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Two-dimensional multi-heart cutting centrifugal partition chromatography-liquid chromatography for the preparative isolation of antioxidants from Edelweiss plant

Introduction

Leontopodium alpinium, commonly known as Edelweiss, is one of the most famous plants of the European Alps. In folk medicine, extracts of Edelweiss are used for the therapy of abdominal aches, angina, bronchitis, cancer, diarrhea, dysentery and fever for humans as well as for livestock [START_REF] Dobner | Antibacterial activity of Leontopodium alpinum (Edelweiss)[END_REF][START_REF] Schwaiger | New constituents of Leontopodium alpinum and their in vitro leukotriene biosynthesis inhibitory activity[END_REF]. Indeed, this plant shows a wide diversity of secondary plant metabolites such as phenolic acids, lignans, flavonoids, sesquiterpenes, coumarins, benzofuran and others [START_REF] Dobner | Antiinflammatory activity of Leontopodium alpinum and its constituents[END_REF][START_REF] Dobner | New Lignan, Benzofuran, and Sesquiterpene Derivatives from the Roots of Leontopodium alpinum and L. leontopodioides[END_REF][START_REF] Schwaiger | A new Bisabolane Derivative of Leontopodium andersonii[END_REF]. Wild Edelweiss is protected by the law but the plant is now cultivated in Switzerland and extracts of the aerial parts are used for their anti-oxidative properties [START_REF] Dobner | Antibacterial activity of Leontopodium alpinum (Edelweiss)[END_REF][START_REF] Dobner | Antiinflammatory activity of Leontopodium alpinum and its constituents[END_REF][START_REF] Schwaiger | Leontopodic acid-a novel highly substituted glucaric acid derivative from Edelweiss (Leontopodium alpinum Cass.) and its antioxidative and DNA protecting properties[END_REF]. From the early 2010's, the Edelweiss plant extracts have been recognized as a very valuable source of skin anti-aging principles by the cosmetic industry and the main actives substances are phenylpropanoids such as leontopodic acids [START_REF] Daniela | Anti-Inflammatory Effects of Concentrated Ethanol Extracts of Edelweiss (Leontopodium alpinum Cass.) Callus Cultures towards Human Keratinocytes and Endothelial Cells[END_REF][START_REF] Costa | In vitro evaluation of the chemoprotective action mechanisms of leontopodic acid against aflatoxin B1 and deoxynivalenolinduced cell damage[END_REF].

In order to improve clinical research and provide new high quality standards, the production of two antioxidants from Edelweiss plant is required, namely: leontopodic acid A and 3,5-dicaffeoylquinic acid. In recent years, Schwaiger et al. [START_REF] Schwaiger | Development of an HPLC-PAD-MS assay for the identification and quantification of major phenolic edelweiss (Leontopodium alpium Cass.) constituents[END_REF] and Ganzera et al. [START_REF] Ganzera | Chemical profiling of Edelweiss (Leontopodium alpinum Cass.) extracts by micellar electrokinetic capillary chromatography[END_REF] developed different chromatographic methods for the identification and the quantification of major phenolic Edelweiss constituents such as high performance liquid chromatography and micellar electrokinetic capillary chromatography. The analysis exhibit the complexity of these plant extracts. However, currently no preparative assay of these phenylpropanoids is available to isolate and produce the compounds of interest. As the plant extract is complex, the isolation of compounds using preparative HPLC cannot be considered.

For the isolation and production of phenolic compounds and phenylpropanoids from natural products, Countercurrent Chromatography (CCC) is widely used [START_REF] Yang | Preparative isolation and purification of phenolic acids from Smilax china by high-speed counter-current chromatography[END_REF][START_REF] Dajun | Separation and Purification of Phenolic Acids and Myricetin from Black Currant by High-Speed Countercurrent[END_REF][START_REF] Hao | Rapid preparative isolation of a new phenylpropanoid glycoside and four minor compounds from Sparganium stoloniferum using highspeed counter-current chromatography as a fractionation tool[END_REF][START_REF] Li | Preparative Isolation and Purification of Two Phenylpropanoids from Daphne giraldii Nitsche by[END_REF]. The countercurrent chromatography is a liquid chromatography technique that uses two immiscible liquid phases without any solid support. This technique eliminates irreversible adsorptive loss of samples onto the solid support matrix used in conventional chromatography and has the advantage to be versatile due to the huge choice of solvent combinations. With a loadable stationary phase, CCC is a very interesting preparative separation technique [START_REF] Berthod | Countercurrent chromatography in analytical chemistry[END_REF].

