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Electrospun Cellulosic Membranes towards Efficient Chiral Resolutions via Enantioselective Permeation

Cellulose tris(3,5-dimethylphenylcarbamate) (CDMPC) known as one of the most versatile chiral selectors packed in columns for chiral chromatography is electrospun for the first time. The electrospun nanofibers with mean diameter 329 nm form a self-standing nonwoven textile with specific surface area of 5.6 m 2 /g. The textile is sandwiched between commercially available polytetrafluoroethylene membrane filters as a support material to fabricate a CDMPC membrane system for the chiral resolution of a racemic mixture, (R,S)-1-(1-naphthyl)ethanol. A vacuum filtration of the racemic mixture through the membrane system using a mixed solvent of n-hexane/2-propanol = 9/1 (v/v) enriches the S-enantiomer in the filtrate due to an enantioselective sorption of the R-enantiomer. The sorption capacity can be regenerated repeatedly via extractions of the adsorbed enantiomers from the membrane system after the filtrations. By repeating the vacuum filtration-extraction process for 15 cycles, the enantiomeric excess (e.e.) of the S-isomer in the filtrate increases up to 32.9%.

In the chemical and biomedical industries, purification of target molecules from natural and synthetic materials is essential. Chiral resolution of biologically interesting racemic mixtures, such as drugs, agrochemicals, food additives, etc. are very important because their physiological properties usually depend on their chirality. For example, an anti-inflammatory drug (S)-Naproxen shows therapeutic activity, while its (R)enantiomer causes liver poisoning. Chiral resolution by High Performance Liquid Chromatography (HPLC) has become an important tool in the analytical determination of chiral compounds. [START_REF] Okamoto | Chiral HPLC for efficient resolution of enantiomers[END_REF][START_REF] Ikai | Structure Control of Polysaccharide Derivatives for Efficient Separation of Enantiomers by Chromatography[END_REF] Cellulose and amylose derivatives such as phenyl carbamates and esters are known as chiral selectors when immobilized on silica gels, so-called chiral stationary phases (CSPs), that are packed in columns for chiral HPLC. Cellulose tris(3,5-dimethylphenylcarbamate) (CDMPC) is one of the most established chiral selectors. Its chiral recognition mechanism via specific interactions such as hydrogen bonding, dipole-dipole interactions, and - stacking between the functional groups arranged on the chiral cellulose backbones and various enantiomers has been widely studied. [START_REF] Okamoto | Polysaccharide Derivatives for Chromatographic Separation of Enantiomers[END_REF] However, apart from its high enantioseparation performance for a wide variety of racemic mixtures, the HPLC method presents the disadvantage of being typically discontinuous and analytical small-scale. Thus, it is urgent to develop novel strategies that enable large-scale chiral resolutions.

