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Chapter 4-2-HPTLC HPTLC: Analysis of neutral lipids, phospholipids, glycolipids and total lipids by High-Performance Thin Layer Chromatography (HPTLC) Running Head: Lipid analysis by HPTLC
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HPTLC is a technique of planar chromatography that is routinely used to separate and identify lipid classes. The solutes in the samples applied on the lower edge of a HPTLC plate and trained by the mobile phase traveling through the plate, are separated according to their polarity and their interactions with the stationary phase. The separated solutes are derivatized and visualized by specific or non-specific staining reagents and finally identified and if possible quantified, by comparison with standard compounds. In this chapter, we describe first materials, chemicals, preparation of solvent mixtures (eluents) and derivatization solutions needed for HPTLC analysis of lipids. Then we present the common steps for HPTLC analysis whatever the specific application while emphasizing lipid analysis. Finally, we detail 5 protocols, requiring one-step, two-step or three-step development, for the analysis of neutral lipids (2 protocols), phospholipids (1 protocol), glycolipids (1 protocol) and neutral lipids -phospholipids (1 protocol) from various food materials.

Introduction

High Performance Thin Layer Chromatography (HPTLC) is a planar chromatography technique to separate the compounds in a sample. The involved theoretical principles are the basic principles of chromatography, namely the separation of compounds according to their interactions with two immiscible phases: the stationary phase and the mobile phase. The compounds trained by the mobile phase driven by capillary action travel through the stationary phase. Each compound is subjected to its own unique adsorption retention force and mobile phase entrainment force (Annex 1: Calculated eluotropic forces of solvents [START_REF] Snyder | Linear elution adsorption chromatography. XIII. Further studies on a narrow pore silica[END_REF]). The resulting pseudo-equilibrium results in a differential migration of the compounds, those with higher affinity with the stationary phase move slowly while the others travel faster, which allows their separation. When the separation is completed, individual compounds (or group of compounds with the same relative affinity towards the stationary and the mobile phase, i.e. lipid classes in our analysis) appear as vertically separated spots or bands (Figure 1). Each spot has a retardation or retention factor (Rf) which is equal to the distance migrated by the aforesaid compound over the total distance covered by the solvent [START_REF] Johnston | Basic lipid methodology[END_REF][START_REF] Sherma | Planar Chromatography[END_REF][START_REF] Touchstone | Thin-layer chromatographic procedures for lipid separation[END_REF].

In the first instance, this chapter aims at giving a general description of application of HPTLC in the analysis of lipid classes. We will then focuse on giving full details about our routine protocols for the separation and characterization of different lipid classes by HPTLC. The coupling of HPTLC to other technique of detection such as mass spectroscopy will not be broached in this chapter. For further reading, more exhaustive references are available [START_REF] Kates | Techniques for separation of lipid mixtures[END_REF][START_REF] Christie | Lipid analysis[END_REF][START_REF] Fuchs | Lipid analysis by thin-layer chromatography-A review of the current state[END_REF].

Figure 2 illustrates the general process of lipid analysis from sample extraction to the determination of lipid classes by HPTLC and when possible, the quantification of these lipids from HPTLC plate.

In this chapter:

-We first present the chemical materials, the preparation of solvent and derivatization solutions, and the equipements used for the HPTLC analysis.

-Then we describe a general HPTLC procedure for lipid analysis.

-Finally, we present our specific analysis of neutral lipids, phospholipids, glycolipids and total lipids applied to different food materials. 

Chemical products

Water is of ultrapure quality (18.2 M.cm -1 at 25°C). Without any further specification, the organic solvents are of HPLC grade. The chemical products other than lipid standards necessary for the analysis of lipids by HPTLC following different protocols are given in the Table 1 (see Note 1 & 2). The lipid standards and their references are given in the Table 2.

Preparation of standards and samples

1-Prepare stock solutions of individual lipids by dissolving dry lipid standards generally at a concentration of 10 mg/mL in chloroform. The concentration of glycolipid standard solutions is 0.5 mg/mL in chloroform. The stock solutions are stored at -80°C.

2-Prepare working solution containing mixture of the standard lipids from stock solutions.

For instance, neutral lipid working solution contain 0.1 mg/mL of each target lipid class, namely MAG, 1,2-DAG, 1,3-DAG, FFA, TAG (Table 2). The glycolipid standard solution contains MGDG and DGDG (Table 2), each at 0.25 mg/ml. The working solutions are stored at -20°C.

3-Dissolve the lipid samples to analyze in chloroform to obtain a concentration between 0.1 and 1.5 mg/mL.

Staining solutions

Common staining reagents

Detection of lipids is based on their visualization after binding/reacting to a dye. If the interaction is not destructive, the lipid spots can be recovered for further analysis (by mass spectrometry for example).