The purpose of the work is the purification and isolation of multiple targets from complex natural product. For this purpose, a complementarity of techniques was developed in order to combine two different selectivities through two different mechanisms of separation. A two-dimensional (2D) chromatography methodology coupling independent separation techniques provides higher peak capacity, resolution and selectivity. The countercurrent chromatography technique is set to be the first dimensional separation due to the loadable stationary phase. The HPLC technique, more efficient, is used as second dimensional separation. Several preparative applications using this strategy was reported in these recent years, especially in natural products field. The hyphenation can be on-line and comprehensive [START_REF] Wang | On-line twodimensional countercurrent chromatography × high performance liquid chromatography system with a novel fragmentary dilution and turbulent mixing interface for preparation of coumarins from Cnidium monnieri[END_REF] with flow programming CCC [START_REF] Qiu | Two-dimensional countercurrent chromatography × high performance liquid chromatography for preparative isolation of toad venom[END_REF], on-line and heart-cutting [START_REF] Michel | New 'hyphenated' CPC-HPLC-DAD-MS strategy for simultaneous isolation, analysis and identification of phytochemicals: application to xanthones from Garcinia mangostana[END_REF][START_REF] Michel | On-line hyphenation of centrifugal partition chromatography and high pressure liquid chromatography for the fractionation of flavonoids from Hippophaë rhamnoides L. berries[END_REF] with stop-andgo CCC [START_REF] Liu | Two-dimensional countercurrent chromatography × high performance liquid chromatography with heart-cutting and stop-and-go techniques for preparative isolation of coumarin derivatives from Peucedanum praeruptorum Dunn[END_REF] or off-line and heart-cutting [START_REF] Chen | Isolation, identification and antioxidative capacity of water-soluble phenylpropanoid compounds from Rhodiola crenulata[END_REF].

In the present study, an off-line multi-heart-cutting hyphenation of countercurrent chromatography using Centrifugal Partition Chromatography device (CPC) and preparative liquid chromatography was established in order to produce the two antioxidants from the Edelweiss extract. The CPC and HPLC methods were first developed separately at laboratory scale. Then the 2D hyphenation CPCxLC was performed off-line in a comprehensive mode at laboratory scale. Finally, the methods were transferred at industrial scale for the production of the two antioxidants by multi-heart-cutting CPC-LC meaning that only the fractions of interest were sent from the CPC to the second LC dimension.

Experimental

Chemicals and materials

All solvents used for the preparation of the sample, the HPLC analysis and the CPC separation were of analytical grade. Methyl ter-butyl ether was purchased from Acros Organics (Fisher Scientific, Illkirch, France). HPLC grade solvents for HPLC were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France).

The extract of the aerial part of Edelweiss was provided by the company Extrasynthese (Genay, France). It had to be stored away from light at -20°C in a freezer to avoid any degradation. Leontopodic acid A and 3,5-dicaffeoylquinic acid authentic samples were provided by Prof. Schwaiger (Innsbruck University, Austria).

Instrumentation

All instruments used in this study are commercially available.

The CPC instrument employed at the laboratory scale was the FCPC-C from Kromaton Rousselet-Robatel (Annonay, France) with interchangeable columns (or rotors). The column had an exact volume of 34.5 ml. The apparatus was equipped with a Shimadzu preparative pump LC-20AP (Noisiel, France), a Shimadzu UV/VIS detector SPD-20A set up at 220 nm, a manual sample injection valve with a 350 µL sample loop and a fraction collector. The rotor was thermostated at 21°C. The data were collected with Azur software provided by Datalys (Le Touvet, France).

The CPC instrument employed at industrial scale was the SCPC-1000 from Armen Instrument (Saint-Avé, France). The column had an exact volume of 1.088 liters. The apparatus was equipped with a Spot Prep II integrated system from Armen Instrument. This equipment is the assembly of a quaternary pump, an automatic sample injection valve fitted on a 20 ml sample loop, a UV/VIS spectrophotometer dual wavelength set up at 220 nm and 330 nm and a fraction collector. The Armen Glider Prep software installed in the integrated computer allowed the control of the apparatus and the data acquisition.

The HPLC system used at laboratory scale as second dimension was an Alliance 2690 system from Waters (Saint-Quentin-en-Yvelines, France) using a binary solvent delivery system, an autosampler and a Photodiode Array detector Waters 996 set up at 330 nm. A reversed-phase Grace Vydac Denali C18 column (150 mm x 4.6 mm i.d., 5 µm) was used as the second dimensional stationary phase. The data acquisition was performed by EmPower software from Waters.

The HPLC system used at preparative scale was composed of a Reveleris integrated system for injection, detection and collection, set up with 20 ml sample loop and a wavelength of 330 nm. A reversed-phase Grace Vydac Denali C18 column (300 mm x 50 mm i.d., 10 µm) was used as the stationary phase.

All the analysis for the methods development and the fractions control were performed using an Acquity Ultra Performance Liquid Chromatography system from Waters. The system was equipped with a binary solvent delivery system, an autosampler and a Photodiode Array detector set up at 330 nm. The data acquisition was performed by EmPower software from Waters. A reversed-phase Acquity UPLC CSH Phenyl-Hexyl column (100 mm x 2.1 mm i.d., 1.7 µm) was used as stationary phase.