Among various techniques of purification, membrane-based purification is regarded as economically competitive and most importantly it can be operated continuously under mild conditions. Enantioenrichment via permeation of a racemic mixture through enantioselective membranes is one of the promising strategies towards large-scale chiral resolutions. Enantioselective membranes preferentially allow one of the enantiomers to adsorb to or diffuse into the membranes thanks to their chiral recognition sites (e.g. chiral polymer backbones or side chains) incorporated into the membranes. [START_REF] Higuchi | Polymeric Membranes for Chiral Separation of Pharmaceuticals and Chemicals[END_REF][START_REF] Singh | Optical Resolution of Racemic Mixtures of Amino Acids through Nanofiltration Membrane Process[END_REF] In 1987, a pioneering study on the enantioenrichments of amino acids through polymeric membranes was reported by Ishihara et al. [START_REF] Ishihara | Optical resolution of amino acids by a polymer membrane having cyclodextrin moieties[END_REF] Aqueous solutions of racemic amino acids such as phenylalanine, tryptophan, and histidine were permeated through membranes made of a polyacrylonitrile bearing cyclodextrin (-CyD) as a chiral pendant group, and the Lisomers preferentially penetrated due to enantioselective adsorptions of the D-isomers into the -CyD moiety in the membrane. Later on, several studies on the enantioenrichments of racemic mixtures via permeation through enantioselective membranes made of natural chiral polymers, e.g. polypeptides and polysaccharides, were reported. For instance, L-tryptophan was preferentially permeated through a membrane made of a poly(-methyl-L-glutamate) (PMLG) derivative reported by Aoki et al. [START_REF] Aoki | Enantioselective permeation through poly[γ-[3-(pentamethyldisiloxanyl)propyl]-lglutamate] membranes[END_REF] and D-tryptophan was preferentially permeated through a membrane made of a chitosan derivative reported by Kim et al. [START_REF] Kim | Optical resolution of α-amino acids through enantioselective polymeric membranes based on polysaccharides[END_REF] via pressure-driven permeations of racemic DLtryptophan solutions. Yashima et al. [START_REF] Yashima | Enantiomer enrichment of oxprenolol through cellulose tris(3,5dimethylphenylcarbamate) membrane[END_REF] reported the enantioenrichment of a chiral drug, Oxprenol, known as a nonselective beta blocker via the R-enantiomer preferential permeation of the racemic solution through a membrane made of CDMPC. Although these previous studies presented a promising outlook for enantioselective membranes, there are still many hurdles to overcome for efficient chiral resolutions via membrane-based purification. Considering that most of the enantioselective membranes reported so far are porous membranes cast as polymeric films, they have structural disadvantages (e.g. small specific surface area (SSA), low liquid transport property, and fragility) for efficient permeation. Thus, the development of optimal structures for enantioselective membranes is the key to efficient chiral resolution. The challenge is to realize large SSA, while ensuring mechanical stability of the membrane and its liquid transport properties.

