers on the enantioresolution. Two single-stranded DNA ( Li DNA 30.1 and Li DNA 30.2 )

  Analytical Chemistry Journal in 2015, 87(11), Pages 5491-5495. Chiral Resolution Capabilities of DNA Oligonucleotides Luma Tohala, Farid Oukacine, Corinne Ravelet, and Eric Peyrin* UniversitéGrenoble Alpes, DPM UMR 5063, F-38041 Grenoble, CNRS, DPM UMR 5063, F-38041 Grenoble, France * S Supporting InformationABSTRACT: Herein, we studied the chiral resolution properties of a repertoire of arbitrarily chosen DNA oligonucleotides (ON). Ten oligonucleotidic sequences characterized by diverse base compositions, sizes, and structural features, ranging from secondary structure-free homo-oligonucleotides to duplex, hairpin, and three-way junction architectures, were investigated as potential chiral selectors. Their enantioselective features were assessed by using ONs as running buffer additives in partial-filling capillary electrophoresis. It was shown that all the screened sequences displayed enantiodiscrimination capabilities toward small aromatic compounds. Under (sub)millimolar DNA concentration conditions, the combination of only three oligonucleotidic sequences provided the chiral resolution of around 20 racemates, including drugs, illegal drugs, amino-acids, and nucleosides. This work represents the first demonstration of such analyte selectivity spectrum for nucleic acid-based chiral separation tools.

Scheme 1 .

 1 Scheme 1. (a) Sequences of Arbitrarily Chosen ONs Screened in the Present Work a and (b) Schematic illustration of the CE-Based Chiral Separation Procedure Using Oligonucleotides As Running Buffer Additives under Capillary Partial Filling Mode

Figure 1 .

 1 Figure 1. Electropherograms for the chiral resolution of 10 racemates by using poly dT (top), poly dA and poly dC (bottom) as running buffer additives. Experimental conditions: [DNA] at ∼1.6 mM. T =10 °C. DNA injection volume ∼190 nL. Other conditions are in the Supporting Information.Figure 2. Electropherograms for the chiral resolution of 21 racemates by using (a) hpDNA -24 , (b) hpDNA -31 , and (c) 3 WJDNA -36 as running buffer additives. Experimental conditions are in the Supporting Information.
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 2 Figure 1. Electropherograms for the chiral resolution of 10 racemates by using poly dT (top), poly dA and poly dC (bottom) as running buffer additives. Experimental conditions: [DNA] at ∼1.6 mM. T =10 °C. DNA injection volume ∼190 nL. Other conditions are in the Supporting Information.Figure 2. Electropherograms for the chiral resolution of 21 racemates by using (a) hpDNA -24 , (b) hpDNA -31 , and (c) 3 WJDNA -36 as running buffer additives. Experimental conditions are in the Supporting Information.
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Finally, we inspected

  the role of the chemical diversity of the single-strand DNA heteropolymers on the enantioresolution. Two single-stranded DNA ( Li DNA 30.1 and Li DNA 30.2 ) were studied. Both sequences were constituted by 5 guanines, 9 thymines, 7 adenines and 9 cytosines. The only difference between them was related to the spatial arrangement of the bases. This part is already published in Electrophoresis Journal in 2017, 38(9-10), Pages 1383-1390.

Figure 1 .

 1 Figure 1. Electropherograms for the chiral resolution of eight racemates by using Poly-dT 60 , Poly-dT 30 , Poly-dT 10 ,a n dP o l y -d T 5 as chiral selectors. Experimental conditions: Fused silica capillary 105 cm (60 cm to the detector) × 25 m id. Applied voltage: + 30 kV. T1 0 °C. Electrolyte: BGE1 (70 mM Tris + 56 mM HCl + 140 mM NaCl (pH 7.5)). DNA concentration: Poly-dT 60 at 0.46 mM, Poly-dT 30 at 0.85 mM, Poly-dT 10 at 2.55 mM, Poly-dT 5 at 5.11 mM in 2.1 times diluted BGE1. DNA was introduced into the capillary by hydrodynamic injection (1 bar, 4.5 min). Other conditions are described in Supplementary Fig. 1 and in the experimental section. VPM (Verapamil), Qal(2') (H-␤-(2-Quinolyl)-Ala-OH), CQ (Chloroquine), Trp (Tryptophan), 1-MT (1-Methyl-Tryptophan), 1-Nal (1-Naphtylalanine), Bta (H-␤-(3-Benzothienyl)-Ala-OH), PL (Propanolol).