Selection of CPC solvent system

The solvent system was selected according to the partition coefficient (KD) of each target component to separate: leontopodic acid A et 3,5-dicaffeoylquinic acid. The KD value was measured by HPLC analysis using the Shake-Flask methodology. A suitable amount of crude extract was added to a test tube and 2 ml of each of the equilibrated two-phase solvents was added. The tube was shaken vigorously to equilibrate the compounds between the two phases. After partition equilibrium the upper and lower phases were separately taken into vials and 20 µl of each phase was analyzed by HPLC-UV. The peak area of the target compound in the upper phase was recorded as Aupper and the one in the lower phase as Alower. The KD value was calculated according to the following equation: KD = Aupper/Alower.

Preparation of two-phase solvent system and sample solutions

A two-phase solvent system composed of methyl ter-butyl ether-water pH 3 at a ratio of 1:1 (v/v) was developed. At the laboratory, according to the selected ratio, 1000 ml solvent system was thoroughly equilibrated in 1 l bottle at room temperature for 10 min. At industrial scale, 8 l of solvent system was prepared in a 10 l bottle and directly used in CPC.

The sample solution for UHPLC analysis of crude extract was prepared by dissolving 10 mg of crude extract in 1 ml of water-acetonitrile 1:1 (v/v).

For the CPCxLC method development at laboratory scale, 1, 2, 20 and 50 mg of crude extract was dissolved in 1 ml of methyl ter-butyl ether. The solutions were vortexed for 4 min then sonicated for 20 min and centrifuged for 20 min at 4000 rpm. The supernatant was taken and 350 µl was injected. Finally, for the developed CPCxLC hyphenation at laboratory scale, the sample solution was prepared by dissolving 50 mg of crude extract in 1 ml of methyl ter-butyl ether. For the HPLC method development at laboratory scale, 10 mg of crude extract was dissolved in 2 ml of water-acetonitrile 80:20 (v/v) and then filtrated.

For the CPC-LC hyphenation at industrial scale, the sample solution was prepared by dissolving 2 g of crude extract into 40 ml of total solvent system (1:1 v/v). The whole upper phase was injected in CPC which correspond to a 20 ml sample solution.

Optimization of CPC separation at laboratory scale

The CPC column was first filled with the upper phase as stationary phase. The rotation of the column was started at the minimum speed 600 rpm and gradually increased to 1720 rpm. The lower phase as mobile phase was pumped into the column at a flow-rate of 5 ml/min in descending mode, leading to a stationary phase volume ratio (Sf) of 60%. When the hydrodynamic equilibrium was established in the column and the mobile phase started emerging in the effluent (P = 60 bars), the sample solution was injected through the injection valve. The effluent was continuously monitored with a UV detector at 220 nm. The total run time was 40 min. The fractions were collected every minute with the fraction collector which correspond to a recovery of 40 fractions of 5 ml. All fractions were put in 1 ml vial for UHPLC analysis to identify peak compounds.

Optimization of HPLC separation as second dimension

A reversed-phase Grace Vydac Denali C18 column (150 mm x 4.6 mm i.d., 5 µm) was used as the second dimensional stationary phase. This column was a strategic choice for the transfer at industrial scale. The mobile phase was composed of water-acetonitrile with 0.1% of formic acid under isocratic elution mode. The flow-rate of the mobile phase was 1 ml/min. All effluents trough the HPLC column were monitored by a PDA detector at 330 nm. Data for two-dimensional plots were processed with Matlab software.

Transfer of off-line 2D CPC-LC separation to industrial scale

The CPC column was first filled with the upper phase as stationary phase. The rotation of the column was performed at 900 rpm. The column was equilibrated by pumping a ratio of 60:40 (upper phase:lower phase v/v) of the system solvent at a flow-rate of 55 ml/min in descending mode. This solvent system introduction sets the stationary phase volume ratio at 60% while saving time and solvent consumption. When the hydrodynamic equilibrium was established in the column and the mobile phase started emerging in the effluent (P = 70 bars), 20 ml of the sample solution was injected through the injection valve. The effluent was continuously monitored with a UV detector at 220 nm and 330 nm. The total run time was 120 min. The fractions were collected every 0.41 minute with the fraction collector which correspond to a recovery of 287 fractions of 23 ml each.

The fractions corresponding to leontopodic acid A (compound B) were gathered from the middle of the rise to the middle of the descent of the peak. The same gathering was performed for 3,5dicaffeoylquinic acid (compound A). Thereby two main fractions were recovered: one for leontopodic acid A called F1 (F1 = 450 mg) and one for 3,5-dicaffeoylquinic acid called F2 (F2 = 180 mg). The analysis of the fractions were carried out using UHPLC. The two recovered fractions F1 and F2, treated with acidic methyl ter-butyl ether and evaporated to dryness, were dissolved into 8 ml of the LC mobile phase to be sent to the second dimensional separation. A reversed-phase Grace Vydac Denali C18 column (300 mm x 50 mm i.d., 10 µm) was used as the stationary phase. The mobile phase was composed of water-acetonitrile with 0.1% of formic acid at a ratio of 75:25 (v/v) and 78:22 (v/v) under isocratic elution mode for leontopodic acid A and 3,5-dicaffeoylquinic acid fractions, respectively. The flow-rate of the mobile phase was 110 ml/min. All effluents through the HPLC column were monitored by a PDA detector at 220 nm and 330 nm. The total runs were 20 minutes.