For instance, we use primuline for non specific and non destructive detection of all lipid classes [START_REF] Christie | Lipid analysis[END_REF], copper sulfate for non specific revelation of neutral lipids and phospholipids [START_REF] Churchward | Copper (II) sulfate charring for high sensitivity on-plate fluorescent detection of lipids and sterols: quantitative analyses of the composition of functional secretory vesicles[END_REF][START_REF] Baron | Comparison of two copper reagents for detection of saturated and unsaturated neutral lipids by charring densitometry[END_REF][START_REF] Handloser | Separation of phospholipids by HPTLC -An investigation of important parameters[END_REF], alphanaphthol reagent for the specific detection of glycolipids [START_REF] Kates | Lipid extraction procedures[END_REF][START_REF] Wang | Arabidopsis thaliana polar glycerolipid profiling by thin layer chromatography (TLC) coupled with gas-liquid chromatography (GLC)[END_REF]. Note that the derivatization by copper sulfate and alpha-naphthol reagent is destructive. After primuline derivatization, other reagents can be used to determine the specific functional groups (see Table 3). For the preparation of specific staining reagents mentioned in Table 3, one can found instructions in the book: Techniques of Lipidology [START_REF] Kates | Techniques for separation of lipid mixtures[END_REF].

Preparation of staining solutions

Prepare all solutions with ultrapure water (resistivity = 18.2 M.cm -1 at 25°C).

2.4.2.1.

Primuline reagent 62.5 µg/mL primuline in acetone/water (80/20, v/v))

1-For a total of 200 mL, mix together 160 mL acetone and 40 mL water.

2-Weight 12.5 mg primuline in a glass weighing shoe.

3-Dissolve the weighed primuline in the acetone/water mixture.

4-Store the primuline reagent in an air-tight flask at 4°C until use.

2.4.2.2.

Copper sulfate reagent [START_REF] Churchward | Copper (II) sulfate charring for high sensitivity on-plate fluorescent detection of lipids and sterols: quantitative analyses of the composition of functional secretory vesicles[END_REF][START_REF] Handloser | Separation of phospholipids by HPTLC -An investigation of important parameters[END_REF] CuSO4 10%, H3PO4 8% in water/methanol (19/1; v/v)

1-Weigh 25 g copper sulfate pentahydrate in glass weighing shoe.

2-Dissolve copper sulfate in 200 mL ultrapure water.

3-Add 20 g ortho-phosphoric acid 85%.

4-Add 12.5 mL cold methanol.

5-Fill up the mixture to 250 mL with fridge cold water. The temperature of the mixture should not exceed 20°C.

6-Store the reagent at 4 °C.

2.4.2.3.

Alpha-naphthol reagent [START_REF] Wang | Arabidopsis thaliana polar glycerolipid profiling by thin layer chromatography (TLC) coupled with gas-liquid chromatography (GLC)[END_REF] 2.4% alpha-naphthol in sulfuric acid/ethanol/water solution (1/8/1, v/v/v) 1-Weigh 4.8 g alpha-naphthol into a 250 mL glass bottle in a fume cupboard.

2-Add 200 mL sulfuric acid/ethanol/water solution (1/8/1, v/v/v).

3-Close the bottle and shake gently to dissolve completely the crystals.

4-Store the reagent at 4°C (up to 6 months, the reagent always works).

Preparation of HPTLC silica gel glass plates

We routinely use HPTLC silica gel 60 glass plates (size 20 x 10 cm, 0.20 mm, Merck, Darmstadt, Germany) for the separation of neutral lipid, phospholipid or glycolipid mixtures.

1-Wash the HPTLC plate to remove eventual impurities. For this, the plate is put in a clean TLC tank containing 40 mL of 2-propanol until migration of the solvent to the top of the plate (see Note 3).

2-

Dry the plate in air, under a fume hood for at least 1 h.

3-

Activate the HPTLC plate just before spotting, on a plate heater for 30 minutes at 120°C.

(see Note 4)

Elution systems

The elution systems used for different protocols are indicated in the Table 4 (see Note 5).

Preparation of saturated salt solution

The chromatographic separation on silica gel can be influenced by the activity of the stationary phase and is thus depending on the relative humidity in the laboratory. With the "humidity control" the activity of the stationary phase is adjusted and the development standardized. The desired humidity is adjusted in the developing chamber of the HPTLC system by means of a saturated salt solution. We used magnesium chloride hexahydrate for a 33% relative humidity.

The preparation is as follows:

1-Add 900g MgCl2 6H2O into a beaker 2-Add 200 ml distilled water and heat it up to 40-50°C under stirring 3-Cool down after 10 min to room temperature

The final solution should contain about 1 cm of undissolved salt at the bottom to ensure the saturation of the salt solution.