Figure 2 .

 2 Figure 2. Electropherograms of the Poly-dT in time-scale (A). Effect of the Poly-dT base number on their effective mobilities (B). Experimental conditions: Poly(vinyl alcohol) coated capillary 54.1 cm (45.6 cm to the detector) × 50 mi dT1 0 °C. Applied voltage: -14 kV. Hydrodynamic injection: 50 mbar, 5 s. Electrolyte: BGE1 (70 mM Tris + 56 mM HCl + 140 mM NaCl (pH 7.5)). Samples: Oxalic acid at 3.9 mM + Poly-dT 5 at 0.10 mM + Poly-dT 10 at 0.05 mM + Poly-dT 30 at 0.02 mM + Poly-dT 60 at 0.01 mM. Samples are diluted in BGE1. Other conditions are described in experimental section. EM (Electrophoretic marker: oxalic acid).

2 )Figure 3 .

 23 Figure 3. Effect of the Poly-dT electrophoretic mobility ( ep,ON ) on the electrophoretic mobility of the chloroquine enantiomers ( ep,chloroquine ) (A) and on the apparent selectivity factor (S) (B). Separation efficiency (N) (C) and resolution (R s ) (D) as a function of the sequence length of the Poly-dT ONs. Experimental conditions as described in Figs. 1 and 2.

Figure 4 .

 4 Figure 4. Comparison of the chiral resolution capabilities of the DNA homopolymers (Poly-dA 30 and Poly-dT 30 ) and a double stranded Poly-dA 30 *Poly-dT 30 (dsDNA dA-dT ). Experimental conditions: Fused silica capillary 105 cm (60 cm to the detector) × 25 m id. Applied voltage: + 30 kV. Electrolyte: BGE2 (57.5 mM Tris + 46 mM HCl + 115 mM NaCl (pH 7.5)). Other experimental conditions are described in the experimental section and in the Supporting Information Fig. S4. Bta (H-␤-(3-Benzothienyl)-Ala-OH), CQ (Chloroquine), MDMA (Methylenedioxymethamphetamine), 1-Nal (1-Naphtylalanine), Qal(2') (H-␤-(2-Quinolyl)-Ala-OH), VPM (Verapamil), dA (2'-Deoxyadenosine), Trp (Tryptophan), 1-MT (1-Methyl-Tryptophan), PL (Propanolol), ISP (Isoprenaline), TRA (Tramadol).

Figure 5 .

 5 Figure 5. Comparison of the chiral resolution capabilities of the Li DNA 30.1 and Li DNA 30.2 . Experimental conditions: Fused silica capillary 105 cm (60 cm to the detector) × 25 m I.D. Applied voltage: + 30 kV. Electrolyte: BGE2 (57.5 mM Tris + 46 mM HCl + 115 mM NaCl (pH 7.5)). Other conditions are described in Supporting Information Fig. S5. NE (Norepinephrine), 1-MT (1-Methyl-Tryptophan), TRA (Tramadol), dA (2'-Deoxyadenosine), Bta (H-␤-(3-Benzothienyl)-Ala-OH), ISP (Isoprenaline), dG (2'-Deoxyguanosine), 1-Nal (1-Naphtylalanine), PMA (Paramethoxyamphetamine), MDMA (Methylenedioxymethamphetamine), Trp (Tryptophan), Qal(2') (H-␤-(2-Quinolyl)-Ala-OH), PL (Propanolol), WME (Tryptophan methyl ester).

Figure S2 .

 S2 Figure S2. Electropherograms of Poly-dT 30 , Poly-dA 30 and dsDNA dA-dT in time-scale (A) and in effective mobility scale (B).