The HPLC fractionation was determined in order to eliminate impurities in the head and the tail of the peaks. Two final fractions were recovered: the fraction F3 gathering the fractions of interest of leontopodic acid A peak (F3 = 298.5 mg) and the fraction F4 gathering the fractions of interest of 3,5dicaffeoylquinic acid peak (F4 = 44.6 mg). The two final fractions, F3 and F4, were concentrated then extracted with acidic methyl ter-butyl ether and finally evaporated to dryness for UHPLC assessments.

UHPLC analysis of crude extract and purified fragments

The crude Edelweiss extract sample, the fractions collected from the CPC separations during development, the two intermediate fractions F1 and F2 collected from industrial CPC and the final products from fractions F3 and F4 were analyzed using the Acquity Ultra Performance Liquid Chromatography system from Waters. The analysis were carried out on an Acquity UPLC CSH Phenyl-Hexyl column (100 mm x 2.1 mm i.d., 1.7 µm) from Waters. The mobile phase used was water + 0.1% of formic acid (A) and acetonitrile + 0.1% of formic acid (B) in a gradient mode as following: B at 5% for 0.29 min, B from 5% to 38% in 17.15 min, B at 38% for 0.52 min, B from 38 to 80% in 0.52 min, B at 80% for 0.52 min, B from 80 to 5% in 0.52 min and B at 5% for 1.56 min. The total elution time was 21.08 minutes. The flow-rate of the mobile phase was 0.4 ml/min and the effluents were monitored at 330 nm by a DAD detector.

Structure identification of components

Identification of the compounds was carried out by ESI-MS in negative mode and 1 H, 13 C NMR. For the ESI-MS analysis, the compounds were directly introduced in a SQ Detector 2 from Waters. For 3,5dicaffeoylquinic acid, the MS measurements were made using a 0.85 kV capillary voltage, 47 V cone voltage and a source temperature of 500°C. For leontopodic acid A analysis, the MS measurements were made using a 2.02 kV capillary voltage, a 32 V cone voltage and a source temperature of 500°C.

A Bruker apparatus was used for 1D and 2D NMR identifications of the 3,5-dicaffeoylquinic acid ( 1 H set up at 400.13 MHz and 13 C set up at 100.6 MHz) and the leontopodic acid A ( 1 H set up at 500.13 MHz and 13 C set up at 125.77 MHz) recovered in CD3OD for 1 H identification and D2O for 13 C identification.

Results and discussion

The Edelweiss plant contains a lot of compounds which represents a complex matrix. In order to extract the compounds of interest from the plant according to the desired application, the crude sample undergo an extraction. Thus, the obtain extract is a simplified sample of the crude sample but still complex regarding the number of compounds and the close chemical structures. Thereby, whatever the extraction solvent, the crude extract remains complex and this complexity depends on the way the extraction is performed.

UHPLC analysis of the crude extract

As shown in Fig. 1, the UHPLC analysis of the crude extract indicates that there are several minor compounds with some major compounds including the two compounds of interest. This chromatogram shows the complexity of the sample extract. The peaks are in the same time retention window which means that they have relatively close chemical structures. Furthermore, the resolution of the separation is sufficient for analytical purpose while method and column are optimized.

Unfortunately the isolation of the compounds of interest by HPLC at preparative scale cannot be considered due to insufficient resolution on available preparative stationary phase.

[Here Fig. 1]

In order to increase the selectivity and the peak capacity, a first dimensional CPC separation was performed on the crude extract. This technique brings a different selectivity than HPLC and can separate compounds in first dimension that could not be separated in the second dimension.

Solvent system selection for first dimensional CPC separation

Solute partition coefficient (KD) and retention of the stationary phase are important factors for the selection of the best solvent system to be implemented in CPC method. In literature, three main criteria have been developed in order to select the suitable solvent system for effective separations [START_REF] Ito | Golden rules and pitfalls in selecting optimum conditions for high-speed counter-current chromatography[END_REF]. First, the partition coefficient of the compounds should be within the range of 0.5 ≤ KD ≤ 5. With values under 0.5, the separation resolution can be poor and with values over 5, there is a risk of band broadening. Then, the separation factor α (α = K2/K1) should be greater than 1.5 to obtain an effective separation. And finally, the retention of the stationary phase should be high to improve the resolution of the separation. Due to the high polarity of the target compounds, a series of polar solvent systems were tested. Table 1 shows the partition coefficients of the two target compounds in the different solvent systems.