HPTLC equipment

HPLTC analyses were performed using a Camag® (Muttenz, Switzerland) HPTLC system equipped with an automatic HPTLC sampler (ATS 4), an Automatic Developing Chamber (https://www.camag.com/products/hptlc), the ADC2 system is designed for one step developpement while the AMD2 system is more suitable for multiple step developpement process.

One-step development process

Plates are developed at room temperature in the ADC2 system controlled in humidity. Prior to each experiment, a pad of filter paper and the activated HTPLC plate are introduced in the twintrough glass chamber.

All the following parameters are set before experiments and are applied automatically by the ADC2 system.

-The relative humidity of the developing chamber is equilibrated at 33 % with the saturated solution of MgCl2 (refer to section 2.7 for the preparation) for 10 min.

-25 mL of mobile phase is used to saturate the twin-trough glass chamber for 20 min.

-10 mL of mobile phase is used for the plate development.

-The HPTLC plate is developed to a pre-defined level (refer to section 2.6, Table 4).

-After developpement, the plate is automatically dried under vacuum for 2 min

Multi-step developpement process

Multi-step development of lipids on silica HPTLC layer is based on a n-step gradient of solvents performed over an increasing distance of solvent migration. Between runs, the solvent is completely removed from the developing chamber and the silica layer is dried. For neutral lipids, solvents of decreasing polarity are applied (Table 4, protocol 2). With the first, most polar solvent, all substances migrate and concentrate as narrow bands in order of decreasing polarity, the most polar concentrating near the solvent front. As solvent polarity decreases, the most polar compounds almostly remain in position while the less polar migrate much more and being separated.

The combination of focusing effect and gradient elution results in extremely narrow bands (Fig. 3). We used the AMD2 system for automated multiple development of the HPTLC plates. The same saturation conditions as for the ADC2 system is applied. The HPTLC plate is automatically developed to a pre-defined distance with each eluent system (refer to section 2.6, Table 4). After each developpement, the plate is automatically dried under vacuum for 2 min.

Figure 3 illustrates the separation of individual phospholipids and neutral lipids in a three-step developpement procedure (see section 2.6, Table 4, protocol 5). TAG was shown to be the major class in chia oil (Salvia hispanica L.).

Staining of the lipid classes

The compounds separated on the HPTLC plate are derivatized in the plate immersion device.

For proper execution of the dipping technique, the plate must be immersed and withdrawn at a controlled uniform speed. By maintaining a well-defined vertical speed and immersion time, the derivatization conditions are standardized, avoiding «tide marks», which can interfere with densitometric evaluation. With our CAMAG derivatization system, uniform vertical speed is available between 30 mm/s and 50 mm/s and the immersion time can be choosen between 1 and 8 seconds.

Primuline staining

1-Immerse the dried plate for 2 sec in the solution of primuline, immersion speed is 30 mm/s.

2-Dry the plate again for 2 minutes at room temperature in a fume hood 3-Complete the drying of the plate with a stream of warm air from a hair dryer in a fume hood.

4-Visualize individual lipid spots under UV fluorescence at 366 nm.

Copper sulfate staining

Detection and quantification of neutral lipids and phospholipids by charring in the presence of copper salts are well-established analytical techniques [START_REF] Churchward | Copper (II) sulfate charring for high sensitivity on-plate fluorescent detection of lipids and sterols: quantitative analyses of the composition of functional secretory vesicles[END_REF][START_REF] Baron | Comparison of two copper reagents for detection of saturated and unsaturated neutral lipids by charring densitometry[END_REF][START_REF] Handloser | Separation of phospholipids by HPTLC -An investigation of important parameters[END_REF]. When using densitometric detection with copper sulfate salt, this method is relatively insensitive to the degree of unsaturation [START_REF] Baron | Comparison of two copper reagents for detection of saturated and unsaturated neutral lipids by charring densitometry[END_REF].

1-Immerse the dried plate for 15 sec in the copper sulfate reagent, immersion speed is 30 mm/s. Remove the excess of the charring reagent if any.

2-Dry the plate at room temperature in a fume hood (in air or with the cool air stream from a hair dryer).

3-Heat the plate at 150°C for 15 min then at 170°C for 5 min on a plate heater.

Individual lipid classes become detectable as black-brown spots.

Alpha-naphtol staining

1-Immerse the dried plate for 5 sec in the alpha-naphthol solution (or spray the plate to wet the surface). Remove the excess of reagent on the back of the plate if any.

2-Dry the plate (in air or with a stream of warm air from a hair dryer) in a fume hood.