  Figure Trace[dsDNA dA-dT ] DNA, t inj a

Figure S3 .

 S3 Figure S3. Diffusion coefficients measurement of the Li DNA 30.1 and Li DNA 30.2 by Taylor dispersion analysis. Taylor dispersion Analysis (TDA) was used for the diffusion coefficients measurement of the Li DNA 30.1 and Li DNA 30.2 sequences. Briefly, TDA based on the seminal work of Taylor 1 and later on Aris, 2 consists of the analysis of peak broadening of a solute plug in a laminar Poiseuille flow. The coupling of the dispersive velocity profile to the molecular diffusion, that redistributes the molecules along the capillary cross section, leads to the so-called Taylor dispersion. Diffusion coefficient (D) of the solute is related to the temporal variance (σ 2 ) of the elution profile by Equation (1):32

  Experimental conditions: Fused silica capillary 65 cm (56.5 cm to the detector) × 50 m I.D. T 25°C. Pressure of mobilization: 50 mbars. UV detection at 254 nm. Hydrodynamic injection: 50 mbars, 5 s. Eluent: BGE2 (57.5 mM Tris + 46 mM HCl + 115 mM NaCl (pH 7.5,  = 0.919×10 -3 Pa s)). Samples: Li DNA 30.1 at 0.023 mM, Li DNA 30.2 at 0.022 mM.

2 Figure S4 .

 2S4 Figure S4. Electropherograms of Li DNA 30.1 and Li DNA 30.2 in time-scale (A) and in effective mobility scale (B).

1 )

 1 , three methods were tested, based on: The intrinsic fluorescence of tryptophan  A lifetime-sensitive fluorescence anisotropy assay  A Nuclear magnetic resonance spectroscopy (NMR) analysis 94 The above-described chiral discriminations reveal that the tryptophan enantiomers are well separated by the single-stranded DNA heterpolymer Li DNA 30.1 and homopolymer 30T selectors 193 .

  : Spectrofluorometer Using a spectrofluorometer (FluoroMax-4, HORIBA) we measured and recorded the fluorescence of tryptophan in the presence of DNA oligonucleotide. This optical system is composed of six elements: continuous light source (xenon arc-lamp), excitation and emission monochromators, sample compartment, signal and reference detectors 197 . The spectrofluorometer used was capable of taking excitation and emission in the range of 190 to 980 nm by the reference detector which is just before the sample compartment. We used excitation and emission slit width of 5 nm. The system scans the spectrum up to 200 nm /s with accuracy better than 0.5 nm. The temperature was adjusted during the fluorescence measurement by the peltier sample cooler F-3004. All fluorescence emission spectra of tryptophan was obtained by exciting the tryptophan-DNA sample at 280 nm, and scanning the emission band between 300 -450 nm leading to find the ( max = 360 nm) which then used as emission wavelength of D and L-tryptophan. The measurements were carried out in a suprasil quartz cell from Helma with volume of 80 µl of the tryptophan-DNA sample.

0. 5

 5 µM tryptophan in binding buffer pH=7.5 (Tris/HCl/NaCl 70/56/140 mM) and Li DNA 30.1 at different concentrations (0-320 µM). Tryptophan is practically the only fluorescent amino acid to absorb at à ex = 280 nm, and the emission was measured between 300 -à à toà fi dà em max. All experiments were performed at room temperature. A maximum wavelength of 360 nm was observed and chosen to follow the tryptophan quenching fluorescence. The fluorescence intensity of tryptophan decreased with the oligonucleotide concentration increasing, as depicted in (figure II-1).

Figure II- 1 :

 1 Figure II-1: A) The fluorescence emission spectrum of L-tryptophan (0.5 µM ,à e à=à à ,ài à i di gà uffe à (Tris/HCl/NaCl 70/56/140 mM) at pH=7.5 under ambient temperature (20°C), in the presence of Li DNA 30.1 at different concentrations (0-320 µM), the fluorescence of tryptophan decreased with the Li DNA 30.1 concentration increasing. B) The fluorescence intensity of D and L-tryptophan (0.5 µM) at 360 nm,à e à=à à nm, in binding buffer (Tris/HCl/NaCl 70/56/140 mM) at pH=7.5 under ambient temperature (20°C), Li DNA 30.1 at different concentrations (0-320 µM).