[Here Table 1] The KD values of the other compounds are really close to 0 for each test tube (data not shown) meaning that they are more soluble and have more partition in the mobile phase. Thus, the suitable solvent system should be the one in which target compounds have KD values different from 0. The solvent system that meets the required specifications is methyl ter-butyl ether-water 1:1 (n°13) because the target compounds have KD values in the suitable range and different from 0 and the separation factor is higher than 1.5.

Optimization of CPC separation at laboratory scale

Although the selection of the two-phase system is important, the flow-rate of the mobile phase and the rotation speed also play critical roles in the separation process, especially with regard to retention of the stationary phase. The lower phase was chosen as the mobile phase and was introduced through the column. The flow-rate of the mobile phase was set up at 5 ml/min and the rotation speed was performed at 1720 rpm. These optimized parameters were established to obtain the maximum stationary phase retention without reaching the maximum threshold pressure which was 75 bars. The solvent system methyl ter-butyl ether-water 1:1 generates a high pressure value due to the viscosity of methyl ter-butyl ether. With this solvent system, a stable retention of 60% stationary phase was obtained at 1720 rpm with a flow-rate of 5 ml/min providing a maximum pressure of 60 bars.

In order to inject the maximum amount of sample in CPC, the sample concentration was investigated. Different sample concentrations were tested for the CPC separation, from 1 mg/ml to 50 mg/ml. The injection volume was set up at 350 µl which represents 1% of the column volume. This volume was found to be the compromise injection volume allowing the maximum volume injected while maintaining a satisfactory resolution. If the injection volume is higher, the resolution can be lower due to the peaks widening.

Chromatograms of CPC separations are shown in Fig. 2. For all separations, the quality of the separation is still conserved. The concentration value was finally raised to 50 mg/ml which was the sample solubility limit in the solvent. The chromatogram of the 50 mg/ml sample solution shows the conservation of the quality separation as well as the conservation of the selectivity between the peaks of interest while the return to baseline is not observed. This is not compulsory in two-dimensional separation as we will discuss later on. For optimized CPC parameters, the sample concentration was adjusted to 50 mg/ml.

[Here Fig. 2] Through this investigation, CPC optimized parameters were settled as following: injection of 350 µl of a 50 mg/ml centrifuged sample solution, on a methyl ter-butyl ether-water 1:1 (v/v) solvent system in descending mode, rotation speed at 1750 rpm, flow-rate at 5 ml/min. As presented in Fig. 2, leontopodic acid A elutes at 14.2 minutes which corresponds to KD value around 2.8 and 3,5dicaffeoylquinic acid elutes at 26.7 minutes which corresponds to KD value around 5.8. These values are close to the expected values. The polar compounds, which had expected KD values close to 0, correspond to the two first peaks in Fig. 2 and have shorter retention times than leontopodic acid A as expected. It can be noticed that selectivity in CPC is different than in HPLC for the two compounds of interest since the elution order is switched as seen on Fig. 1 and Fig. 2.

Development of HPLC separation as second dimension

The second dimensional separation was performed on HPLC using Denali C18 column. This column was chosen for industrial reasons. Therefore, the Denali C18 column was employed at laboratory and industrial scales.

To develop this HPLC separation, two parameters were studied. The elution conditions were first investigated in order to optimize the separation and obtain a satisfied selectivity between compounds of interest without dispersed peaks. A volume of 5 µl of extract sample was injected to test the mobile phase ratio of 75:25, 78:22 and 80:20 (v/v). Then, the injection volume of the sample was optimized by testing injection volumes of 20, 50 and 100 µl.

Elution conditions

The settled mobile phase was water + 0.1% of formic acid and acetonitrile + 0.1% of formic acid under isocratic elution. Three ratios of mobile phase were examined: 75:25, 78:22 and 80:20. The chromatograms are shown in Fig. 3. A satisfying separation as second dimensional separation is a separation which gives the desire selectivity while maintaining a satisfying efficiency. The ideal criteria are a separation factor between peaks α higher than 1.5 and a peak width as small as possible to obtain resolute peaks. In order to transfer the separation at industrial scale, peaks had to be separated with high selectivity and require efficiency to be able to inject as much as possible and keep the return to baseline between them.

On the chromatogram corresponding to the 75:25 mobile phase ratio in Fig. 3, peaks show a very satisfying efficiency because the width of the peaks is really small. However, the selectivity between peaks around 3,5-dicaffeoylquinic acid peak is too low for satisfying separation because there is no return to baseline. The same observation is done for the leontopodic acid A peak. On the chromatogram corresponding to the 78:22 mobile phase ratio in Fig. 3, the same observations can be established even if the selectivity between peaks is a little higher but does not allow the baseline return of the signal between peaks. The 80:20 ratio of the mobile phase was also tested to observe the evolution of the resolution and the selectivity between peaks. As presented on the chromatogram in Fig. 3, peaks retention shows the best selectivity between the peaks. However, the efficiency of the separation is not satisfactory because the width of the target peaks is too high thus, when recovered, the compounds can be mixed with another compounds due to the large width of the peak and the compounds are dilute in a large volume of solvent. These conditions are not satisfactory conditions for preparative purpose. Thereby, the best compromise to carry out second dimensional HPLC is the use of 78:22 (v/v) mobile phase ratio. Indeed, the first dimensional CPC separation brings a first separation of the compounds with a larger selectivity than HPLC separation. Thus, the efficiency of the two methods are combined to offer a higher peak capacity. The return to baseline in separated methods is not compulsory for two-dimensional separation due to the efficiency combination. Both methods have to be a compromise for optimized parameters to satisfy the two-dimensional separation. Thereby, the optimized second dimensional HPLC was performed at a mobile phase ratio of 78:22 at laboratory scale.