3-Heat the plate at 120°C on a heating plate for 1 to 2 minutes until glycolipid bands are stained pink or purple. Overheating the plate will lead to dark blue spots of glycolipids then charred spots of all lipids.

Visualizer and Scanner

The plate is photographed immediately after derivatization, using a visualizer (CAMAG® TLC Visualizer 2), under white or appropriate wavelength.

-After primuline derivatization, a digital image of the plate is captured under lighting at 366 nm in the fluorescence mode.

-After copper sulfate derivatization, a digital image of the plate is captured under 550 nm in absorbance mode with deuterium-tungsten lamp.

-After alpha-naphthol derivatization, a digital image of the plate is captured either under white light (for specific staining of glycolipids) or under 550 nm in absorbance mode with deuterium-tungsten lamp (if charring).

Identification of lipid classes is established from their Rf in comparison with the corresponding standards.

For quantification, densitograms (CAMAG® TLC Scanner 4) and image profiles can be generated (Figure 4). The data are processed by visionCATS software. Spots intensities are integrated and peaks surfaces expressed in arbitrary unit. The quantity of the lipids present in a sample is calculated from a calibration curve of pure standards carried out on the same HPTLC plate. The range of concentration of calibration solution need to be adapted according to the amount in the sample (or vice versa). The percentage by weight of lipids in each sample is calculated. A good correlation (r 2 > 0.999) of the applied lipid mass and scanned intensity is obtained for at least the range 20 -1000 ng of lipid (Figure 5).

Applications to specific analysis

Separation of neutral lipids with one-step development (Protocol 1)

This method is applied for rapid analysis of neutral lipids. It involves one-step development for the separation of different neutral lipid classes by the solvent system hexane/diethyl ether/acetic acid (68/32/1, v/v/v) (see section 2.6, Table 4, protocol 1). The derivatization is done with the primuline reagent (see section 3.3.1). The plate is visualized under 366 nm wavelength. The identification of neutral lipid classes is established from their Rf values compared to thoses of standards.

Figure 6 shows the separation of neutral lipids of edible caterpillars from different batchs.

Separation of neutral lipids with two-step-development (Protocol 2)

In this method, the HPTLC plate undergoes two-step development with drying after each developpement. The second solvent system travels through the layer, re-concentrating the spots, producing narrow bands. Multiple development can be performed over different separation distances, using the same solvent or different solvents of varying polarity [START_REF] Olsen | The rapid analysis of neutral and polar marine lipids using double-development HPTLC and scanning densitometry[END_REF].

In order to separate different neutral lipid classes, we use these solvent systems: firstly chloroform/n-pentane/methanol (45/52/3, v/v/v) with a distance of migration of 60 mm and then n-pentane/diethyl ether (97/3, v/v) to 80 mm (see section 2.6, Table 4, protocol 2). The derivatization is done with the copper sulfate reagent (see section 3.3.2). The plate is visualized under 550 nm wavelength. The identification of neutral lipid classes is established from their Rf values compared to thoses of standards (Figure 7).

Separation of phospholipids with two-step development (Protocol 3)

Phospholipids are separated following the procedure proposed by Weerheim et al. [START_REF] Weerheim | Phospholipid composition of cell-derived microparticles determined by one-dimensional high-performance thin-layer chromatography[END_REF] with modifications to separate individual phospholipid classes depending on their polar head groups.

During the optimization of the protocol, emphasis was set on achieving the best possible separation of the PC, PS, PI, PE [START_REF] Fuchs | Lipid analysis by thin-layer chromatography-A review of the current state[END_REF][START_REF] Weerheim | Phospholipid composition of cell-derived microparticles determined by one-dimensional high-performance thin-layer chromatography[END_REF][START_REF] Pinault | A 1D High Performance Thin Layer Chromatography Method Validated to Quantify Phospholipids Including Cardiolipin and Monolysocardiolipin from Biological Samples[END_REF][START_REF] Parchem | Profiling and Qualitative Assessment of Enzymatically and Thermally Oxidized Egg Yolk Phospholipids using a Two-Step High-Performance Liquid Chromatography Protocol. JAOCS[END_REF].

Here [START_REF] Christie | Lipid analysis[END_REF][START_REF] Kates | Lipid extraction procedures[END_REF]. We tested succesfully chloroform/methanol/30% ammonium hydroxide (65/35/5, v/v/v) for the separation of galactolipids (Figure 9) and bacterial glycolipids (data not shown). This solvent system is also efficient for the separation of some phospholipids (PG, PS, PE) (Figure 9). Other separation systems for one-or two-dimensional TLC can be found in previously mentioned references [START_REF] Christie | Lipid analysis[END_REF][START_REF] Kates | Lipid extraction procedures[END_REF].

v/v/v/v/v)
After development (see section 3.2. Developpement), the plate is dried with the hot air stream from a hair dryer. To stain and highlight all lipids in the samples, we use primuline reagent (Figure 9A) (see section 2.4.2.1 for the preparation and 3.3.1 for the staining).