Figure II- 2 :BFigure II- 3 :

 23 Figure II-2: A) The fluorescence intensity ratio of D and L-tryptophan (0.5 µM ,à ex = à ,à em =360 nm, 30T ssDNA at different concentrations (0-200 µM) at 10°C. B) The fluorescence intensity ratio of D and L-tryptophan . µM ,à ex = à ,à em = 360 nm, 30T ssDNA at different concentrations (0-200 µM) at 20°C.

Figure II- 4 :

 4 Figure II-4: The apparent K d estimation of D and L-tryptophan with 30T ssDNA at different concentrations (0-200 µM) at 20°C and 10°C.

  the binding features of the oligonucleotides, we performed additional experiments by using another rapid, available laboratory's internal technique. Fluorescence polarization/fluorescence anisotropy (FP/FA) is a versatile solution-based technique that has been widely used to study molecular interactions, enzymatic activity and nucleic acid hybridization. It is very popular in the biochemical/biophysical field as well as in the analytical chemistry area for clinical, environmental and food control applications 200 . After its first theoretical description in 1926 by Perrin 201 , the application has evolved for obtaining binding isotherms under carefully controlled settings to study the small molecule-protein, antigen-antibody and hormonereceptor binding in miniaturized automated devices. When a fluorophore in solution is exposed to a plane-polarized light at its excitation wavelength, the resulting emission can be depolarized. The depolarization results from the motion of the fluorophore during the processes of excitation and emission. Because of this, the more rapid the motion of the fluorophore the more the emission is depolarized. The fluorescence emission can be segregated, using polarizers, into horizontal and vertical components, as schematically shown below 202 .

Figure II- 5 :

 5 Figure II-5: Basic principle of fluorescence polarization 202 . A fluorophore is excited with light that is linearly polarized by passing through an excitation polarizing filter; the polarized fluorescence is measured through an e issio à pola ize à eithe à pa allelà o à pe pe di ula à toà theà e iti gà light sà pla eà ofà pola izatio .à T oà i te sit à measurements are obtained (I V and I H ) and used for the calculation of FA.
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  specific intercalator displacement assays, through FA variation monitoring related to the ligandinduced changes of the free and DNA-bound fractions of SG, can be used to estimate an apparent K d value (figure II-6).

Figure II- 6 :

 6 Figure II-6:The basic principle of SG-based FA intercalator displacement assay205 . The SG has a good ability to bind ssDNA to form a complex, leading to a decrease of FA signal. As soon as the ligand is added to the SG-DNA solution, the FA signal will re-increase when the tryptophan replaces the SG in the DNA binding sites. The result is consistent with the competitor-induced release of SG from the DNA molecule.

  the 100 µl was more stable (Standard deviation=5.1) comparing with 50 µl (Standard deviation=29.2) in Microsoft excel calculation. All experiments were done in triplicate. constructed at ambient temperature with L-tryptophan and without ligand (figure II-7). The SG was 4X in a final concentration containing 2.5% ethanol. In absence of analyte, the r value of SG was greatly diminished with the base/dye (b/d) ratio decreasing. The titration curve displayed a plateau in the 0.06-6 b/d range with a minimal value r as low as ∼0.178 followed by an increase in the anisotropy. Such distinct behavior revealed combined depolarization mechanisms. At nearly saturating DNA concentration, the FA change between free and DNA-bound states can be assigned to the increase in the ratio upon the SG lifetime improvement. The further depolarization that appeared at a large density of dye along DNA was designed to the well-known resonance energy homotransfer (homo-RET) between closely located molecules, leading to enhanced FA variation. The addition of increasing amounts of tryptophan into the pre-incubated SG: 30T ssDNA solution led to an increase in the FA signal. The result is consistent with the competitor-induced release of SG from the DNA molecule. The biggest difference in the anisotropy was observed for the 48.8 nM 30T ssDNA concentration. Then, different amounts of D and L-tryptophan were introduced into the 30T ssDNA (48.8 nM) solution. As shown in figure II-8(A), no significant difference between D and Ltryptophan assays was observed.