[Here Fig. 3]

Injection volume for second dimension usage

During method development it is necessary to be able to observe the behavior of compounds of interest as well as the neighboring impurities that may hinder their purification. Since CPC is a highly diluting process, it is hence required to transfer to the subsequent LC separation a sufficient amount of sample to monitor such impurities. Of course, at production scale, this concern does not apply as the whole selected CPC fraction will be treated on the LC column.

In order to observe the maximum signal on HPLC chromatogram, and thus, try to see the minor neighboring impurities of the compounds of interest, the CPC fraction containing the maximum amount of compounds was injected in HPLC. This fraction corresponds to the fraction eluting at 14.2 minutes in Fig. 2, concentration at 50 mg/ml, which is the fraction of the peak top of leontopodic acid A. Then, three different injection volumes were tested: 20 µl, 50 µl and 100 µl. The mobile phase was set up at a 75:25 ratio for a gain of time. Using an injection volume of 20 µl gives a low peak intensity which is not interesting for the laboratory scale analysis because minor compounds are not observed.

The injection volume of 100 µl gives a high peak intensity which is high for the HPLC detector and a risk of signal saturation can occur. The injection volume of 50 µl gives peak intensity high enough to hope to observe both peaks of interest and impurities. This HPLC injection volume was maintained for CPCxLC separation at laboratory scale.

Application of off-line 2D CPCxLC analysis at laboratory scale

The optimized CPC and HPLC methods were carried out successively in a comprehensive way meaning that fractions from CPC separation were collected every 1 minute and later injected in HPLC for second dimensional separation (corresponding to a total of 40 HPLC analyses).

The first CPC dimension was set up with optimized conditions: methyl ter-butyl ether solvent system 1:1 (v/v), flow-rate of 5 ml/min, rotation speed of 1720 rpm, sample extract of 50 mg/ml prepared by centrifugation and injection volume of 350 µl. The second LC dimension on Denali C18 column was set up with optimized conditions: mobile phase of water + 0.1% of formic acid and acetonitrile + 0.1% of formic acid at a ratio of 78:22, injection volume of 50 µl and flow-rate of 1 ml/min. The CPC chromatogram and the LC chromatograms of the fractions were recorded. The 2D CPCxLC analysis was plotted and the plot is shown in Fig. 4.

As seen on the figure, major compounds and minor compounds are present. This 2D plot allows the well-understanding of the crude extract sample composition. Moreover, as said previously and as expected, the efficiency of both methods are combined and the compounds can be separated through the two-dimensional separation.

The goal of this 2D CPCxLC plot is to allow to select the first-dimension fractions containing the target compounds that will be cut at industrial scale (blue squares on vertical chromatogram). The target compounds, 3,5-dicaffeoylquinic acid (compound A) and leontopodic acid A (compound B), are spotted on the map with the black squares. Then the corresponding fractions of interest to be recovered in CPC and HPLC dimensions could be determined. Therefore, the cut of the target fractions in the first dimensional CPC separation for industrial scale was decided through this map in order to eliminate the impurities which could hinder the recuperation of the target compounds in second dimensional HPLC separation. The collected fractionation in both dimensions was shown on Fig. 4 through the dotted lines.

[Here Fig. 4]

Transfer of off-line 2D CPC-LC separation to industrial scale

The CPC and HPLC methods were transferred at industrial scale. For first dimensional CPC separation, the method transfer was made on a 1 l rotor. The solvent system was the same methyl ter-butyl etherwater 1:1 (v/v) solvent system. The flow-rate of the mobile phase and the rotation speed were optimized to maintain the same separation quality. Due to pressure limitation, the maximum rotation speed reached was 900 rpm with a maximum flow-rate of 55 ml/min using a forced stationary phase volume ratio of 60%. This compromise was chosen to obtain the higher efficiency with the shorter elution time.

The maximum charge was examined and was limited by the solubility of the sample in the upper phase of the solvent system. During the CPC run, the eluent was collected and fractionated every 0.41 minute. These fractions from the first dimensional CPC separation were gathered in two main fractions as shown in Fig. 5 (vertical chromatogram). Two fractions were recovered from first dimension: one fraction of leontopodic acid A called F1 and one fraction of 3,5-dicaffeoylquinic acid called F2. These two fractions were sent to second dimensional LC separation after concentration, extraction and evaporation.