For the specific revelation of glycolipids, orcinol-sulfuric acid mixture, naphthol and diphenylamine can be used [START_REF] Christie | Lipid analysis[END_REF]. We use alpha-naphthol following the protocol of Wang and

Benning [START_REF] Wang | Arabidopsis thaliana polar glycerolipid profiling by thin layer chromatography (TLC) coupled with gas-liquid chromatography (GLC)[END_REF] which is to our opinion, easier to handle as compared to the procedure mentioned elsewhere [START_REF] Christie | Lipid analysis[END_REF][START_REF] Kates | Lipid extraction procedures[END_REF] (Figure 9B). It involves application of the reagent in only one step followed by a heating step. See section 2.4.2.3 for the preparation and 3.3.3 for the staining.

Separation of total lipids (phospholipids and neutral lipids) with three development (Protocol 5)

We have optimized a protocol for the qualitatif determination of different phospholipids and neutral lipids eventually present in a lipid sample. 10).

Quantification of phospholipids

We also use HPTLC for the quantification of phospholipids. The lipid samples are deposited at different amounts on the HPTLC plate in parallel with a series of increasing quantities of a mixtures of lipid standards. The lipid nature is determined by Rf values in comparison with the standards. For each type of phospholipids, the quantity is calculated based on the calibration curve of corresponding standard (refer to section 3.4). Below is an example of analysis of phospholipids from pea flour (Figure 11).

Notes

1-All solvents and other reagents are analytical grade. Solvents recommended are chemically inert with the samples and the stationary phase and easily evaporated.

2-Safety: the use of solvents requires working under a fume hood and work with gloves.

3-The HPTLC plate can also be washed with methanol or chloroform/methanol (1/1, v/v) or the elution system. Note the direction of migration with a soft pencil in the upper right corner of the plate, not with ink. Plates can be prepared in advance and be kept in the dark, in a dessicator.

4-The silica gel is hygroscopic, hydratation can alter chromatography and interactions of solvent system with sample. This step makes it possible to "re-initialize" the silica because the water content of the silica influences the separation of the molecules.

5-To prepare the multi-component mobile phases, accurate volumetric measurements of the components of the mobile phase must be performed separately and precisely in adequate volumetric glassware. Final shaking should ensure proper mixing of the content.

6-

The sample extracts are applied as bands onto the plate with a software-controlled applicator.

Precision of the applied volume, exact positioning and compactness of application zone determine the quality of the final result. The finer the deposits, the better is the resolution of the separation. Deposit applied as bands gives more reproductible results than spots. The obtained bands are finer if the vitesse of deposition is slower (for example 50 or 100 nL/s).

7-Derivatization can be performed either by immersing or by spraying the plate with a reagent;

for better reproductibility, immersion is the preferred technique.

8-The intensity of staining of each of the four classes of neutral lipids (monoacylglycerols, diacylglycerols, triacylglycerols and free fatty acids) depends on the number or amount of carbon-carbon double bonds (C=C) with 3% cupric acetate in 8% phosphoric acid. In contrast, with 10% cupric sulfate in 8% phosphoric acid, the staining intensity is relatively independent of the number or amount of C=C [START_REF] Baron | Comparison of two copper reagents for detection of saturated and unsaturated neutral lipids by charring densitometry[END_REF]. 4, section 2.6) to 45 mm; 3) hexane/diethyl ether/acetic acid (80/20/2, v/v/v) (eluant F, Table 4, section 2.6) to 85 mm. After each developpement step the plate was dried by the cool air stream from a hair dryer for 5 min. Finally, the plate was derivatized with copper sulfate reagent (see section 3.3.2). 4, protocol 2). All lipids were deposited at 0.8 µg. The plate was derivatized with the copper sufate reagent (see section 3.3.2). 

•

  Glass weigh shoes • Analytical precision balance, sensitivity: 0.01 mg • 20 mL glass volumetric flasks • 20, 50, 100 and 250 mL glass graduated cylinders • Positive displacement pipettes and disposable capillary piston tips compatible with organic solvents (1 mL, 100 and 250 µL) • Pasteur pipettes • 1.5 mL screw top vials • TLC tank • HPTLC plates • Bottle of nitrogen gas • -20°C and -80°C freezers • Cold room at 4°C

9 -

 9 For quantification and establisment of calibration curves, differents equations can be used: polynomial, linear, or Michaelis Menten. The equation of Michaelis-Menten y = ax / (b+x) is recognized as the most adapted to the phenomenon of saturation. In fluorescence mode, saturation does not occur and a linear response is currently and easily obtained.