Figure II- 7 :Figure II- 8 :

 78 Figure II-7: Titration curves of 30T ssDNA with and without analyte. The 30T ssDNA concentrations range (15624.9 -3.05 nM), L-tryptophan= 5.44 mM, in binding buffer (Tris/HCl/NaCl 70/56/140 mM), pH=7.5, with 2.5% ethanol at ambient temperature.

and Li DNA 30 . 1 .

 301 Different concentrations of ONs in binding buffer (NaCl 115 mM, HCl 46 mM, Tris 57.5 mM) and the SG 1.5X with 2.5% ethanol at 4°C were used and the resulting titration curves are shown in annexes (figures IV-1, IV-2, IV-3 and IV-4). The fixed concentrations of these ONs for the SGbased FA intercalator displacement assay were as follows: 60T ssDNA (100 nM), 10T ssDNA (195.5 nM), 5T ssDNA (407.2 nM) and Li DNA 30.1 (128.25 nM). Here again, similar behaviours were found for the D and L tryptophan enantiomers. Additional FA SG assay displacement experiments were performed with another couple of enantiomers such as D and L-methyl tryptophan 193 . We did not observe any difference between the displacement ability of two enantiomers towards Li DNA 30.1 (shown in annexes figure IV-5).

  of ethanol was added to the SG solution, it was important to verify that there was no effect on the analyte recognition by DNA oligonucleotides. At 2.5% and 10% ethanol, no significant difference in the SG FA was observed (figure II-9).

Figure II- 9 :

 9 Figure II-9:The effect of ethanol percentage on the SG assay, Li DNA 30.1 =25.6 nM, with L-tryptophan in the binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5, at 4°C.

1D 1 H

 1 Over the past decade, NMR spectroscopy has evolved as an important tool for drug discovery210 . The structure-affinity relationships screening method was developed to identify ligands that bind a therapeutic target by observing chemical shift changes in two-dimensional (2D) 1 H-15 N spectra 211 .The NMR experiment gives a picture of the speciation (solution composition) of a system at equilibrium.1 H NMR spectroscopic technique is specific for weak binding characterization. The K d value can be measured by monitoring the decrease of the ligand signal upon the addition of a receptor 212 . This protocol was employed to estimate the dissociation constants for the ligand-NMR experiments on oligonucleotide samples were performed at 25 °C using a 500 MHz Bruker Avance spectrometer equipped with a Prodigy CryoProbe. Data processing and analysis were performed by using the Bruker topspin 3.0 software. By starting from fixed D-and L-tryptophan concentration of 50 µM, the 30T ssDNA concentration, gradually added to the solution, ranged from 0.25 to 57.7 µM. The decrease of the aromatic proton intensity of the tryptophan signals, which is due to an increase of the NMR line-broadening, was quantified. The experimental conditions used here were those that correspond to our chiral separation results by capillary electrophoresis, that is, (Tris D 11 /HCl/NaCl 70/56/140 mM buffer at pH 7.5). Furthermore, the deuterium oxide (D 2 O) as well as Tris D 11 were used to decrease the buffer proton signals in NMR spectra. Chemicals and materials: Tryptophan (D and L) and 3-(Trimethylsilyl)propionic-2,2,3,3-d 4 acid sodium salt were purchased from Sigma-Aldrich (Saint-Quentin, France). HCl was provided by Carlo Erba (Val de Reuil, France). Deuterium oxide and Tris D 11 were purchased from Euriso-top. NaCl was obtained from Chimie-Plus laboratories (Bruyères de Pouilly, France). DNA oligonucleotides were synthesized and HPLC-purified by Eurogentec (Angers, France). The oligonucleotide solutions were prepared in water and stored at -20 °C before purification step (as seen previously in II.4.2.2). The working DNA solutions were obtained by adequate dilution of the stock solution in the binding buffer. The tryptophan samples were prepared in stock solution contain 50 µM of D-or L-tryptophan, 10 µM 3-(Trimethylsilyl)propionic-2,2,3,3-d 4 acid sodium salt (TSP) and binding buffer (Tris D 11 /HCl/NaCl 70/56 /140 mM) at pH 7.5 prepared in deuterium oxide.