In order to save solvent and time consumption, LC separation of F1 was accelerated by increasing the eluent strength of the mobile phase. Thus the second dimensional LC separation for leontopodic acid A fraction was carried out with a mobile phase ratio of 75:25 (v/v), as opposed to 78:22 (v/v) during method development. Consequently, the impurities present on Fig. 4 before leontopodic acid A (retention times of 5.5 min and 6.5 min on HPLC axis) are coeluted under the peak eluting at 8.5 min on Fig. 5. The impurities present on Fig. 4 after leontopodic acid A (retention time of 10 min on HPLC axis) are in the tail of leontopodic acid A peak on Fig. 5.

For the 3,5-dicaffeoylquinic acid fraction, as the neighboring impurities are very close to the peak of interest, the second dimensional LC separation was carried out with the initially selected mobile phase ratio of 78:22 (v/v). Final fractions, F3 and F4, were recovered as shown in Fig. 5 (horizontal chromatogram) by eliminating the tail and the end of the peaks of interest to recover compound with a high purity value.[Here Fig. 5] Indeed, the purity of the two target compounds is higher than 97% (estimated purity with peak area).

The chemical structures of those isolated compounds were identified as 3,5-dicaffeoylquinic acid and leontopodic acid A by ESI-MS in negative mode and NMR [START_REF] Schwaiger | Leontopodic acid-a novel highly substituted glucaric acid derivative from Edelweiss (Leontopodium alpinum Cass.) and its antioxidative and DNA protecting properties[END_REF][START_REF] Grassi-Zampieron | Comparative profiles of Achyrocline alata (Kunth) DC. and A. satureioides (Lam.) DC., Asteraceae, applying HPLC-DAD-MS[END_REF][START_REF] Lee | Phenolic constituents from the flower buds of Lonicera japonica and their 5-lipoxygenase inhibitory activities[END_REF] (MS and NMR spectra provided in Supplementary Information). 3,5-dicaffeoylquinic acid was clearly identified through its ion [M-H] - m/z=514.99 and its ion fragment [M-H] --C9H6O3 m/z=353.01. Moreover, the NMR spectra are coherent with the known structure. Similarly, leontopodic acid A identity was confirmed through its ion [M-H] -m/z=781.28 and its ion fragments [M-H] --C9H6O3 m/z=619.13 and [M-H] --2xC9H6O3 m/z=457.07. Moreover, the NMR spectra are coherent with the known structure.

From a 2g crude extract containing 172.5 mg of 3,5-dicaffeoylquinic acid and 345.9 mg of leontopodic acid A, the CPC-LC process leads to a 3,5-dicaffeoylquinic acid fraction (44.6 mg, purity of 97%) and a leontopodic acid A fraction (298.5 mg, purity of 97%). Because of the purity specifications thus a strict selection of fractionation, the recovery is low (25.1% for 3,5-dicaffeoylquinic acid and 83.7% for leontopodic acid A). The overall 2D CPC-LC process is able to produce new reference materials at a yield of 22mg/g of crude extract for 3,5-dicaffeoylquinic acid and 145mg/g of crude extract for leontopodic acid A.

Conclusion

In this work, a 2D comprehensive CPCxHPLC protocol was designed at laboratory scale to enhance capability and resolving power for the separation of Edelweiss plant extract. This protocol allowed to implement a multi-heart-cutting CPC-HPLC at industrial scale for the purification and the isolation of two antioxidants from Edelweiss plant extract as new reference materials. The CPC and HPLC methods were developed in parallel at laboratory scale and the off-line hyphenation was successfully performed to identify the antioxidants. Both methods were transferred at industrial scale and the separation quality was maintained. The CPC-LC protocol was successfully performed at industrial scale. A recovery of 83.7% and 25.1% were obtained for leontopodic acid A and 3,5-dicaffeoylquinic acid compounds, respectively, with a purity higher than 97%. The structures of the isolated compounds were confirmed by MS and 1D and 2D NMR.

To the best of our knowledge, this is the first report using the combination of CPC and HPLC for the production of leontopodic acid A and 3,5-dicaffeoylquinic acid. These compounds were simultaneously isolated at preparative scale for the first time.

The above results show that this off-line CPC-LC protocol is an effective and high-purity technique which has potential applications in preparative extraction and purification of multiple target components from complex natural products.

Associated content

Supporting Information: MS and NMR data mentioned in the text are available as supplementary data.

Figure captions

Fig. 1. UHPLC analysis of the crude extract (10 g/l) on Phenyl-Hexyl column (100 mm x 2.1 mm i.d., 1.7 µm), mobile phase of water + 0.1% of formic acid and acetonitrile + 0.1% of formic acid in gradient mode, flow-rate at 0.4 ml/min, detection at 330 nm. Peaks A: 3,5-dicaffeoylquinic acid; B: leontopodic acid A.

Fig. 2. CPC chromatograms of the crude extract solution (2, 20, 50 mg/ml in upper phase). Methyl terbutyl ether-water 1:1 (v/v) solvent system, flow-rate at 5 ml/min, 1720 rpm, detection at 220 nm. Peaks A: 3,5-dicaffeoylquinic acid; B: leontopodic acid A. 
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Fig. 3 .