Electrospinning is a well-established technique for the production of continuous fibers and their nonwoven textiles. It uses high electric fields to draw charged threads of polymer solutions or melts. [START_REF] Greiner | Electrospinning: a fascinating method for the preparation of ultrathin fibers[END_REF][START_REF] Huang | A review on polymer nanofibers by electrospinning and their applications in nanocomposites[END_REF][START_REF] Li | Electrospinning of Nanofibers: Reinventing the Wheel?[END_REF] Diameters of electrospun fibers range from several nanometers to a few micrometers and offer distinctly large SSA of their nonwoven textiles. For example, SSA of a nonwoven textile with fiber diameter 100 nm is about 40 m 2 /g (assuming that the density of the polymer is 1.0 g/cm 3 ), which is 400 times larger SSA than that of a typical porous membrane cast as a polymeric film (0.2 m 2 /g). [START_REF] Yoshikawa | Molecularly Imprinted Membranes: Past, Present, and Future[END_REF] Structural features of the electrospun textiles such as nano-scale interstitial spaces and interconnectivity between the fibers provide high porosity and good mechanical properties of the membranes. Hence, electrospun materials are promising scaffolds for efficient membrane-based purifications. Electrospinning of natural polymers including polysaccharides and their derivatives has attracted ever-increasing attention for diverse biomedical applications such as tissue engineering, wound healing, and drug delivery. [START_REF] Sridhar | Electrosprayed nanoparticles and electrospun nanofibers based on natural materials: applications in tissue regeneration, drug delivery and pharmaceuticals[END_REF][START_REF] Otsuka | Electrospun Biomaterials[END_REF] Potential applications of the polysaccharides-based electrospun materials include purifications of gases and liquids to eliminate harmful compounds such as toxic metal ions, pathogenic microorganisms, and contaminant particulates via membrane-based purifications. [START_REF] Desai | Nanofibrous chitosan non-wovens for filtration applications[END_REF][START_REF] Haider | Preparation of the electrospun chitosan nanofibers and their applications to the adsorption of Cu(II) and Pb(II) ions from an aqueous solution[END_REF][START_REF] Zhou | Electrospinning ultrathin continuous cellulose acetate fibers for high-flux water filtration[END_REF] Therefore, electrospinning of polysaccharidic chiral selectors that are widely used as the CSPs for the chiral HPLC columns is likely to be a productive approach for efficient chiral resolutions. In this study, we electrospin CDMPC to fabricate a self-standing nanofibrous textile that constitutes an enantioselective membrane system and demonstrate an enantioselective permeation of (R,S)-1-(1naphthyl)ethanol via vacuum filtrations as a proof of concept. The CDMPC sample prepared from commercially available microcrystalline cellulose (Avicel ® PH-101) and 3,5dimethylphenyl isocyanate according to the previous report [START_REF] Okamoto | Chromatographic resolution: XI. Controlled chiral recognition of cellulose triphenylcarbamate derivatives supported on silica gel[END_REF] was soluble in several organic solvents that are commonly used for electrospinning such as acetone, tetrahydrofuran (THF), N,N'-dimethylformamide (DMF), and N,N-dimethylacetamide (DMAc). The CDMPC was dissolved in mixed solvents of higher volatile solvents, i.e. acetone (b.p. 56 °C) and THF (b.p. 66 °C), and lower volatile ones, i.e. DMF (b.p. 153 °C) and DMAc (b.p. 165 °C), to adjust the vapor pressure in order to stabilize the electrospinning jet. Among several combinations of the solvents and their fractions, a mixture of acetone and DMAc (acetone/DMAc = 1/1 (v/v)) that gave a stable jet of the solution on the tip of the needle-electrode was adopted as the solvent system for the electrospinning in this study. The distance between the tip of the needle-electrode and a counter plate-electrode (15 cm) and the applied voltage (25 kV) were kept at constant values (cf. Figure 1). Figure 2 shows optical microscope images of the electrospun products obtained from the CDMPC solutions with the concentrations of 12, 14, and 16 wt% at the flow rates of 10, 30, and 50 L/min. The electrospinning of the 12 wt% solution gave spherical beads as a major product with a small amount of fibers. The ratio of the fibers to the beads at the highest flow rate (50 L/min) looks higher than that at the lower flow rates (10 and 30 L/min). This result can be interpreted as follows: Most of the solution supplied to the tip of the needle-electrode, at the lower flow rates, quickly flies away in the form of spherical droplets before it forms a cone-like shaped jet that produces fibers because the viscosity and/or the surface tension of the 12 wt% solution is insufficient against the applied electrostatic force. By increasing the concentration to 14 wt%, fibers and spindle-like beads connected to each other via fibers were produced irrespective of the flow rate. The electrospun products obtained from the 16 wt% solution at any flow rates show uniform fibers with an insignificant amount of spindle-like beads. Such morphological variations observed in the electrospun products according to the concentration and the flow rate are in good agreement with previous reports on electrospinning of various polymer solutions. [START_REF] Greiner | Electrospinning: a fascinating method for the preparation of ultrathin fibers[END_REF][START_REF] Huang | A review on polymer nanofibers by electrospinning and their applications in nanocomposites[END_REF][START_REF] Li | Electrospinning of Nanofibers: Reinventing the Wheel?