Figure II- 10 :

 10 Figure II-10: NMR spectra of 30 ssDNA and Tryptophan, H E proton signal used in K d estimation.

  peaks were selected and peak positions were measured relative to a TSP reference set to 0.0 ppm. Experimentally, the peak heights of tryptophan have been measured as a function of 30T ssDNA concentration at ambient temperature (25 °C) after normalization with regard to the TSP (figureII-11). Individual peak height H E in the aromatic region of tryptophan (see NMR spectra of tryptophan, figure II-10) was selected as it showed the clearest effect of the 30T ssDNA concentration increasing. In this figure, two series of experiments realized at different time for Dtryptophan and L-tryptophan were presented.

Figure II- 11 :

 11 Figure II-11: NMR titration, plot of the B factor (Equation2) versus the total concentration of 30T ssDNA.

  The K d calculated by the previous equation was 71.45 (± 22.8) µM for L-tryptophan and 176.46 (± 94) µM for D-tryptophan, in reasonable agreement with the data obtained by using the tryptophan fluorescence assay. Considering the very significant standard deviation of the experimental data, the binding of the enantiomers to the oligonucleotide cannot be considered as statistically different.

Figure II- 12 :

 12 Figure II-12: The K d estimated by NMR titration for L and D-tryptophan with 30T ssDNA.

IV. 1 5 and 2 .

 152 Figure IV-1: A) Titration curves of 60T ssDNA with and without target. The 60T ssDNA concentrations range (200 -12.5 nM), L-tryptophan= 8.1 mM, in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5, and 2.5% ethanol at 4°C. B) SG-based FA intercalator displacement assay using 60T ssDNA (100 nM) with D and Ltryptophan concentrations range (16.33 -0.0 mM) in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5 and 2.5% ethanol at 4°C.

Figure IV- 2 :Figure IV- 3 :

 23 Figure IV-2: A) Titration curves of 10T ssDNA with and without target. The 10T ssDNA concentrations range (391 -24.4 nM), L-tryptophan= 8.1 mM, in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5, and 2.5% ethanol at 4°C. B) SG-based FA intercalator displacement assay using 10T ssDNA (195.5 nM) with D and Ltryptophan concentrations range (16.33 -0.0) in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5 and 2.5% ethanol at 4°C.

Figure IV- 4 :Figure IV- 5 :

 45 Figure IV-4: Titration curves of Li DNA 30.1 with and without target. The Li DNA 30.1 concentrations range (2058.34 -4.02 nM), L-tryptophan = 5.44 mM, in binding buffer (Tris/HCl/NaCl 57.5/46/115 mM), pH=7.5, and 2.5% ethanol at 4°C.
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  [START_REF] Hesse | Eine vollständige Recemattennung durch eluitons-chromagographie an cellulose-tri-acetat[END_REF] , and later when Okamoto et al. coated MCT on silica gel,

	they also observed this phenomenon 90 . Besides MCT, other cellulose derivatives with high chiral
	recognition abilities were not reported since 1984.
	In 1984, Okamoto et al. synthesized cellulose trisphenylcarbamate (CTPC) through the reaction of
	microcrystalline cellulose (Avicel) with phenyl isocyanate and evaluated it for HPLC as well as other
	polysaccharides, amylose, chitosan, xylan, curdlan, dextran, and inulin, were allowed to react with a
	large excess of phenyl isocyanate. The resulting phenylcarbamates were absorbed on macroporous
	silica gel and used as CSPs for HPLC. The chiral discrimination of the stationary phases depended
	greatly on the polysaccharides; cellulose and xylan phases resolved all the racemic compounds
	studied when hexane:2-propanol mixture (90:10) was used as eluent

Table S1

 S1 Resolution obtained for the 24 tested racemates using the ten screened DNA sequences.