 3 Fig.3. HPLC chromatograms of the crude extract (5 g/l) on Grace Vydac Denali C18 column (150 mm x 4.6 mm i.d., 5 µm), mobile phase of water + 0.1% of formic acid and acetonitrile + 0.1% of formic acid under isocratic elution at a ratio of 75:25, 78:22 or 80:20 (v/v), injection volume of 5 µl, flow-rate at 1 ml/min and detection at 330 nm. Peaks A: 3,5-dicaffeoylquinic acid; B: leontopodic acid A.

Fig. 4 .

 4 Fig.[START_REF] Dobner | New Lignan, Benzofuran, and Sesquiterpene Derivatives from the Roots of Leontopodium alpinum and L. leontopodioides[END_REF]. 2D plot of the CPCxLC analysis of the crude extract. CPC parameters: 50 mg/ml centrifuged extract sample, injection volume of 350 µl, methyl ter-butyl ether 1:1 (v/v) solvent system, flow-rate of 5 ml/min, 1720 rpm and detection at 220 nm. LC parameters: Grace Vydac Denali C18 column (150 mm x 4.6 mm i.d., 5 µm), mobile phase of water + 0.1% of formic acid and acetonitrile + 0.1% of formic acid (78:22 v/v), injection volume of 50 µl, flow-rate of 1 ml/min and detection at 330 nm. Peaks A: 3,5-dicaffeoylquinic acid; B: leontopodic acid A.

Fig. 5 .

 5 Fig.5. Industrial CPC-LC separation of Edelweiss crude extract. CPC protocol: methyl ter-butyl ether solvent system 1:1 (v/v), 2 g of crude extract in 40 ml of solvent system (1:1), injection of upper phase, flow-rate of 55 ml/min, 900 rpm and detection at 220 nm. LC protocol: Grace Vydac Denali C18 column (300 mm x 50 mm i.d., 10 µm), mobile phase of water-acetonitrile with 0.1% of formic acid at 75:25 (v/v) for F1 fraction and 78:22 (v/v) for F2 fraction, flow-rate of 110 ml/min, detection at 330 nm.
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 1 Fig. 1. UHPLC analysis of the crude extract (10 g/l) on Phenyl-Hexyl column (100 mm x 2.1 mm i.d., 1.7 µm), mobile phase of water + 0.1% of formic acid and acetonitrile + 0.1% of formic acid in gradient mode, flow-rate at 0.4 ml/min, detection at 330 nm. Peaks A: 3,5-dicaffeoylquinic acid; B: leontopodic acid A.
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 2 Fig.2. CPC chromatograms of the crude extract solution (2, 20, 50 mg/ml in upper phase). Methyl terbutyl ether-water 1:1 (v/v) solvent system, flow-rate at 5 ml/min, 1720 rpm, detection at 220 nm. Peaks A: 3,5-dicaffeoylquinic acid; B: leontopodic acid A.
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 3 Fig. 3. HPLC chromatograms of the crude extract (5 g/l) on Grace Vydac Denali C18 column (150 mm x 4.6 mm i.d., 5 µm), mobile phase of water + 0.1% of formic acid and acetonitrile + 0.1% of formic acid under isocratic elution at a ratio of 75:25, 78:22 or 80:20 (v/v), injection volume of 5 µl, flow-rate at 1 ml/min and detection at 330 nm. Peaks A: 3,5-dicaffeoylquinic acid; B: leontopodic acid A.

Fig. 4 .

 4 Fig. 4. 2D plot of the CPCxLC analysis of the crude extract. CPC parameters: 50 mg/ml centrifuged extract sample, injection volume of 350 µl, methyl ter-butyl ether 1:1 (v/v) solvent system, flow-rate of 5 ml/min, 1720 rpm and detection at 220 nm. LC parameters: Grace Vydac Denali C18 column (150 mm x 4.6 mm i.d., 5 µm), mobile phase of water + 0.1% of formic acid and acetonitrile + 0.1% of formic acid (78:22 v/v), injection volume of 50 µl, flow-rate of 1 ml/min and detection at 330 nm. Peaks A: 3,5-dicaffeoylquinic acid; B: leontopodic acid A.
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 5 Fig.5. Industrial CPC-LC separation of Edelweiss crude extract. CPC protocol: methyl ter-butyl ether solvent system 1:1 (v/v), 2 g of crude extract in 40 ml of solvent system (1:1), injection of upper phase, flow-rate of 55 ml/min, 900 rpm and detection at 220 nm. LC protocol: Grace Vydac Denali C18 column (300 mm x 50 mm i.d., 10 µm), mobile phase of water-acetonitrile with 0.1% of formic acid at 75:25 (v/v) for F1 fraction and 78:22 (v/v) for F2 fraction, flow-rate of 110 ml/min, detection at 330 nm.
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