[END_REF] One notes that further increase of the concentration beyond 16 wt% interfered with stable electrospinning process due to coagulation of the polymer on the tip of the needle-electrode. A nonwoven nanofibrous textile consisted of the CDMPC was formed on an aluminum foil (ca. 20 cm × 20 cm square) via an electrospinning of the CDMPC solution (16 wt%, 5 mL) at the flow rate of 50 L/min. The thickness (compressed form) and SSA of the self-standing CDMPC textile peeled off from the aluminum foil were measured to be 90 m and 5.6 m 2 /g, respectively. The CDMPC textiles (2 sheets of ca. 5 cm × 5 cm squares) were sandwiched between commercially available polytetrafluoroethylene (PTFE) membrane filters to compose the enantioselective membrane system for the permeation experiments. Here, the PTFE membrane filters served as a support of the CDMPC textiles to eliminate tearing or rupturing of the textiles during the permeation experiments (cf. Figure 5). A chiral resolution of a racemic mixture, (R,S)-1-(1naphthyl)ethanol, was investigated via vacuum filtration through the CDMPC membrane system using a mixed solvent of n-hexane and 2-propanol (n-hexane/2-propanol = 9/1 (v/v)) as an eluent known for successful chiral resolution of this racemic mixture by chiral HPLC (cf. Figure 3a). It should be noted that the S-enantiomer elutes first followed by the Renantiomer via the HPLC equipped with a CDMPC packed column (Daicel CHIRALPAK ® IB N-3) indicating that the affinity of CDMPC for the R-enantiomer is stronger than that for the S-enantiomer. Prior to the vacuum filtration experiment, enantioselective sorption of (R,S)-1-(1-naphthyl)ethanol in the CDMPC membrane system was investigated by (i) a liquid-liquid permeation experiment and (ii) a permeation-extraction experiment using a pair of "Side-Bi-Side" glass cells. [START_REF] Yashima | Enantiomer enrichment of oxprenolol through cellulose tris(3,5dimethylphenylcarbamate) membrane[END_REF] For the liquid-liquid permeation experiment, a solution of the racemic mixture in the eluent was placed in the left-side cell and the same volume of pure eluent was placed in the right-side cell that were separated by the CDMPC membrane system and gently stirred using a magnetic stirrer (cf. Figure 4a). A portion of the solution in the right-side cell was sampled every 1 minute and e.e. of a preferentially permeated enantiomer from the left-side cell through the CDMPC membrane system was determined by the HPLC. At the initial stage, the S-enantiomer was preferentially permeated with the highest e.e. of 6.40% at 1 min, then e.e. was decreased over time to 2.86% at 6 min as shown in Figure 4b. This result corresponds with the chiral resolution via the HPLC, i.e. the CDMPC membrane system has stronger affinity with the R-enantiomer than the S-enantiomer, which delays the permeation of the R-enantiomer at the initial stage. Assuming that the preferential permeation of the S-enantiomer is based on an enantioselective sorption of the R-enantiomer in the CDPMC membrane system, once the sorption reaches equilibrium, both the R-and S-enantiomers permeate equally through the membrane, resulting in the decrease of e.e. over time. To verify this hypothesis, a permeation-extraction experiment was performed (cf. Figure 4c). A solution of the racemic mixture in the eluent was placed in the left-side cell to permeate the enantiomers into the CDMPC membrane system, while the right-side cell remained empty. After the permeation, a small amount of pure eluent was placed in the right-side cell and the glass cells were quickly tilted 90 degrees so that the right-side cell was on the top and the eluent in the up-side (rightside) cell touched the CDMPC membrane system, while the solution in the bottom-side (left-side) cell did not touch the membrane. The enantiomers adsorbed in the CDMPC membrane system were extracted by the eluent in the up-side cell, then the solution containing the extracted enantiomers was removed from the up-side cell and analyzed by the HPLC. This permeation-extraction cycle was repeated 10 times. As expected, the R-enantiomer was preferentially extracted from the CDMPC membrane system over the 10 cycles with the average e.e. of 6.96% as shown in Figure 4d. This result indicates that the CDMPC membrane system preferentially adsorbs the R-enantiomer and its sorption capacity can be regenerated by the extractions. For the vacuum filtration experiment, the CDMPC membrane system was arranged in a vacuum filtration funnel assembly (cf. Figure 5a). A solution of the racemic mixture in the eluent was filtered through the CDMPC membrane system under vacuum and the filtrate was analyzed by the HPLC. After the filtration, the adsorbed enantiomers were extracted from the CDMPC membrane system to regenerate its sorption capacity (see Experimental part in the Supporting Information for details). The vacuum filtration-extraction cycle was repeated 15 times without changing the membrane system to ensure the durability and the sorption property of the membrane against repeated use. As predicted from the liquid-liquid permeation and the permeation-extraction experiments, the S-enantiomer was preferentially permeated through the CDMPC membrane system and its e.e. increased with the number of filtrations from 0.54% (after the 1st filtration) to 32.9% (after the 15th filtration) as shown in Figure 5b. It should be noted that the decrease of the total amount/volume of the filtrate with the number of filtrations, which arises from (i) sampling (1 mL) of the filtrate for the HPLC analysis after every filtration and (ii) natural/vacuum evaporations of the eluent, is one of the factors of the nonlinear increase of the e.e. with the number of filtrations. No macroscopic damage of the CDMPC membrane system such as tears or holes was observed after the 15 cycles of the vacuum filtration-extraction process. SEM images of the CDMPC textile in the membrane system before and after the 15 cycles of the filtration-extraction process confirmed that there was no microscopic damages of the CDMPC textile except for swelling of the fibers with the eluent (cf. Figure 6), i.e. the mean diameter of the fibers in the CDMPC textile increased from 329 nm to 505 nm by the swelling. These results strongly suggest great potential of the electrospun CDMPC membrane system for efficient chiral resolutions by increasing the number of theoretical stages of the membrane via optimizations of the thickness, the porosity/pore size, the SSA etc. To this end, electrospinning of CDMPC and other polysaccharidic chiral selectors having various degrees of polymerizations are under investigation, and chiral resolutions of various racemic mixtures in different solvents via enantioselective permeation including their kinetic studies will be reported in our forthcoming full papers. In summary, we have demonstrated i) the first successful electrospinning of CDMPC, a well-established polysaccharidic chiral selector used as the CSP packed in the columns for chiral HPLC, to fabricate self-standing nonwoven textiles and ii) the enantioselective permeation of the racemic mixture, (R,S)-1-(1naphthyl)ethanol, via repeated vacuum filtrations through the CDMPC membrane system to yield the S-enantiomer-rich mixture with e.e. of 32.9%. We believe that such a novel electrospun cellulosic membrane having both the enantioselective permeation property and the utility for pressure driven filtration process is a significant step forward towards large-scale chiral resolutions.