						DNA Oligonucleotides				
	Analytes	Poly-dA	Poly-dC	poly-dT	dsDNA-30	hpDNA-31	3	WJDNA	-36	hpDNA-24	hpDNA-14	mxDNA-40	tbDNA-38	Best Rs
	1-MT			1.45	1.50	13.25		4.05		7.59	2.18	8.59	4.98	13.25
	dA	0.62				2.59		1.64			0.55			2.59
	Trp			1.48	0.47	4.17		1.43		5.61	1.17	3.58	2.87	5.61
	dG					3.51		2.31			1.34	3.36	7.69	7.69
	1-Nal	0.68		0.70	2.17	5.10		2.63		3.89	3.99			5.10
	CQ	0.62	2.66	4.24						1.50				4.24
	PL			0.91						0.91		0.58		0.91
	PMA					1.72		2.33		0.63	1.12	1.78	0.45	2.33
	AMP							1.40		0.38				1.40
	dC							0.68						0.68
	TRA					2.00		0.73		0.71		2.14	1.38	2.14
	TME							0.86				0.76		0.86
	ISP					1.76								1.76
	NE					2.23								2.23
	VPM	0.60	1.40	1.61	1.38	0.62				1.19	4.67	1.21	1.93	4.67
	WME					2.51						1.33	1.34	2.51
	Phe													
	ATE					1.61								1.61
	Bta	0.70	0.58	0.70	2.65	5.62		2.47		5.56	1.66	5.49	5.96	5.96

  Ta b l e 1 . Physico-chemical properties of Li DNA 30.1 and Li DNA 30.2

Table S1 .

 S1 Resolutions obtained for the tested racemates using Li DNA 30.1 and Li DNA 30.2 as chiral selectors.

	Figure Trace	[ Li DNA 30.1 ]	DNA, t inj	a	T	Racemate sequential injection
	Li DNA 30.1 Li DNA 30.2	PMA MDMA Trp Qal(2') 1.41 0.47 2.42 2.21 0 0 1.65 0.72 (a) 1.60 mM in 3.0 time diluted BGE2 4.5 min ISP 0.87 1.82 dG 0 0 10°C 1.60 mM in 3.0	1-Nal TRA 8.32 0.90 2.13 3.31 1.72 dA Bta NE 10.28 0 0 2.42 0 1/ PMA 0.25 g/L (10 kV, 10 s) 2/ MDMA 0.28 g/L (10 kV, 10 s) 3/ Trp 0.16 g/L (10 kV, 15 s) 4/ Qal(2') 0.17 g/L (10 kV, 15 s) 1/ ISP 0.75 g/L (10 kV, 10 s)	1-MT WME 4.23 0 5.13 1.07	PL 0 0.48
			(b)	time diluted	4.5 min		10°C	2/ dG 1.08 g/L (10 kV, 10 s)
	A)	BGE2 No chiral separation for CQ, AMP, dC, TME, VPM, Phe, ATE, BCL, EPH, TPS with both DNA sequences. 3/ 1-Nal 0.13 g/L + ACN 5% v/v (15 kV, 10 s) 1.60 mM in 3.0 1/ TRA 0.54 g/L (10 kV, 15 s)
			(c)	time diluted	4.5 min		10°C	2/ dA 0.88 g/L (10 kV, 10 s)
				BGE2			3/ Bta 0.20 g/L + ACN 5% v/v (10 kV, 20 s)
			(d)	1.60 mM in 2.9 time diluted BGE2	4.5 min		10°C 1/ NE 0.53 g/L (10 kV, 10 s) 2/ 1-MT 0.17 g/L (10 kV, 15 s)
	Figure Trace	[ Li DNA 30.2 ]	DNA, t inj	a	T	Racemate sequential injection
							1/ WME 0.41 g/L (10 kV, 15 s)
				1.70 mM in 2.8			2/ BGE2 (30 kV, 60 s)
			(a)	time diluted	4.5 min		10°C	3/ 1-MT 0.20 g/L (10 kV, 10 s)
				BGE2			4/ BGE2 (30 kV, 60 s)
							5/ 1-Nal 0.13 g/L + ACN 5% v/v (15 kV, 10 s)
							1/ Trp 0.16 g/L (10 kV, 15 s)
	B)			1.70 mM in 2.8			2/ BGE2 (30 kV, 120 s)
			(b)	time diluted	4.5 min		10°C	3/ Bta 0.2 g/L + ACN 5% v/v (10 kV, 20 s)
				BGE2			4/ BGE2 (30 kV, 120 s) 5/ Qal(2') 0.18 g/L (10 kV, 15 s)
				1.70 mM in 2.8		
			(c)	time diluted	4.2 min		15°C PL 0.51 g/L (10 kV, 10 s)
				BGE2		
		a Injection time of the DNA oligonucleotide (at 1 bar).
		BGE2 (57.5 mM Tris + 46 mM HCl + 115 mM NaCl (pH 7.5)).
		Analytes are diluted in BGE2.		