Figure captions:Figure 1 :

 1 Figure captions:

Figure 2 :

 2 Figure 2: Schema illustrating the general HPTLC method of lipid analysis.

Figure 3 :

 3 Figure 3: Example of separation of total lipids in chia oil (Salvia hispanica L.) by three step

Figure 4 :

 4 Figure 4: Densitometric chromatogram of a standard mixture of neutral lipids separated by

Figure 5 :

 5 Figure 5: Example of a calibration curve of TAG obtained from densitometric integration by

Figure 6 :

 6 Figure 6: Example of separation of the neutral lipids of edible caterpillars.

Figure 7 :

 7 Figure 7: Analysis of neutral lipids of pea flour with two-step developpement.

Figure 8 :

 8 Figure 8: Separation of mixtures of phospholipid standards.

Figure 9 :

 9 Figure 9: Separation of total lipids and specific detection of glycolipids in spinach (Spinacia

Figure 10 :

 10 Figure 10: Separation of mixtures of phospholipid and neutral standards.

Figure 11 :

 11 Figure 11: Separation and visualization of pea flour phospholipids with double-development

FIGURESFig. 1 :

 1 FIGURES

Fig. 2 :Fig. 3 :

 23 Fig. 2: Schema illustrating the general HPTLC method of lipid analysis

Fig. 4 :

 4 Fig. 4: Densitometric chromatogram of a standard mixture of neutral lipids separated by HPTLC in a two-step developpement (see section 2.6, Table4, protocol 2). All lipids were deposited at 0.8 µg. The plate was derivatized with the copper sufate reagent (see section 3.3.2).

Fig. 5 :

 5 Fig. 5: Example of a calibration curve of TAG obtained from densitometric integration by the

Fig. 6 :

 6 Fig. 6: Example of separation of the neutral lipids of edible caterpillars. Samples were

Fig. 7 :

 7 Fig. 7: Analysis of neutral lipids of pea flour with two-step developpement. The developpement

Fig. 8 :

 8 Fig. 8: Separation of mixtures of phospholipid standards. Separation was achieved with two-

Fig. 9 :

 9 Fig. 9: Separation of total lipids and specific detection of glycolipids in spinach (Spinacia

Fig. 10 :

 10 Fig. 10: Separation of mixtures of phospholipid and neutral standards. Separation was achieved

Fig. 11 :

 11 Fig. 11: Separation and visualization of pea flour phospholipids with double-development and

  

. General procedures for HPTLC analysis of lipids 3.1. Application of samples and standards on the HPTLC plate

  

	(ADC2) with humidity control, an Automatic Multiple Development (AMD2) system, a TLC
	plate heater and a plate immersion device, a visualizer (CAMAG® TLC Visualizer 2), and a
	TLC scanner 4 controlled with visionCATS software.				
	3Working solution of standards and sample solutions contained in 1.5 mL glass vials are put in
	the sample holder of the ATS4 system. They are then applied automatically by the ATS4
	autosampler as 5.0 mm-long bands at 8.0 mm from the bottom of the plate and at a constant
	application rate of 250 nL/s, under continuous drying with a stream of nitrogen at 5 bars (see
	Note 6). For quantification, a mixture of lipid standards (working solutions) are spotted at
	increasing volumes to load 100 ng to 1000 ng per spot. (see Notes 6, 7, 8, 9).	
	3.2. Chomatogram development						
	Depending on the composition of the lipid samples, the development of the HPTLC plate can
	requires	one-	or	multiple-	step	process.	With	the	CAMAG	system

  after is an illustration of separation of mixture of phospholipid standards by two successive developpement steps, using methylene chloride/ethyl acetate/acetone (80/16/4, v/v/v) then

	chloroform/ethyl	acetate/acetone/isopropanol/ethanol/methanol/water/acetic	acid
	(30/6/6/6/16/28/6/2, v/v/v/v/v/v/v/v) (refer to section 2.6, Table 4, protocol 3) (Figure 8).	
	4.4. Separation and identification of glycolipids (Protocol 4)	
	For the separation of glycolipids, several solvent systems are sugested:
	chloroform/methanol/30% ammonium hydroxide (65/35/5 or 40/10/1, v/v/v),
	chloroform/methanol/water (65/35/5 or 65/25/4, v/v/v), chloroform/acetone/water (30/60/2,

v/v/v), diisobutyl ketone/acetic acid/water (40/25/5, v/v/v), chloroform/methanol/acetic acid/water (25/15/4/2, v/v/v/v) or chloroform/acetone/methanol/acetic acid/water (10/4/2/2/1,
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	Annex 1: Calculated eluotropic forces of solvents