Figure 1 .

 1 Figure 1. Preparation of CDMPC and electrospinning from its acetone/DMAc = 1/1 (v/v) solution.

Figure 2 .

 2 Figure 2. Optical microscope images of the electrospun products obtained from the CDMPC solutions in acetone/DMAc = 1/1 (v/v) with various concentrations and flow rates. Scale bars are 10 m.

Figure 3 .

 3 Figure 3. HPLC chromatograms obtained for (a) a racemic mixture of (R,S)-1-(1-naphthyl)ethanol and (b) the S-enantiomer-rich mixture after 15 times vacuum filtrations through the CDMPC membrane system. The HPLC was equipped with a CDMPC packed column (Daicel CHIRALPAK ® IB N-3) and a mixed solvent (n-hexane/2-propanol = 9/1 (v/v)) was used as the eluent.
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 4 Figure 4. Top: (a) A setup of the "liquid-liquid permeation" experiment using a pair of "Side-Bi-Side" glass cells and (b) a plot of e.e. (%) of the preferentially permeated S-enantiomer through the CDMPC membrane system vs. time of the permeation. Bottom: (c) A setup of the "permeation-extraction" experiment and (d) a plot of e.e. (%) of the preferentially adsorbed R-enantiomer extracted from the CDMPC membrane system vs. number of the experiment cycle.

Figure 5 .

 5 Figure 5. (a) A setup of the vacuum filtration experiment using a vacuum filtration funnel assembly (left) and (b) a plot of e.e. (%) of the preferentially permeated S-enantiomer through the CDMPC membrane system vs. number of the filtration.

Figure 6 .

 6 Figure 6. (a and b) SEM images of the electrospun CDMPC textiles in the membrane system and (c and d) histograms of diameter distributions of the fibers in the textiles estimated form the SEM images before (top) and after (bottom) 15 cycles of the vacuum filtration-extraction processes.
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