Table II - 1 :

 II1 Sequences of DNA Oligonucleotides used in binding constant measurements

	Name	Sequences (5'-3')
	60TssDNA	TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
	30TssDNA	TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
	10TssDNA	TTTTTTTTTT
	Li DNA 30.1	GTTATCTCGCGCCATATACCAGTCCATTAG
	Li DNA 30.2	GTCACATCAATTCTAAGGCATCTCGGTCTC
	 állà theseà oligo u leotidesà did tà p ese tà a à secondary structure according to M fold software
	(http://unafold.rna.albany.edu/?q=mfold/dna-folding-form).

DOI: 10.1021/acs.analchem.5b01252 Anal. Chem. 2015, 87, 5491-5495
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Concluding remarksIn summary, we systematically investigate the sequence requirements of ON chiral selectors for the CE chiral resolution C 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Chemicals and materials:

SYBR Green I (SG), Tris(hydroxymethyl)aminomethane (Tris), Tryptophan and 1-Methyl tryptophan were purchased from Sigma-Aldrich (Saint-Quentin, France). Water was purified using a Purite Direct-Q 3UV (Millipore, France) fitted with a reverse osmosis cartridge and an ion exchange cartridge. NaCl was from Chimie-Plus laboratories (Bruyères de Pouilly, France). Ethanol, HCl and NaOH and were provided by Carlo Erba (Val de Reuil, France). DNA oligonucleotides were synthesized and HPLCpurified by Eurogentec (Angers, France).

The oligonucleotide solutions used (table II- The best stability and repeatability 205 of the SG FA is obtained in the presence of a small percentage of organic solvent; two different percentages of ethanol added to the buffer sample (5% and 2.5%) were then tested. It was found that the addition of 2.5% ethanol in the SG solution increased the repeatability of FA measurements.

II.4.3.3 Results and discussion

In the first stage of this work, the titration curve of SG in binding buffer (NaCl 115 mM, HCl 48 mM, Tris 57.5 mM) with different concentrations of 30T ssDNA starting from 50 000 to 3,05 nM, was 117

The enantioseparation in CE relies on the binding constant difference of the enantiomers for the chiral selector and/or the mobility difference of the diastereoisomeric complexes.

In most cases, the accessibility of K d estimation reveals a thermodynamic contribution (Eq. 1) and help to understand the DNA separation mechanisms. As we did not success to estimate difference in K d , the thermodynamic contribution could not be proven in the present study. However, the involvement of a combination of the thermodynamic and electrokinetic contributions is potentially conceivable and needs to be further investigated.

Several proposals related to the present results could to be investigated in the future:

The modification of the physico-chemical properties (hydrophobicity, charge density) of the DNA oligonucleotides could be evaluated to increase their enantioselective properties in order to separate other kind of molecules that were not separated here.

The separation involves different forces of attraction (hydrophobic effect, Van der Waals forces and electrostatic interactions) between the ligand and the selector. To be able to improve a separation, it is necessary to play on one or more of these forces. Hydrophobic groups could be covalently added during the synthesis to the DNA to improve the hydrophobic effect, for example. Optionally, DNAs with cationic backbones could be also used to separate the anions as well.