Table 1 :

 1 Chemical products

	Chemical	Chemical formula	CAS number	Molecular weight (g.mol -1 )	Quality	Safety instructions	Protocol number
	Acetone	C3H6O	67-64-1	58.08	99.9%		2-3-4-5
	Alpha-naphthol	C10H7OH	90-15-3	144.17	99%		4
	Ammonium hydroxyde	NH4OH	1336-21-6	35.05	28-30%, analysis		4
	Chloroform						
	(stabilised with	CHCl3	67-66-3	119.38	99%		2-3-4-5
	ethanol)						
	Copper sulfate pentahydrate	CuSO4.5H2O 7758-99-8	249.69	≥99.5%		1-2-3-5
	Diethyl ether	C4H10O	60-29-7	74 .12	For analysis		1-2-5
	Ethanol absolute	C2H5OH	64-17-5	46.07	RPE for Analysis		3-4-5
	Ethyl acetate	C4H8O2	141-78-6	88.11	HPLC grade		3-5
	Glacial acetic acid	C₂H₄O₂	64-19-7	60.05	≥99.0%		1-3-5
	Hexane	C6H14	110-54-3	86.18	HPLC grade		1-5
					ACS		
	Isopropanol	C3H8O	67-63-0	60.10	reagent,		1-2-3-4-5
					≥99.5%		
	Magnesium chloride	MgCl2.6H2O	7791-18-6	203.30	≥99%		1-4
	hexahydrate						
	Methanol	CH3OH	67-56-1	32.04	99%		2-3-4-5
	Methylene chloride	CH2Cl2	75-09-2	84.93	HPLC grade		3-5
	n-Pentane	C5H12	109-66-0	72.15	HPLC grade		2
	Ortho-Phosphoric acid	H3PO4	7664-38-2	98.00	HPLC 85% grade,		2-3-4
	Primuline	C21H14N3NaO	8064-60-6	475.54	99%		1-2-3-5
		3S3					
	Sulfuric acid	H2SO4	7664-93-9	98.08	95-98%		4

Table 2 :

 2 Lipid standards

	Lipid classes	Type of lipid	Suggested supplier and reference	Composition	CAS number	Quality
		Cholesterol	Sigma C8667 -Cholesterol	57-88-5	 99%
		Cholesterol ester	Sigma C9253 -Cholesteryl oleate	303-43-5	 98%
				-1,3-Diolein (1,3-DAG) 10 mg		
	Neutral lipid	Mono-, Di-, & Triglyceride Mix	Supelco 1787-1AMP	-1,2-Dioleoyl-rac-glycerol (1,2-DAG) 10 mg -Glyceryl trioleate (TAG) 10 mg		MQ-100
				-Monoolein (MAG) 10 mg		
				cis-9-Octadecenoic acid		
		Oleic acid	Sigma O1008	(standard for free fatty acids	112-80-1	>99%
				(FFA))		
		Soy PA	Avanti 840074C	L-α-phosphatidic acid (Soy) (sodium salt)	475995-54-1	>99%
		Egg PC	Avanti 840051C	L-α-phosphatidylcholine (Egg, Chicken)	97281-44-2	>99%
		Soy Lyso PC (LPC)	Avanti 840072P	L-α-lysophosphatidylcholine (Soy)	97281-38-4	>99%
		Egg PE	Avanti 840021P	L-α-phosphatidylethanolamine (Egg, Chicken)	39382-08-6	>99%
				L-α-		
	Phospholipids	Egg Lyso PE	Avanti 860081P	lysophosphatidylethanolamine	97281-40-8	>99%
				(Egg, Chicken)		
		Egg PG	Avanti 841138P	L-α-phosphatidylglycerol (Egg, chicken) (sodium salt)	383907-64-0	>99%
		Soy PI	Avanti 840044C	L-α-phosphatidylinositol (Soy) (sodium salt)	383907-36-6	>99%
		Soy PS	Avanti 870336P L-α-phosphatidylserine (sodium salt)	383908-63-2	>99%
		Milk SM	Avanti 860063P	Sphingomyelin (Milk, Bovine)	475662-40-9	>99%
	Glycolipids	MGDG	Avanti 840523P	Monogalactosyldiacylglycerol (Plant)	63142-69-8	>99%
		DGDG	Avanti 840524P	Digalactosyldiacylglycerol (Plant)	63142-69-8	>99%

Table 3 :

 3 Commonly used reagents for specific staining of lipids. Please note that this list is not exhaustive. Adapted from :[START_REF] Kates | Techniques for separation of lipid mixtures[END_REF][START_REF] Fuchs | Lipid analysis by thin-layer chromatography-A review of the current state[END_REF] 

	Lipid class	Reagent	Results/remarks
	Cholesterol and		Cholesterol: Red to violet spots within 2-3 minutes.
	cholesteryl	Acid ferric chloride	Cholesteryl esters: violets spots (the color appears
	esters		later than for cholesterol).
	Free fatty acids	2',7'-Dichlorofluorescein/AlCl3/FeCl3	Pink color after a few minutes
			Blue spots on a white background within a few
	Phospholipids	Molybdic oxide/molybdenum	minutes without heating, detection threshold: about
			10µg.
	Phospholipids containing choline	Dragendorff reagent (bismuth nitrate+KI)	Choline positive spots (such as PC, LPC and SM) become detectable as orange spots
	Phospholipids		
	containing	Ninhydrin	Purple-mauve spots
	free amino groups		
	Glycolipids	Αlpha-naphthol	Pink or purple spots.
	Glycolipids	Orcinol	Blue-purple spots on a white background
	Glycolipids	5-Hydroxy-1-tetralone	Glycolipids give yellow spots easily distinguishable from the light blue spots of phospholipids

Table 4 :

 4 Elution systems used for the different protocols

	Protocol	Eluant	Run	Lipids class separation	Solvents	Height
	number		number				(mm)
	1	A	1	Neutral lipids		Hexane/diethyl ether/acetic acid, (68/32/1, v/v/v)	80
	2	B	1	Neutral lipids		Chloroform/n-Pentane/Methanol, (45/52/3, v/v/v)	60
		C	2			n-Pentane/Diethyl ether, (97/3 v/v)	80
						Methylene chloride/Ethyl	
		D	1			Acetate/Acetone,	80
						(80/16/4, v/v/v)	
	3			Phospholipids		Chloroform/Ethyl	
		E	2			Acetate/Acetone/isopropanol/Ethanol/ Methanol/Water/Acetic acid,	80
						(30/6/6/6/16/28/6/2, v/v/v/v/v/v/v/v)	
	4	G	1	Glycolipids		Chloroform/Methanol/30% ammonium hydroxide (65/35/5, v/v/v)	85
		D	1			Methylene chloride/Ethyl Acetate/Acetone, (80/16/4 v/v/v)	55
						Chloroform/Ethyl	
	5	E	2	Neutral Phospholipids lipids	+	Acetate/Acetone/isopropanol/Ethanol/ Methanol/Water/Acetic acid,	55
						(30/6/6/6/16/28/6/2, v/v/v/v/v/v/v/v)	
		F	3			Hexane/Diethyl Ether/Acetic Acid, (80/20/2, v/v/v)	85

Table 4 ,

 4 section 2.6) to 45 mm; 2) chloroform/ethyl acetate/acetone/propanol/ethanol/methanol/water/acetic acid (30/6/6/6/16/28/6/2, v/v/v/v/v/v/v/v) (eluant E, Table

  Separation was achieved with twostep developpement procedure with following solvent systems (methylene chloride/ethyl SM and LPC respectively. The Rf values were 0.61, 0.51, 0.40, 0.28, 0.23, 0.14, 0.08, 0.05 for PG, PE, PI, PS, PC, SM and LPC respectively.

	acetate/acetone	(80/16/4	v/v/v)	to	80	mm	then	chloroform/ethyl
	acetate/acetone/isopropanol/ethanol/	methanol/water/acetic	acid	(30/6/6/6/16/28/6/2,
	v/v/v/v/v/v/v/v) to 70 mm. The plate was derivatized by primuline then visualized at 366 nm.
	The lipid solutions were applied as follows: the individual phospholipids (tracks 1,2,3,5,6,7,8,
	about 1 µg); soy lecithin (Lecigran TM 1000P, Cargill) at 2.626 µg/µL (tracks 4 & 14, 5.2 & 10.5
	µg); mixture of individual phospholipids at increasing amounts were applied on tracks 9 to 13
	(1 to 5 times respectively). Track 9: 0.05, 0.12, 0.03, 0.03, 0.13, 0.13, 0.13 µg for PG, PE, PI,
	PS, PC,							

  Separation was achieved with two-step developpement procedure with following solvent systems (methylene chloride/ethyl acetate/acetone (80/16/4 v/v/v) to 75 mm then chloroform/ethyl acetate/acetone/propanol/ethanol/methanol/water/acetic acid (30/6/6/6/16/28/6/2, v/v/v/v/v/v/v/v) to 80 mm. The plate was derivatized by copper sulfate reagent (section 3.3.2) and visualized at 550 nm. For the curve calibration: PC was applied at 0.5 to 2.5 µg. Standard curve determined after charing and photodensimetric analysis in regression mode Michaelis-Menten (r 2 0.996, CV% 0.91 %) (see Note 8).